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HIGHLIGHTS

e A decamer consisting of 10 syringyl monolignols, as occur in hardwood lignin, was

connected with 9 3-O-4' linkages.

e Density Functional Theory (DFT) calculations were used to study the bond dissociation

enthalpies (BDE) of the homolytic cleavage of B-O-4' bonds along the nine reaction

pathways of the generated model oligomer.

e Reaction enthalpies for each pathway over a temperature range of 25-1000K were

calculated to verify the hypothesis that BDEs vary with the bond cleaving positions.

e BDEs calculated for hardwood model lignin oligomer have been found to be higher than

BDE:s calculated for softwood model lignin oligomer.
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e Standard thermodynamic properties, including heat of formation, constant pressure heat

capacity, Gibbs free energy, and entropy, have been predicted for the reactant molecule

and free radical product species.

ABSTRACT

Computational studies on the pyrolysis of lignin using electronic structure methods have been

largely limited to dimeric or trimeric models. In the current work we have modeled a lignin

oligomer consisting of 10 syringyl units linked through 9 3-O-4'bonds. A lignin model of this size
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is potentially more representative of the polymer in angiosperms; therefore, we used this

representative model to examine the behavior of hardwood lignin during the initial steps of

pyrolysis. Using this oligomer, the present work aims to determine if and how the reaction

enthalpies of bond cleavage vary with positions within the chain. To accomplish this, we utilized

a composite method using molecular mechanics based conformational sampling and quantum

mechanically based density functional theory (DFT) calculations. Our key results show marked

differences in bond dissociation enthalpies (BDE) with the position. In addition, we calculated

standard thermodynamic properties, including enthalpy of formation, heat capacity, entropy, and

Gibbs free energy for a wide range of temperatures from 25K to 1000K. The prediction of these

thermodynamic properties and the reaction enthalpies will benefit further computational studies

and cross-validation with pyrolysis experiments. Overall, the results demonstrate the utility of a

better understanding of lignin pyrolysis for its effective valorization.
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INTRODUCTION

Lignocellulosic biomass is one of the many resources for producing renewable energy but the only

source for renewable biochemicals and biomaterials. Therefore, the development of renewable

energy, chemicals and materials utilizing lignocellulosic biomass as an alternative to fossil fuel is

important for a future secured both economically and environmentally. Lignin valorization has

been an active area of research for a many decades; however, a few factors, including the recent

advancement in analytical tools, increased computational capacity, and the pressing issue of global

warming, have motivated this research field to grow significantly in recent years'->. Among the

current techniques to valorize biomass by conversion into fuels and chemicals, enzymatic

techniques®® and catalytic conversion'®!* are promising. Pyrolysis is a thermochemical

conversion process, which is considered as one of the most promising technique to derive material

and energy from lignocellulosic biomass!'>-!°. Pyrolysis thermochemically converts biomass in the

absence of oxygen into all three physical states- char (solid), bio-oil (condensable liquid) and non-

condensable (gas)*’. Among the several pyrolysis processes, including conventional/slow, fast,
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vacuum and flash, fast pyrolysis is particularly useful for producing bio-oil. To develop a cost-

competitive fast pyrolysis process for biomass conversion, accurate prediction of thermodynamic

properties and kinetic parameters, as well as a more comprehensive knowledge of input structures,

are essential.

The major components of lignocellulosic biomass are cellulose (33%—-51%), hemicellulose (19%—

34%), and lignin (20%-30%), where this composition varies with plant species types?'. Table 1

compares the content of these components that can be found typically in hardwood and softwood.

Table 1. Typical composition found in soft and hardwood??

Hardwood Softwood
Cellulose 42+2% 45+2%
Hemicellulose 27+2% 30+5%
Lignin 28+3% 20+4%
Extractives 3+2% 5+3%

While cellulose and hemicellulose are polysaccharides, lignin is a hydrophobic polymer composed

mainly of phenylpropanoid units. These phenylpropanoid units arise from the combinatorial

oxidative free radical polymerization of three main cinnamyl alcohols, para-hydroxy coumaryl

alcohol, coniferyl alcohol, and sinapyl alcohol?*. Monomers derived from these alcohols are
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denoted as H, G, and S, respectively. The proportion of these monomers varies with the type of

wood. The gymnosperms (softwood) are mainly composed of G unit content with small levels of

H units , while the angiosperms (hardwood) have both the G and S units in varying proportions.

Natural angiosperm lignin with the highest S unit content (85%) has been reported in kenaf bast

fiber lignin. Attempts to control lignin structure have been done through genetic modifications.

One such example is a poplar lignin with extremely high proportion of S units (97.5%) by

overexpression of the ferulate 5-hydroxylase (F5H) gene®*, the key enzyme involved in

synthesizing the monolignol sinapyl alcohol?.

In addition to the canonical cinnamyl alcohols, several phenolics, ferulate esters, and a type of

flavonoid have recently been reported as lignin monomers 26-3°, The process of lignification starts

with the enzymatic dehydrogenation that generates phenoxy radicals, after which the process

becomes purely chemical, without requiring enzymes®. These phenoxy radicals allow

considerable delocalization of unpaired electrons, and with the progression of the coupling

process, multiple reactive sites emerge. Consequently, lignin becomes a highly irregular polymer

having diverse linkage types. Figure 1 represents some of these monomers and linkage types that
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can be found in lignin. Among all the interunit linkages, the 3-O-4' linkage in softwood lignin has
a relative abundance of 50%?3!. For hardwood lignin, this linkage is more predominant, ranging
from 69% -77%32-34. Consequently, this higher percentage of ether bonds makes hardwood more

reactive, making hardwood as a potentially better substrate for reductive catalytic fractionation3>

36,

o 4 p-coumaryl  Conferyl Sinapyl
" / alcohol alcohol alcohol
CH,0H CH,0H CH,OH
B-0-4 a-0-4

~ ~N N
@ @ ‘:)_. OCH; HyCO OCH;,
OH OH OH
OCH, H,CO OCH;
OH OH OH
p-hydroxy  Guaiacyl (G) Syringyl (S)
phenyl (H)

Figure 1. Common linkages (left) and major monolignols (right) found in lignin.

The presence of several monomers linked with diverse linkage types makes lignin highly

heterogeneous, which represents a considerable challenge to its valorization. This notwithstanding,

8|Page



Page 9 of 64

Physical Chemistry Chemical Physics

the development of value-added products from lignin is vital in operating biomass-based

biorefineries that are cost-competitive with petroleum refineries?’. Therefore, extensive studies

have been carried out to elucidate lignin’s transformation, during pyrolysis despite this bewildering

complexity. The common experimental practice for studying lignin pyrolysis is to perform

pyrolysis in the lab-scale reactor and subsequent characterization of these collected products.

Along with thermogravimetric (TG) analysis, which is one of the most widely used analytical

techniques for studying biomass pyrolysis and degradation, several advanced experimental

techniques have been employed recently, including micro-pyrolyzer combined with gas

chromatography (GC), mass spectroscopy (MS), and flame ionization detection (FID) method (Py-

GC-MS/FID)*; TG coupled with mass spectrometry (TG-MS) and TG coupled with Fourier

Transform Infrared Spectroscopy (TG-FTIR)*'; different types of in situ spectroscopy including

in situ FTIR*, in situ X-ray diffraction*?, spatiotemporally resolved diffuse reflectance in situ

spectroscopy of particles (STR—DRiSP)*, and in situ 'H-NMR spectroscopy**. Several

experimental studies have been performed using analytical techniques on model compounds with

the ubiquitous B-O-4' linkage*>->2. However, these studies only indirectly reflect lignin atomic-

level structure since lignin structure varies depending on the nature of its extraction from the
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lignin-cellulose complex of the plant cell. In addition to experimental studies on model

compounds, results from theoretical studies employing quantum chemistry>® and molecular

dynamics simulation®*3¢ have been reported to reveal detailed steps in reaction mechanisms and

provide insights on product distribution, predominantly for smaller model lignin species.

Lignin pyrolysis has been extensively studied using quantum chemical calculation with model

dimers representing alkyl-aryl ether and condensed type linkages?® 37-6!. Studies including both

analytical and theoretical results provide insights for the possible mechanisms involved in

pyrolysis, i.e., homolysis or heterolysis, since both reaction classes have been reported to occur in

lignin pyrolysis. Klein and Virk proposed a retro-ene mechanism based on the reaction kinetics to

form styrene and phenol using the simplest model compound phenethyl phenyl ether®2. In a

separate study, the formation of degradation products from the gas-phase pyrolysis of the same

model compound was investigated to conclude that the homolysis of C-O occurs at high

temperatures (greater than 1000°C). In contrast, the concerted retro-ene and Maccoll mechanisms

occur at lower temperatures (less than 600 °C)%3. Low-temperature homolysis of the 3-O-4' bond

via a quinone methide intermediate has been postulated under solvated®* % and steam-explosion

conditions®. Lately, Density Functional Theory (DFT) studies combined with Py-GC/MS,
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HPLC/QTOF-MS, GPC and 2D HSQC NMR techniques have been reported for the pyrolysis of

several model lignin compounds®” %8, Selective cleavage of common linkages found in native

lignin including the aliphatic C-O linkages® and C-C bonds™, and a-O-4 bonds’' have been

reported in the contemporary literatures using both experimental and computational tools. While

there have been reports on the diverse linkage types thereby enriching the overall understanding

of lignin chemistry, all of these electronic structure studies have been limited in size to dimeric to

trimeric structures. The current work seeks to determine how or if the pyrolysis behavior of lignin,

as evidenced by bond dissociation energies (BDEs), changes for a significantly larger model

compound.

This study has applied contemporary computational methods to evaluate the reaction enthalpies

associated with a syringyl 10-mer oligolignol connected through $-O-4' linkages. The homolytic

cleavage reaction event occurs as one of the initial reactions in lignin pyrolysis. In our previous

work using electronic structure methods, we studied an oligomeric model structure for lignin, made

of ten guaiacyl units, connected through B-O-4' linkages, and identified marked position

dependence in the calculated reaction enthalpies’>. While the previous study revealed the position
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dependence of BDEs of a model representative of softwood lignin, this study aimed to investigate

if such position dependence can be found in an oligomer mimicking hardwood lignin. Given such

a large oligomer flexibility, classical molecular mechanics based conformational sampling, which

was developed in our previous study, has been applied to generate lower energy conformational

isomers. Subsequently, these lowest energy conformers have been used to determine BDEs

employing density functional theory (DFT) and statistical thermodynamics calculations. Lastly,

thermochemical properties, including enthalpy, entropy, free energy, and constant pressure heat

capacity values, were estimated using conventional statistical thermodynamics formulas. Although

we have studied a simplified model structure to test the aforementioned hypothesis, our predicted

values for BDEs agree reasonably with other reported values in the literature of various origins,

both experimental and computational. The predicted thermochemistry in this study provides

insights for hardwood lignin thermodynamic properties using molecular modeling, which would

be very useful for cross-validation with experimental studies.
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COMPUTATIONAL METHODOLOGY

REACTION PATHWAY SCHEMES

Using the LigninBuilder Algorithm’3, a decamer made up of ten syringyl monolignols were linked

with the 3-O-4' bond type which is shown in Figure 2 a). While this is an idealized structure, using

such model lignin compound to investigate a specific question or hypothesis in lignin pyrolysis

has been well documented in the literature’® 7>. Through overexpression of the ferulate 5-

hydroxylase gene in poplar, Stewart et al. (2009)** produced lignins with very high syringyl

content and molecular weights consistent with the oligomer under consideration in the current

work. Furthermore, due to the presence of a methoxyl group at the C-5 position, the possible

interunit linkages are limited to - resinols, and the 3-O-4' bond types, the latter of which was

found by experiment to be dominant. As such, the 3-O-4' linked syringyl decamer in this paper

represents a reasonable oligomeric model for lignin. While differing syringyl:guaiacyl ratios and

bond type would be more realistic, in order to address the question of whether or not BDE varies

with positions in the oligomer, the inclusion of such variability would have confounded the results,

making it difficult or impossible to distinguish between the effect of position and bond type. Using

14| Page

Page 14 of 64



Page 15 of 64

Physical Chemistry Chemical Physics

such simplified structures is particularly common for lignin36-3° where the experimental evidence

for the structure, reactivity and degradation of the native polymer are limited and incomplete. In

this work, a systematic homolytic cleavage of each $-O-4' bond has been studied with the main

objective to investigate whether or not BDE changes between these nine pathways originating

from homolytic cleavage of the 3-O-4' bonds at nine different positions.
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Figure 2. (a) Initial reactant structure; (b-j) pairs of radical products generated along each of the

nine reaction pathways for studying BDE of 3-O-4" in model lignin oligomer. Products 1 and 2 are

Productl *

H
Product 1 ,D?,Q:”

radical fragments with the radical center on oxygen and carbon atoms, respectively.
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CONFORMATIONAL ANALYSIS

In this work, a conformational sampling method developed in our previous study’? was used as an
essential step to refine the input structures before DFT electronic structure calculations. The
COMPASS force-field was used in this semi-automated sampling method where a stochastic
conformational search was performed by applying the Boltzmann jump method, which uses the
Metropolis Monte Carlo criterion’® to accept or reject a jump in structural change due to torsional
displacement. The COMPASS force-field was used for all structures, including the reactant closed-
shell molecule and the free radical products. All bonds capable of torsion in the structures were
rotated stochastically in a 10° range of torsional windows. Each conformational search step
consisted of 1000 conformers from which the lowest energy conformer was selected as the input
for the next search. The process was repeated until no statistically significant change in end-to-end
distance was found between two consecutive conformer searches. Atom-based electrostatics and
van der Waals (vdW) summation methods were used and performed with cubic spline truncation,

employing a cutoff distance of 12.5 A, a spline width of 1 A, and a buffer width of 0.5 A. Our
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results indicate that the COMPASS force-field is acceptable for determining the geometry inputs
for the subsequent lignin polymer electronic structure calculations. It should be noted that reaching
a global minimum is not guaranteed with this sampling method. However, local energy minima

were obtained, which were used as improved inputs for DFT electronic structure calculations.

ELECTRONIC STRUCTURE CALCULATIONS

All electronic energies were calculated using DFT in the Dmol3 package considering all electrons
for each atom with 4.4 A global orbital cut-off energy>®. A Generalized Gradient Approximation
(GGA) type exchange correlation functional Becke-Lee-Young-Parr (BLYP)’7 was used. Based
on the superior cost effectiveness of numerical basis sets in Dmol3 relative to Gaussian basis sets’8,
we used a numerical basis set of double zeta quality plus polarization functions (DNP). While the

use of hybrid meta GGA functionals e. g. B3BLYP and Gaussian basis sets have been well
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documented in similar BDE studies for smaller models of lignin, the accuracy of BLYP-DNP level
of theory has been reported for studying reaction energetics and thermochemistry for organic
compounds and biopolymers’-#3. The Tkatchenko-Scheffler (TS) method was used for DFT-D
correction to include nonbonded interactions®. Taking the lowest energy conformation for all
structures, geometry optimization was done at BLYP-DNP level where the convergence criteria
were 2x1075 Hartrees (Ha) for total energy, 0.004 Ha/A for the maximum force of every atom, and
0.005 A for maximum displacement. The self-consistent-field (SCF) tolerance was set to be 1x1073
Ha. Small inorganic systems with similar reactive features to this work have been extensively

studied with success in our group using comparable hybrid methodologies®-%°.

After geometry optimization at BLYP-DNP level, vibrational frequency calculations for all
structures were performed at the same level of theory to determine the thermochemical properties,
enthalpy (H), entropy (S), free energy (G), and heat capacity at constant pressure (Cp). The values
for these properties as functions of temperature were obtained from standard statistical
thermodynamics using molecular partition functions based on the harmonic oscillator and rigid

rotor approximations for polyatomic gas molecules®. Details on the calculation of these properties
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including the electronic, translational, rotational and vibrational contributions for the molecular

partition functions can be found in the supporting information. Also, the Dmol3 package was used

to calculate additional properties including electron density and molecular orbitals which were

used to describe the stabilization of product free radicals.

BOND DISSOCIATION ENTHALPIES

Unlike most BDE studies, we employed the values of standard enthalpies of formation from the

calculations of statistical thermodynamics to calculate BDEs. In our study, we calculated BDEs at

the reference temperature 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 Equation

BDE 198 (Reaction pathway) = [AH 208 (Product 1) + AH 208 (Product 2)] — AH 208 (Reactant) [1]

Where AH® 95 is the standard enthalpy of formation of the radical species Products 1 and 2, and

the reactant is the original lignin 10-mer. A hybrid methodology based on quantum chemical
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calculations, statistical thermodynamics and experimental values for atomization energies was
used to calculate the values for enthalpies of formation, as performed in previous work from our
group®. The enthalpy of reaction at elevated temperature, i.e., BDE at temperature T, is then
calculated using the calculated BDE,ggx and temperature-dependent heat capacity values using
Equation 2,

T
BDE7 = BDE3ogx + [ o5,

C P'Rxn(T) dT [2]

AC,, rxn (T) is the temperature-dependent polynomial defined as the difference between the sum of
the temperature-dependent standard heat capacities of the products and the temperature-dependent
standard heat capacity of the reactant. The details of heat of formation as well as the other standard
thermodynamic properties calculation structure for each can be found in the supporting

information.

RESULTS AND DISCUSSIONS
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CONFORMATIONAL ANALYSIS

Each geometry used as an input for quantum mechanical calculations should be the lowest energy
conformer to ensure best accuracy in the results obtained from quantum mechanical calculations.
Therefore, conformational search was a preliminary refinement step to study our large and flexible
hardwood model lignin oligomer generated for this work. Conformational information is of
significance for all the processes including biomass pyrolysis for several reasons. Firstly,
conformational information provides a more accurate understanding of the structure, which is
crucial for lignin, which unlike cellulose lacks a well-defined structure. The role of substituents in
the model structures for lignin can be significantly better understood if a large conformational

space of model structures is considered.

The conformational analysis of the model lignin structures using our developed sampling method
indicates that the starting conformation for all the structures, i.e., closed or open shell, has no role
in generating the lowest energy conformers for these two types of structures. Instead, folded
refined structures with minimized energy, which are the conformational sampling step outputs,
largely depended on the molecular weight and the polymer chain length. Furthermore, the obtained
lowest energy conformers showed no selectivity trend for the f-O-4' bond cleavage position and
the cleaved product fragment stereochemistry. For both radical-containing fragments (product 1
and 2), not the radical center position, but the amount of non-bonded interactions played a
significant role in generating the lowest energy conformers. Figure 3 shows all of the lowest
energy conformers for the reactant molecule and the two types of product structures generated
using our conformational sampling method. Subsequently, each of these structures were geometry

optimized at BLYP/DNP level for DFT electronic structure calculations.
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10-mer Reactant structure
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Reaction Product 2: 8-mer
pathway 2 Product 1: 2-mer
15 A
Reaction Product 1: 3-mer Product 2: 7-mer
pathway 3
15 A
20 A
Reaction Product 1: 4-mer Product 2; 6-mer
pathway 4

15A
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Product 1: 5-mer
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Product 1: 8-mer

Reaction Product 2: 2-mer
pathway 8

15A
Reaction Product 1: 9-mer Product 2: 1-mer
pathway 9

10A
20 A

Figure 3. Optimized structures for all products and the reactant at the BLYP/DNP level of theory

for this study.

CONFORMATIONAL LANDSCAPE

We built an extensive library of lignin conformational isomers and found the lowest energy

conformers using our previously developed sampling method. This lignin library has a database of

model structures ranging from I-mers to 9-mers of open-shell species and a decamer of closed-
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shell structures. In the current study, the number of rotatable dihedral angles in the smallest radical

species was five, both for product 1 and 2 structures, while it was 61 for the most flexible radicals

belonging to product 1 and 2 types. The number of dihedral angles stochastically selected and

rotated for the decamer reactant closed-shell molecule was 68. Due to the high numbers of rotatable

bonds in this flexible model lignin structure, we did not use systemic grid search to avoid the

combinatorial explosion for possible numbers of conformers to be generated, even though it could

provide us the global energy minima for all structures. Therefore, this work used a stochastic

conformer search using the Metropolis MC-based sampling method to find reasonable local

minima to be used as the inputs for higher-level quantum chemical calculations. Ideally, it would

be more accurate if we could investigate the multiple lowest energy structures obtained from this

random sampling with subsequent DFT calculation for BDE analysis. However, this requires

extensive calculations of these conformers, which is beyond the scope of this study. We anticipate

that this extensive BDE calculation with DFT employing multiple lowest energy conformers for

each structure could provide exciting statistical analysis results. Since the overall objective of

using this sampling method was to improve the geometries for quantum chemical calculations, the
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local minima generated using this method were used to test the specific significant hypothesis

aforementioned in the Introduction section.

BOND DISSOCIATION ENTHALPIES

The elementary reaction under investigation involves a free radical formation that has been

identical for all pathways. Due to the homolysis of the C-O bonds in the $-O-4' linkage at the

different positions, transient species of different molecular weights were formed as the products,

all of which have radical centers at the edge of the polymer chain. The initial conformation for all

structures was not seen to be conserved, which can be explained by considering the need to

stabilize the exposed radical centers for product structures and energy reduction for the reactant

structure as an outcome of conformational sampling.

Since non-bonded interaction includes interactions for all possible pairs of non-bonded atoms, an

additional methoxy group in each benzene ring for the syringyl monolignol increased the role of

the overall non-bonded interactions for the hardwood model lignin oligomer compared to the
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softwood model oligomer having only guaiacyl monolignols. The lowest energy conformers used

as the inputs for DFT electronic structure calculations to evaluate the BDEs along different

pathways had different non-bonded interaction energies, which arose from the difference in radical

stabilization. Therefore, a significant position dependence has been observed along the pathways

studied for the BDE calculations in this work. Table 2 lists the range of BDEs and the BDE

calculated at the reference temperature of 298 K for this work.

Table 2. Bond dissociation enthalpy values for each reaction pathway studied in the current work

for a model S-lignin decamer.

Reaction Calculated BDEs values for 25 BDE value at 298K
pathway — 1000 K (kcal mol ") (kcal mol-")

1 69.09 - 80.11 72.14

2 58.92 - 74.99 62.68
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3 45.89 - 60.90 49.29
4 47.81 - 56.28 49.42
5 67.48 - 63.77 67.86
6 66.46 - 68.81 67.11
7 77.66 - 70.05 76.45
8 64.30 - 59.01 64.23
9 68.08 - 65.34 68.13

As mentioned previously, 9 distinct reaction pathways were obtained after homolysis of f-O-4'
bonds at 9 different positions along the model lignin decamer. For reaction pathway 1, BDE varied
from 69.09 to 80.11 kcal mol™! over the temperature range 25—1000 K. In terms of the product
sizes, reaction pathway 9 was similar to this pathway, but the range of BDE calculated for this
pathway was found as 65.34 - 68.08 kcal mol™'. This trend indicates that over the temperature
range of 25 - 1000K, reaction pathway 1 yields a relatively wider BDE range than pathway 9.
Similar to the temperature dependence observed in pathway 1, i.e., 11.02 kcal mol™! reaction
enthalpy variation over 25 -1000K range, pathways 2, 3, 4, and 7 showed marked temperature
dependence for the reaction enthalpies. Among these, pathway 2 has the largest temperature
dependence of 16.07 kcal mol-! over the entire temperature range. While pathways 1-4 showed a
temperature dependence with an increasing trend in reaction enthalpy with an increase in
temperature, pathway 7 exhibited a decreasing trend in endothermicity with the temperature rise.
A variation of 7.6 kcal mol"! in reaction enthalpy was obtained along this pathway from 25K to
1000K. Similar to pathway 7, reaction pathway 8 showed a 5.3 kcal mol"! variation in reaction
enthalpy with a decreasing BDE trend with the increase in temperature. Along 3 pathways, namely,
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5, 6, and 9, the variations of reaction enthalpy as a function of temperature were very small,
indicating negligible temperature dependence of reaction enthalpies. Among these 3 pathways,
pathway 6 showed the lowest temperature dependence with only 2.35 kcal mol! variation in the
reaction enthalpy. Figure 4 shows the position dependence of BDEs calculated in this study for

temperature range of 300-400°C, which is the range of primary pyrolysis temperature of lignin.

Figure 4. BDE values for the homolytic B-O-4" cleavage reaction in hardwood model lignin
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decamer at different positions under selected temperature range of primary pyrolysis.
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One of the objectives for the current work was to investigate the effect of increased non-bonded

interaction energy for the hardwood model lignin decamer, which was generated using a syringyl

monolignol. The structural difference between our hard- and softwood model lignin decamer lies

in the presence of an additional methoxy group in each repeating unit of the hardwood model.

Consequently, between these two model oligomers, the role of non-bonded interactions in

conformational sampling and the BDE calculations have been much more prevailing in the

hardwood system than the softwood (shown in Figure S7). This trend can be observed from our

comparison between BDE calculations for these two systems.

The position and temperature dependence of BDE for the homolytic cleavage of the 3-O-4' bond

found in this study were also observed similarly in our previous study where we used the same

level of theory, i.e., BLYP/DNP for geometry optimization and vibrational frequency calculatins’.

At the reference temperature of 298K, calculated BDEs were 64.4, 50.1, 65.4, 54.4, 62.1, 63.0,

69.6, 57.5 and 59.3 kcal mol!, along 9 reaction pathways in our previous study for a model lignin

oligomer mimicking softwood lignin. Figure S6 (in the supporting information) compares our

prediction for softwood and hardwood model lignin BDE for homolytic cleavage of the 3-O-4'
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bond at the reference temperature. Comparing these two complementary works, our results

indicate a slightly wider position dependence of hardwood model lignin decamer BDE for

homolytic cleavage of the 3-O-4" bond, which was studied in the current work. For example, at

the 298K temperature, pathway 3 showed a BDE of 49.29 kcal mol!, the lowest calculated BDEs

among the 9 pathways for our current study with hardwood model lignin. The highest BDE of

76.45 kcal mol! was found along pathway 7 in the current study. In our previous study with

softwood model lignin, the lowest BDE was found as 50.1 kcal mol-! for pathway 2, and the highest

BDE was found as 69.6 kcal mol! for pathway 7, at the same reference temperature. At all

temperatures, mean BDEs calculated for each the 9 reaction pathways studied with hardwood

model lignin decamer was higher than that of the softwood model lignin decamer, shown in Figure

5. This trend is an interesting finding that aligns with our expectation that, comparatively, BDE is

higher in hardwood model lignin than softwood model lignin. Here, the only difference in these

two model decamers lies in the monolignols used, that is, the hardwood model lignin has an

additional electron donating group in each monomer.
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Figure 5. Comparison between mean BDEs calculated in two model oligomers mimicking

softwood and hardwood at selected temperature. The error bars show the standard error of the

mean for the calculated BDEs.

Although variation in the mean BDEs have been observed using the softwood and hardwood model

lignin decamers, these variations are not statistically significant at the 95% confidence interval. A

paired two tailed T-test was used to check if the observed variations between the mean BDEs are

statistically significant, detailed calculation of which has been included in the Table S11.

However, the variation in BDE along the oligomer chain, that is, as a function of position or
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reaction pathway for both hardwood and softwood model lignin was found to be statistically

significant.
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COMMENT ON LEVEL OF THEORY SELECTION

Very high-level ab initio methods, including CCSD(T) and QCISD(T)/6 311G(d,p) methods, as
well as various composite methods such as G2, have been reported to accurately reproduce BDEs
that are within 4-8 kJ mol'! from the experimentally obtained BDEs®'-%. However, the inherent
limitation of these high-level methods prevents their application beyond small molecules. As a
result, DFT techniques have been well studied for predicting BDEs, especially for lignin, given its
polymeric nature. Lower level methods, such as a semiempirical calculation followed by the DFT
method, for example, AM1 and B3LYP/6-31G(d), have been suggested for geometry
optimizations®’-*°. According to these studies, B3LYP, which is the highest used functional for
studying BDE of smaller lignin models, underestimates the BDE value. Another hybrid method,
namely, KMLYP, has been suggested to calculate BDE with DFT methods!% 1% even though the

accuracy of KMLYP for predicting lignin BDE has not yet been reported.

The present study has used a lower level functional BLYP due to the relatively large model
oligomer structure. Other higher level functionals might predict more accurate BDE results, where
accuracy level is defined in the context of the Jacob’s ladder for systematic improvement of DFT
introduced by J. P. Perdew. However, the BLYP functional was used in this work due to affordable
computational power, a critical criterion given the large system size investigated. The accuracy of
BLYP/DNP level has been reported for studying the reaction energetics and thermochemistry for
organic and bio-polymer model compounds®"-83. Contemporary BDE studies of lignin use different
model compounds and different levels of theory for DFT calculations, limiting the comparison of

our results directly with these reported BDE values. However, it is to be highlighted that our BDE
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values calculated at the BLYP-DNP level are within the range of BDE values predicted in other
studies (shown in Table 3). Despite using this lower level functional, our predicted BDEs match
with other reported values, all of which used DFT methods with higher level functionals3’-6!- 102-
104 For instance, BDE results for the f-O-4' bond cleavage reaction of the closest model structure
resembling our study dimer were reported as 69.2 kcal mol-! using the M06-2X/6-31G(d) level of
theory>8. To the best of our knowledge, the BDEs in the current hardwood model study represents
the largest lignin oligomer for which electronic structure methods have been used to determine the

bond dissociation enthalpies following a branching mechanism, which has been shown in Figure

6.

Table 3. Comparison of the mean BDE computed at the reference temperature in this study with

the contemporary theoretical studies.

Reference Reported BDEs at  Deviation from the % Deviation
Number 298K (kcal mol!) mean BDE
calculated at 298K
in this study
58 69.2 5.06 7.31
57 67.3 3.16 4.70
59 57.1 -7.04 -12.33
61 68.8 4.86 7.06
103 54.5 -9.64 -17.69
102 61.5 -2.74 -4.46
104 65.8 1.66 2.52
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Figure 6. Bond dissociation enthalpies calculated following a branching reaction mechanism using

the hardwood model lignin oligomer. The different reaction enthalpy values along different

reaction pathways depict the position dependence of the homolytic cleavage of 3-O-4 bonds in the

model oligomer.

FACTORS CONTRIBUTING TO THE STABILITY OF RADICALS

The homolytic cleavage reaction of the 3-O-4' linkages in our system yielded phenoxy radicals

and carbon-free radicals (Figure 2b-j). The C atom has tetrahedral hybridization for all the C-O

bonds that we have cleaved in our study. Both the hybridization type and the nature of substitution

have effects on the BDEs. Both types of radical products have the same substitution as well. The

radical center is on the O atom attached to the benzene ring for the phenoxy radicals, which has

two methoxy groups in the two adjacent ortho positions. These phenoxy radicals have a secondary

C atom in the para position. The side chain attached to this C atom increased with the increase in

structure size for product 1. Similar to phenoxy radicals, the type of hybridization and substitution
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remained the same for the carbon-free radical type species (product 2 species). In all product 2

structures, the radical center is attached with a methylene functional group at one end and with an

additional secondary C atom at the other end, which has a varying side chain attached to it

depending on the structure size. Spin density plots of selected radical product species have been

shown in Figure 7. For these structures, Table S10 a) and S10 b) include the molecular orbital

plots, including the highest occupied molecular orbital (HOMO) and lowest occupied molecular

orbital (LUMO) that correspond to these spin densities. The HOMO-LUMO energy gap was found

to be related to the observed orbital plots for the radical species and the closed-shell molecule. In

structures with a relatively large energy gap (1.2-1.58 eV), the HOMO was found at the opposite

of the radical centers while the LUMO was found near the radical center. However, a smaller

energy gap (0.5-0.6 eV) resulted in similar orbital plots in radical species. In product 1 structures,

due to the presence of a strong electron-donating group, i.e., an oxygen atom, the phenoxy radicals

are well stabilized by the resonance throughout the conjugated system of T orbitals with

delocalized electrons. Therefore, phenoxy radicals are more stabilized than the product 2 structures

having secondary carbon-free radical centers. This trend can be seen in Figure 7 of the spin density

plots.
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Product 1: 1-mer Product 1: 3-mer Product 1: 5-mer Product 1: 7-mer Product 1: 9-mer

Product 2: 1-mer Product 2: 3-mer Product 2: 5-mer Product 2: 7-mer Product 2: 9-mer

Figure 7. Spin density plots with iso-value of 0.03 for selected free radical species studied in this

work.

Since BDE values measure the stability of the radical products obtained from homolysis, our BDE

calculations indicate the most stable radical products would form along pathways 3 and 4, which

have the lowest BDE at a reference temperature of 298.15 K. The least stable radicals would be

formed along pathway 1 and 7. The lowered BDE that has been found along pathways 3 and 4 are

attributed to the increased bond length in 3-O-4" bonds, which decreased the bond strength.
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Subsequently, BDE decreased as well for these two pathways. On the other hand, pathways 1 and

7 have the highest two BDE values (72.14 kcal mol! and 76.41 kcal mol!, respectively), which

correspond to the shorter bond length in 3-O-4" bonds for these two pathways. This finding aligns

with our previous study, where we observed the different extent of radical stabilizations along the

different reaction pathways.

STANDARD THERMODYNAMIC PROPERTIES

In conventional thermodynamics, a physical property is any measurable property, the value of

which describes a state of the system. Thermodynamic properties are the characteristic features

that specify the system state. Hence, these properties are the pre-requisites for describing the

behavior of any system. For the chemical industry, thermodynamic data at different process

conditions are of key importance. Thermodynamic properties are obtained through experimental

techniques, classical approaches, i.e., equation of state and GF model,! and computational

approaches. Computational techniques derived from quantum chemistry and statistical mechanics

predict molecular ensemble properties based on intra and inter-molecular interaction potentials.

Estimating reaction kinetics involving radical species requires thermodynamic properties, which
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are not always available. Even though these transient species are present in trace quantity and

disappear in a brief period of time, it is important to study their thermodynamic properties because

the key intermediates for the majority of the reactions of organic molecules in the gas phase, such

as the reaction being studied in the current work, are free radicals. Due to increased computational

power at the present time, the range of molecules, both in terms of structure size and complexity,

that can be studied computationally is growing rapidly. In this study, we have predicted standard

thermodynamic properties including enthalpy of formation, heat capacity at constant pressure

(Cp), entropy (S), and Gibbs free energy (G) for the closed-shell reactant molecule, which was a

decamer, and all radical species, ranging from 1-mer to 9-mer.
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CONSTANT PRESSURE HEAT CAPACITY

Figure 8 shows the relationship with temperature for constant pressure heat capacity calculated
for all the structures studied in this work. Over the range of temperature 25K-1000K, the monomer
heat capacity values varied from 11.42- 120.67 cal mol-! K-! for phenoxy radical species and 11.67-
134.07 cal mol-! K-! for carbon-free radical species. For the 9-mers, the ranges obtained were 43.62
— 1172.79 and 41.50 — 1112.97 cal mol! K-! for phenoxy and carbon-free radical structures,
respectively. Our vibrational frequency calculations provided a range of 50.49 — 1311.76 cal mol-
I K-! for the closed-shell reactant molecule (10-mer) over the same temperature range. While this
range of Cp value was predicted for the hardwood model lignin in the current work, a range of
43.215 - 1115.082 cal mol-! K-! was predicted in our previous work for the softwood model lignin
oligomer (10-mer). Heat capacity values have been obtained experimentally using an adiabatic
calorimeter for softwood lignin using model compounds with molecular structure C;oH; ¢Og 5 for
cuproammonium lignin and C;¢gH;; 5039 for sulfuric lignin. Due to the proximity of the molecular
formula for our softwood model lignin (i.e., C1(H;,039) with these two model lignin compounds,
we could validate our prediction for the heat capacity softwood model lignin with these
experimentally obtained values. However, the repeating unit which has been used in this current
study for hardwood lignin was C;;H;5049. Due to this dissimilarity in the repeating unit structure,
we could not directly compare our predicted heat capacity values for hardwood model lignin. It is
to be highlighted here that despite this dissimilarity in monomeric structures, predicted heat
capacity values in this study are in closer proximity with these available reported experimental
heat capacity values. These predictions would be more important at higher temperatures where

experimentally studies have more difficulty isolating reaction pathways due to complexity.
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Figure 8. Constant pressure heat capacity values for all structures in the current study at selected

temperature. Structures 1-9 belong to product 1 starting from 1-mer to 9-mer with uniform

increment in repeating unit. Similarly, structures 10-18 denote structures of varying sizes for

product 2. Structure 19 denotes the reactant structure.
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Table 4. a) Heat capacity for all species in this study for selected temperatures.

(a)

Structure # Molar mass

(Reaction, Product (g mol1)

Number: Name)

1 (R1, P1: 1-mer)
2 (R2, P1: 2-mer)
3 (R3, P1: 3-mer)
4 (R4, P1: 4-mer)
5 (R5, P1: 5-mer)
6 (R6, P1: 6-mer)
7 (R7, P1: 7-mer)
8 (R8, P1: 8-mer)
9 (R9, P1: 9-mer)
10 (R9, P2: 1-mer)
11 (RS, P2: 2-mer)
12 (R7, P2: 3-mer)
13 (R6, P2: 4-mer)
14 (RS, P2: 5-mer)
15 (R4, P2: 6-mer)
16 (R3, P2: 7-mer)
17 (R2, P2: 8-mer)
18 (R1, P2: 9-mer)
19 (Reactant: 10-

mer)

(b)

Temperature (K)

Cuproammonium lignin'%

Sulfuric lignin'%

209
435
661
887
1113
1339
1565
1791
2017
227
453
679
905
1131
1357
1583
1809
2035
2244

Physical Chemistry Chemical Physics

298

1.07
1.09
1.08
1.07
1.12
1.08
0.95
1.09
1.15
0.96
1.09
1.07
1.12
1.08
0.95
0.97
0.97
1.10

298
1.24

1.28

C, Jg' K1)
Temperature (K)

350

1.26
1.23
1.25
1.24
1.23
1.28
1.25
1.10
1.25
1.31
1.12
1.25
1.23
1.28
1.25
1.10
1.13
1.13
1.26

G (g K"
350
1.42

1.47

450

1.54
1.52
1.54
1.53
1.52
1.57
1.54
1.38
1.54
1.60
1.39
1.54
1.52
1.57
1.53
1.38
1.41
1.41
1.55

450
NA

NA
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Dioxane lignin!%’ NA 1.21 1.95
Softwood Model lignin 1.05 1.21 1.51
decamer? (previous study)

Hardwood Model lignin 1.10 1.26 1.55

decamer (current study)

STANDARD ENTHALPY OF FORMATION

From the context of pyrolysis, standard enthalpy of formation is one of the most important
thermodynamic properties since it is closely related to the bond dissociation enthalpy. The
atomization energy method for the calculation of enthalpy of formation requires the ab initio
calculated enthalpy of atomization at 298K and the experimental standard enthalpy of formation
of atoms in the gas phase at the same temperature!%®. Following this approach, we calculated the
enthalpy of formation values for the closed shell reactant decamer and the open shell product
radicals, ranging from 1-mer to 9-mer (shown in Table 5). Our prediction for the enthalpy of
formation for the hardwood model lignin decamer was -16914.7 kJ mol-'. The range of enthalpy
of formation values predicted for phenoxy radical products is (-1299.6 kJ mol!) — (-1677.1 kJ mol-
1. A similar range of variation, i.e., (-1535.1 kJ mol!) — (-1701.5 kJ mol!), has been obtained for
the carbon free radical species of varying sizes. Figure 9 plots our prediction for enthalpies of
formation including the corresponding values per monomer. The average heat of formation values
per monomer was found to be -1626.87 kJ mol! with a standard deviation of 103.29. In our
previous work with the softwood model lignin, the enthalpy of formation value per monomer was
calculated as -762.1 kJ mol'!, which we compared with the available experimental value, i.e., -
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712.9 kJ mol'!. In the absence of comparable experimental results for enthalpy of formation
calculations, our predicted values would be very useful to be validated with the Benson’s group

additivity method for estimating heat of formation'%.

[ |Per structure
Per monomer
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Figure 9. Enthalpy of formation for all structures at reference temperature 298.15 K. Structures
1-9 belong to product 1 starting from 1-mer to 9-mer with uniform increment in repeating unit.
Similarly, structures 10-18 denote structures of varying sizes for product 2. Structure 19 denotes

the reactant structure.
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Table 5. Calculated enthalpy of formation using atomization enthalpies for all species.

Structure

(Reaction, Product

Number: Name)
R1, P1: 1-mer
R2, P1: 2-mer
R3, P1: 3-mer
R4, P1: 4-mer
R5, P1: 5-mer
R6, P1: 6-mer
R7, P1: 7-mer
RS, P1: 8-mer
R9, P1: 9-mer
R9, P2: 1-mer
R8, P2: 2-mer
R7, P2: 3-mer
R6, P2: 4-mer
R5, P2: 5-mer
R4, P2: 6-mer
R3, P2: 7-mer
R2, P2: 8-mer
R1, P2: 9-mer
Reactant: 10-mer

Number of AHC;

Monomers kJ mol!

-1299.67
-2992.02
-4722.93
-6471.07
-8193.54
-9904.83
-11528.28
-13370.86
-15094.65
-1535.18
-3049.34
-5067.09
-6730.05
-8437.56
-10237.88
-11985.94
-13660.23
-15313.97
10 -16914.78

O o0 9 O R WD = O 0 N N N R W

Per monomer
AHY;
kJ mol!

-1299.67
-1499.51
-1574.31
-1617.77
-1638.71
-1650.81
-1646.90
-1671.36
-1677.18
-1535.18
-1524.67
-1689.03
-1682.51
-1687.51
-1706.31
-1712.27
-1707.53
-1701.56
-1691.48
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ENTROPY

The variation of standard entropy for all species of both radical types and the reactant molecule
has been plotted as a function of temperature in Figure 10 A) and B). Table 6 reports the standard
entropy values predicted for the reactant molecule and free radical species of the products in this
study. Table S4- S5 (in supporting information) reports our prediction for entropy values for all
species over the temperature range of 25K — 1000K. The average value of standard entropy per
monomer (C1;H;5045) in our calculation has been calculated as 325.43 J mol-!' K-!. In our previous
work with the softwood model lignin, the per monomer entropy value was found as 234.6 J mol!
K-! with a structural formula of C;oH,0;3 9. This value was validated with the experimental work
which reported 239.8 J mol-! K-! as the average entropy value per monomer for their model lignin

compound'%,
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Figure 10A). Entropy variation as a function of temperature for product 1 structures. Product 1

structures are phenoxy radicals and denoted as P1. The number after this notation indicates the

number of monomers present in each of these structures.
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Figure 10B). Entropy variation as a function of temperature for product 2 structures. Product 2

structures are C free radicals and denoted as P2. The number after this notation indicates the
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Table 6. Calculated standard entropy values for all species.

Per monomer

Structure Number of Se Se
(Reaction, Product
Number: Name) Monomers J mol'! K1 J mol'1 K1
R1, P1: 1-mer 1 505.43 505.43
R2, P1: 2-mer 2 739.30 369.65
R3, P1: 3-mer 3 1065.04 355.02
R4, P1: 4-mer 4 1296.87 324.22
R5, P1: 5-mer 5 1495.29 299.06
R6, P1: 6-mer 6 1852.16 308.69
R7, P1: 7-mer 7 1997.16 285.31
RS, P1: 8-mer 8 2055.69 256.96
R9, P1: 9-mer 9 2531.87 281.32
R9, P2: 1-mer 1 532.23 532.23
RS, P2: 2-mer 2 711.95 355.98
R7, P2: 3-mer 3 1017.41 339.14
R6, P2: 4-mer 4 1254.84 313.71
RS, P2: 5-mer 5 1611.15 32223
R4, P2: 6-mer 6 1767.77 294.63
R3, P2: 7-mer 7 1834.03 262.00
R2, P2: 8-mer 8 2141.72 267.71
R1, P2: 9-mer 9 2325.65 258.41
Reactant: 10-mer 10 2518.37 251.84

Average 325.45
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CONCLUSIONS

The presented work has used Density Functional Theory (DFT) electronic structure calculations

at the BLYP/DNP level of theory to predict bond dissociation enthalpies (BDE) for the homolytic

cleavage of 3-O-4' linkage with a model lignin oligomer comprised of 10 Syringyl (S) units over

a wide range of temperature from 25 K to 1000 K. As such, this work provides information on

lignin pyrolysis chemistry with a model that is more representative of the hardwood lignin polymer

than has been previously reported in the literature. Prior to DFT calculations, our work employed

the conformational sampling method developed in our previous study to identify the lowest energy

conformers for all free radical product species and the reactant molecule. Standard thermodynamic

quantities, including enthalpy of formation, constant pressure heat capacity, entropy, and Gibbs

free energy, have been predicted over the wide temperature range for all of the structures.

e Marked position dependence was found in the computed BDEs, which provides insight for

the overall understanding of the homolytic cleavage of B-O-4' reaction, a barrierless

reaction during lignin pyrolysis. Due to the exponential dependence of the reaction rate
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coefficients on the activation energy, which is the reaction enthalpy for this barrierless

reaction, reporting of this position dependence of BDEs provides meaningful insights to

communities seeking reaction energetics for lignin-related species. The range of the BDEs

predicted in this study using quantum mechanical calculations would be very useful to

design reactors for biomass pyrolysis with a higher hardwood lignin content.

The present study indicates that the BDEs are higher in hardwood lignin than softwood

lignin. For all the reaction pathways, the mean BDEs have been slightly higher in this study

with the hardwood lignin model than that of the softwood model lignin in our previous

study. Since the model has not included other linkages or monolignols, this study has

isolated the methoxy group role in the reaction energetics of lignin pyrolysis.

Our calculated values for standard thermodynamic properties would be beneficial for

cross-validation with experimental studies. Similar to the reaction energetics calculations,

this study isolates the effect of syringyl monolignol in thermodynamic properties during

biomass pyrolysis. Because two different model structures have been used in this study for

hardwood lignin and our previous study for softwood lignin, the predicted thermodynamic
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properties provide a systematic comparison of structural effects on thermochemistry for

lignin-related species.

Overall, these insights and predictions provide new information to be used for reactor design,

kinetic modeling, and process optimization efforts to increase product selectivity and yield for a

biomass feedstock with higher hardwood lignin content.
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