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Abstract
This work involved the application of quantum chemistry techniques to proxies of plant cell
wall (PCW) biopolymers including lignin, hemicellulose, and cellulose. The latter are potential
sources of biofuel; however, the extraction of lignin from PCWs, which must occur before biofuel
production, is costly and difficult. Lignin formation involves abiotic, random free radical additions of
phenylpropanoids. Better understanding the structure, formation, and interactions of lignin could aid
in PCW degradation during biofuel production. This work used density functional theory (DFT)
computational chemistry calculations to study the structure and formation mechanisms that can occur
in lignin, and the ability of DFT methods to predict energetically favorable hydrogen bonding and
other intermolecular interactions for PCW materials.
One study calculated accurate nuclear magnetic resonance (NMR) chemical shifts of common
lignin linkages. These results showed that mPW1PW91/6-31G(d) NMR calculations, when used in
conjunction with a multi-standard approach (benzene for sp2 C and H and methanol for sp3 C and H)
produced results that accurately matched the experimental chemical shifts for common lignin linkages.
A second study proposed reaction mechanisms for the formation of non-cyclic α-linkages; the most
favorable mechanism matched the one predicted by experimentalists. The third study modeled
hydrogen bonding (H-bonding) between water and 1-methylimidazole accurately, based on infrared
spectroscopy data and calculated thermodynamic results. The B3LYP method quantitatively outperformed the M05-2X and MP2 methods for this chemical system. The fourth study used seven DFT
methods to evaluate the energetic and structural differences for monomer proxy pairs of lignin,
hemicellulose, and cellulose obtained from each method. The CAM-B3LYP and LC-ωPBE methods
predicted the lowest energy structures.
The results from this work show that the application of an appropriate DFT method to models
relevant to PCWs can produce accurate results that could be useful for larger-scale calculations and
for predicting experimental outcomes.
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Chapter 1
Introduction
1.1 Plants Materials and the Dynamic Field of Geochemistry
1.1.1 Limiting an Unlimited Area of Study
In the beginning, geochemistry evolved to provide better understanding of the
chemistry of the Earth; subsequently, the field developed into an interdisciplinary one
that encompasses most of science. The discipline, which was initiated as a way to
understand the nature and abundance of rock-forming minerals of the lithosphere,1,2 the
distribution of elements and minerals in the hydrosphere,2 and the composition of
meteorites,2 has expanded to encompass the Earth’s biosphere, with biogeochemistry,3
and the entire Universe, with astrobiology4 and cosmochemistry.5
With such a vast array of topics from which to choose, one must set limitations.
Consequently, the focus of this work is restricted to molecular-level interactions using
computational quantum chemistry; specifically, this dissertation compiles work
completed regarding the spectroscopic characteristics of the dimer building blocks of
lignin, the formation and structure of novel lignin linkages, the interaction of monomeric
proxies of lignin, hemicellulose and cellulose, and the effect of hydrogen bonding on the
ability of the computational methods to correlate with experimental data. The following
sections provide short primers for lignin, hemicellulose, and cellulose chemistry,
followed by an outline of this dissertation. Computational chemistry methods, briefly
considered in this chapter will receive a more thorough discussion as necessitated in each
of the Methods sections of the ensuing chapters. Because lignin is the primary focus of
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this dissertation, the following section briefly illustrates the relevance of lignin to
geochemistry.
1.1.2 Geochemical Importance of Lignin
Climate change coupled with depleting petroleum reserves necessitates the
transition from a petroleum based fuel economy to one based on wind and solar energies
and biofuels.6 Lignin could provide fuel for the future through biofuels and provides fuel
from the past through coal; however, the resistance of lignin to degradation
simultaneously makes biofuel production more costly and difficult and lowers the energy
density of coal. Lignin is a potential biofuel source because it accounts for approximately
30% of the total organic carbon in the biosphere, second only to cellulose.7,8 The
recalcitrance of lignin to extraction from plant cell walls is a primary barrier to biofuel
production.9 What is more, an ≈8 Ma sample of lignite (brown coal) contained 75%
lignin, providing further evidence for the obduracy of lignin to degradation.10 Therefore,
for energy production, the recalcitrance of lignin makes the extraction of energy from
biomass and coal less efficient.
Conversely, from a geochemical perspective and due to its resilience, lignin can
be useful as a biomarker in sediments,10-13 for studying contaminants in sediments,14 and
as an indicator for studying past climate conditions with tree rings.15 For example, a
recent tree ring study showed that carbon-13 values for earlywood samples were similar
to latewood samples from the same tree; therefore, the carbon observed in the earlywood
sample originated in the latewood sample from the preceding year.15 Furthermore, this
work showed that latewood lignin and cellulose originated at the same time and therefore
from the same carbon source.15 These results show latewood lignin in tree rings is useful
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for an indirect measure of past climates; moreover, lignin is a more resilient biomarker
than cellulose for tree ring studies.15
Lignin evolved in vascular plant cell walls and is a recalcitrant biomarker that is
indicative of the climatic and evolutionary conditions under which plants lived.
Gymnosperms evolved in cool, dry environments and are rich in extractable coniferyl
alcohol-based biomarkers. Angiosperms, which divergently evolved from gymnosperms
in warm, wet environments contain lignins that are rich in sinapyl alcohol-based
biomarkers (See section 1.2.1, Figure 1.2).16,17 These differences in monolignol content
make the differentiation of plant source material from sediment samples possible.16,17
Previous climate changes could have driven the evolution of lignin, the
monolignol signatures of which are now found in sediment samples; these data could be
useful for predicting the effect of current climate change on plant evolution. One
manifestation of lignin evolution due to past climate change could be the fact that plants
that evolved in different environments have different metabolic pathways for fixing
carbon dioxide (CO2). For example, grasses that are richer in p-coumaryl alcohol-based
lignins grow in hot, dry climates and can more efficiently fix CO2 than leafy plants that
contain coniferyl and sinapyl alcohol-based lignins and close their leaves in hot, dry
climates, which decreases their ability to fix CO2.5,18 Therefore, current climate change
could increase the number of grass species while decreasing the number of other plant
species in some affected environments. Furthermore, recent work with lignin biomarkers
shows that increased soil temperatures, which correlate with climate change, can decrease
lignin concentrations in soils because lignin-degrading fungi are more efficient at higher
temperatures.19
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Factors such as gravity and trace metals can also effect lignification. Experiments
with lignin show that hyper-gravity increases lignification,20 while micro-gravity
decreases lignification;21 these data could be pertinent to the field of astrobiology, with
regard to the effect of gravity on extraterrestrial plant evolution. Trace metals such as
manganese, copper, and vanadium affect trimer formation by monolignols,22 which could
have implications for the lignin composition of plants exposed to industrial waste sites.
Additionally, oxidized manganese oxalate can act as an electron shuttle, which forms
monolignol radicals by transferring an electron from the monolignols to Mn3+; the
peroxidase enzymes and the monolignols do not require direct contact for this
mechanism.23
With respect to plant evolution, recent evidence showed that lignification can
occur in Red Seaweed; this work presented evidence for the congruent evolution of both
lignin and lignification enzymes in Red Seaweed. If verifiable, these data will alter the
plant evolution time-line because Red Seaweed, which until this work were not thought
to produce lignin, and vascular plants, which produce lignin, probably diverged more
than one billion years ago.24
1.1.3 The Importance of Plants
Approximately 18% of the known species on Earth are plants;25 among their
myriad functions, plants play an imperative role in carbon dioxide (CO2)
uptake/sequestration, oxygen (O2) production, prevention of soil erosion, and provide
material for soil production. Furthermore, plants are primary producers, which
autotrophically generate biomass from inorganic compounds; primary producers provide
the chemical energy necessary for heterotrophs, such as humans, to survive. Furthermore,
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plants play an important role in biofuel manufacture, providing the cellulosic raw
material for bio-ethanol production.9 Overall, plants affect the atmosphere by regulating
O2 and CO2 gases, the lithosphere by protecting and generating soil, and the biosphere as
primary producers, all of which makes plants an important and necessary component for
life on Earth; therefore, their study is within the realm of geochemistry. Understanding
how the complex biopolymers in plants form and function will allow for better
appreciation of the importance of plant species, and ultimately may provide valuable
information about the growth and utilization of plant biomass materials.
The study of the structure and formation,26 and evolution27,28of plant cell walls is
an immense field of endeavor that is attempting to describe accurately the origins and
interactions of plant cell wall biopolymers. Cell walls provide protection, structural
support, and filtering mechanisms, and are described as having two distinct regions, the
primary wall that surrounds the growing cell and predominately contains polysaccharides
and some structural proteins, and the secondary walls that are no longer growing and
contain proteins, cellulose, hemicellulose, lignin, and pectin.29 Secondary cell walls
provide wood products including paper and lumber, and are a prospective source of
biofuels.30 This dissertation focuses only on the interactions that are pertinent to
biopolymers in the secondary cell wall. Figure 1.1 shows a simplified and probably
incorrect representation of the secondary cell wall; according to this model, hemicellulose
wraps around cellulose and lignin interacts with hemicellulose, but lignin and cellulose
do not make contact.31
The percentage of lignin, hemicellulose, and cellulose is species dependent but
the general ranges of these biopolymers by percentage weight composition are 17-36%,
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16-37%, and 37-57%, respectively, while pectin content is <10%;29,30 pectin was not
incorporated into the work constituting this dissertation due to its relatively low
abundance. The following section (Section 1.2) will provide further details about the
chemistry, formation, evolution, and occurrence of lignin, and the chemistry and structure
of hemicellulose and cellulose, which interact with lignin in plant cell walls.

Figure 1.1: Secondary cell wall showing the possible interactions between lignin,
hemicellulose, and cellulose. Here, lignin may act a support structure that does not
directly contact cellulose, while hemicellulose may act as an intermediary between lignin
and cellulose. Source: www.lbl.gov/Publications/YOS/Feb/
1.2 Chemistry, Formation, Evolution, and Occurrence of Secondary Cell Wall
Biopolymers
1.2.1 Lignin
Chemically, lignin is a hydrophobic compound produced by the abiotic,
combinatorial, free radical addition of three 4-hydroxy-phenylproponoid monomers:
coniferyl alcohol, sinapyl alcohol, and p-coumaryl alcohol, which differ only by the
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extent of methoxylation at their respective carbon-3 and carbon-5 positions. (Figure
1.2).32,33 Figure 1.2 illustrates the structure of the lignin monomers; this work uses only
coniferyl alcohol (Figure 1.2 B.), referred to as MG throughout the text; MG refers to the
guaiacyl phenylpropanoid monomer that is one of the monomer buidling blocks of
lignin.33

Figure 1.2: Monomeric building blocks of lignin. A. p-coumaryl alcohol, B. coniferyl
alcohol, and C. sinapyl alcohol. The Arabic and Greek symbols denote the carbon atoms.
Coniferyl alcohol (B.) is referred to throughout this dissertation as MG.
Coniferyl alcohol (MG) forms through a multi-step enzymatic pathway that
begins with L-phenylalanine,34 after which MG undergoes enzymatic oxidation via
peroxidase and H2O2 to form a resonance-stabilized free radical (Figure 1.3).7,35-37 After
the free radical forms, linkages between the radicals can form in an abiotic, combinatorial
manner.33 Several of the most common, experimentally observed dimers are the β-O-4
(Figure 1.4 A.), 5-5 (Figure 1.4 B.), β-5 (Figure 1.4 C.), and β-β (Figure 1.4 D.) linkages;
both synthesis and inference via degradation studies provide evidence for these
linkages.7,32-38
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After the formation of the first dimer occurs, additional oxidation at the terminal
O4 of the dimer produces another free radical, which can couple with other MG radicals
to form an increasingly-complex random lignin structure.33 Therefore, the structure of
lignin is difficult to predict and characterize; additionally, the random structure of lignin
impedes its degradation, because no natural or engineered method exists that can
selectively cleave the many types of linkages present in lignin to remove it from cell wall
materials.

Figure 1.3: Peroxidase and H2O2 removes H-radical (H·) from MG to produce a
resonance-stabilized free radical and H2O. These radicals then undergo abiotic, free
radical additions reactions to form lignin. The radical electron can also reside at C1 and
C3; however, only minor amounts of products are observed from these radicals.
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Figure 1.4: Common coniferyl alcohol (MG) dimer linkages: A. β-O-4. B. 5-5, C. β-5,
and D. β-β.
The complexity, recalcitrance, potential importance as a fuel source, and natural
abundance of lignin make it a challenging and necessary subject for study. Computational
chemistry methods can provide valuable insight into the structure, formation, and
function of this important biopolymer.39 To this effect, three of the four topics in this
dissertation will use proxies for lignin to expound further on some of its chemical
properties. As necessitated, the subsequent chapters provide information about lignin and
its constituent monomers and dimers.
1.2.2 Hemicellulose
Hemicellulose, like lignin, has a complex and variable structure, but unlike lignin,
hemicellulose forms through a biosynthetic pathway.40 Glucose (G) or xylose (X) can
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form the backbone of hemicellulose. Figure 1.5 shows the α and β forms of D-G and DX; for α-D-G and α-D-X (Figure 1.5 A. and C.), the hydroxyl group on C1 is in the axial
position for the α-structures, while for the respective β structures, the hydroxyl group on
C1 is in the equatorial position (Figure 1.5 B. and D.). X and G differ only by the absence
or inclusion of the C6H2OH moiety on X or G, respectively (Figure 1.5).

Figure 1.5: A. α-D-glucose, B. β-D-glucose, C. α-D-xylose, and D. β-D-xylose.
Figure 1.6 shows xyloglucan, which is one observed hemicellulose structure.40-42
The repeating unit in Figure 1.6 exhibits a β-(14) linked G-backbone with α-(16) X
addition at all but the reducing G-residue.43,44 Further substitution is possible by lactose,
galactose, and fucose at the xylose side moieties, making xyloglucan structures complex
and variable.43 The heterogeneous side-group substitutions of xyloglucans make
hemicelluloses difficult to characterize and may lead to poor reproducibility of
experiments, if the sample compounds do not have consistent structures. Hemicellulose
may provide cell wall stability through intermolecular interactions with cellulose and
lignin. Moreover, after separation from lignin, hemicellulose can yield biofuel.9
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Figure 1.6: A. Xyloglucan repeating unit illustrating the β-(14) linked G-backbone
with α-(16) X substitution at all of the G units, except the reducing G-residue.
1.2.3 Cellulose
Cellulose, consisting of glucose polymers (microfibrils) made from β-(14)
linked glucose (G) backbones (Figure 1.7), is the simplest and most characterized
polymer discussed herein, but the details of cellulose structure and formation are not
without controversy.45-47 For example, the overall structure of cellulose may or may not
contain twisted fibers.48-51 The synthetic pathway for cellulose is an area of active
research and many questions remain about how the enzymatic synthesis of microfibrils
occurs and how the microfibrils interact to make cellulose.52 As with hemicellulose,
separation of cellulose from lignin can yield biofuel.9
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Figure 1.7: β-(14) linked G-backbone of cellulose.
1.3 Hydrogen Bonding
Two of the four subsequent chapters in this dissertation discuss and evaluate the
importance of intermolecular hydrogen bonds (H-bonds) and their calculation with
computational chemistry, consequently warranting a brief discussion about H-bonding.
H-bonds occur due to the uneven distribution of the 1s electron of H between two
elements that are more electronegative than H; one interaction is a stronger covalent
bond, characterized by a shorter, energetically stronger bond, and a H-bond, which is
longer and energetically weaker than a covalent bond.53,54 Moderate strength H-bonds,
which are prevalent between organic and biomolecules, occur between a hydrogen bond
acceptor (N, F, O, S) and a hydrogen bond donor (Figure 1.8).53,54 Figure 1.9 shows an
example of 8H2O molecules that exhibit moderate strength H-bonds; the solid-line bonds
are the stronger shorter covalent bonds, while the dashed lines are the weaker longer Hbonds. The energies and bond lengths of moderately strong H-bonds range from
approximately 16-60 kJ/mol and 1.5-2.2 Å, respectively.53
Weak H-bonds that are pertinent to this work occur when the 1s electron of a
covalently bonded H-atom is unevenly shared with the π-electrons of an alkene (olefin)
or an aromatic ring.55,56 Examples of weak H-bonds in Figure 1.10 include the CH-π
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interaction (Figure 1.10 A. and B.) and the OH-π interaction (Figure 1.10 C.). Weak Hbonds lengths, such as those for the CH-π and OH-π interactions, range from 2.2-3.2 Å,
while their energies of interaction are <16 kJ/mol.53 Weak and moderate H-bonds act to
stabilize the structures of biopolymers.53-56

Figure 1.8: Four species that can form moderately strong H-bonds: A. Ammonia, B.
hydrogen fluoride, C. water, and D. hydrogen sulfide.

Figure 1.9: H2O molecules exhibiting intermolecular H-bonding. The bond distances for
an H-bonds (dashed lines) and a covalent bond (solid lines) are shown. The covalent
bond lengths (solid lines) in this figure are from 0.9-1 Å, while the H-bonds range from
1.6-1.9 Å. This model is from an energy-minimization calculation using the HF/631G(d,p) method.
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Figure 1.10: Weak hydrogen bonds occurring between the unevenly shared 1s electron
of H. CH-π interaction are shown between one covalently bonded H of methane with the
π-electrons of an alkene (A.) and the π-electrons of benzene (B.). An OH-π interaction is
shown (C.) between the covalently bonded H of H2O and the π-electrons of 1methylimidazole.
1.4 Computational Methods
1.4.1 A Brief History of Quantum Chemistry
As necessitated, the ensuing chapters present pertinent computational chemistry
methods. Offered here is a very brief introduction about the underlying theory of
quantum mechanics, in a non-mathematical manner. Unless explicitly provided, all of the
information given in this section is available in detail in a good-quality quantum
chemistry text.57,58
In 1926, physicist Erwin Schrödinger developed the wave equation for matter that
fortuitously allows the accurate calculation of the energy of a given quantum mechanical
system.59 For example, this theory shows that if one can calculate the energy of a given
molecule, then the energy determines the chemical properties of that molecule, including
but not limited to the geometry, infrared and Raman wavenumbers, NMR chemicals
shifts, and moments of inertia. Quantum mechanics calculations determine electron
distribution in molecules, which in turn control the other properties of the molecules.
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Regrettably, the Schrödinger equation is analytically unsolvable except for the
simplest chemical system—the hydrogen atom and similarly simple models. Physicist
Paul Dirac, who shared the 1933 Nobel Prize in Physics with Schrödinger relays this
conundrum more eloquently.
“The fundamental laws necessary for the mathematical treatment of a
large part of physics and the whole of chemistry are thus completely
known, and the difficulty lies only in the fact that application of these laws
leads to equations that are too complex to be solved.”
Therefore, the application of quantum mechanics to relevant chemical systems,
particularly biomolecules, seemed impossible. Fortunately, the work of generations of
physicists provided an approximate numerical method that can calculate chemically
accurate results from quantum calculations. These methods began by treating the
electrons of a molecule as non-interacting species,60 but subsequent quantum chemical
methods took into account the interaction of the electrons,61 providing results that are
more accurate. These methods are known as ab initio, or first principles methods, and
require only the fundamental constants like Planck’s constant and the mass of an electron
to perform the calculations. Although these methods can provide accurate results, they
are very slow to converge and are not usable, even on the fastest computers, for models
that contain >100 atoms.
In the 1960s the development of the aptly named density functional theory (DFT)
provided the capability to obtain the exact energy of a molecule based on electron
density, rather than through the interactions of the individual electrons obtained from ab
initio methods.62,63 DFT can provide chemically accurate results for a variety of systems,
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including small biomolecules (<500 atoms); however, the exact energy parameters for
electron exchange and correlation (repulsion) in DFT are not yet available.
Therefore, ab initio numerical methods can provide an exact solution to an
approximated theory based on numerical algorithms, while DFT methods provide an
approximate solution for an exact theory because the exact correlation and exchange are
not known for DFT. Consequently, methods must be evaluated for a given chemical
system and most preferably tested against experimental evidence to ensure that the
calculated results are accurate. The application of ab initio and DFT methods to
lignocellulosic materials is in its infancy; therefore, this burgeoning field is both
rewarding and challenging.
1.4.2 Computational Chemistry Applied to Lignin: Current Literature
Producing a viable proxy for a lignin structure and measuring its interaction with
saccharides provides a challenging endeavor because lignin does not have a primary
structure like those exhibited by DNA, proteins, or cellulose.33 However, studying the
linkages that occur in lignin (Figure 1.4) and the interaction of model lignins with models
of other cell wall biopolymers using computational chemistry methods can provide
insight into the structure and formation of lignin. A summary follows of several pertinent
papers discussed in a recent review of computational chemistry studies of lignin.39
Numerous authors have addressed coniferyl alcohol coupling and lignin
polymerization. One such study used quantum chemistry to calculate the relative
stabilities of coniferyl alcohol dimer-linkages (Figure 1.4) and found that the calculated
abundance trends matched the observed trends reported at that time.64 Another study
explored the free radical coupling mechanism for the formation of the β-O-4 linkage
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(Figure 1.4) both with and without solvation; however, this work did not identify the
transition state structure, so these were not true transition state calculations.65 In addition,
this work showed that a phenoxide radical could favorably couple with a coniferyl
alcohol radical, implicating phenol as a potential participant in lignification.65
Furthermore, another group studied the energetics and mechanism for the addition of
monolignol radicals to dilignol radicals using calculated orbital energy gaps that were
comparable with experimental data; model structures with low energy gaps corresponded
accurately to data from the experimentally observed structures.66
Application of the electron-density mapped Fukui function, which predicts the
reactivity characteristics of molecules, provided accurate assessment of the reactivity of
monolignols with respect to experimental observations.67
In another quantum chemical study, calculated Raman frequencies showed
accurate correlation with experimental Raman resonance spectra for lignin radicals found
in situ.68 Further studies with Raman spectroscopy and quantum chemistry allowed the
structural elucidation of lignin end-group monomers.69
Larger scale calculations on lignin and its interactions with other biopolymers
using classical mechanics are less common than quantum mechanical studies because
classical mechanics methods rely on accurate parameters for their force fields, the source
of which are usually quantum mechanics calculations. Without further and more accurate
quantum chemical studies on plant cell wall polymers, the results from current classical
mechanics calculations may not be robust. One classical mechanics study simulated the
interaction of a β-O-4 linked coniferyl alcohol trimer with a periodic cellulose structure;
the results indicated that the phenyl rings of the lignin proxy oriented parallel to the
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cellulose surface.70 A recently developed force field, parameterized specifically for lignin
has not yet seen wide use; furthermore, this force field may prove inappropriate for
measuring the interactions of lignin models with polysaccharide models.71
1.5 Outline of Dissertation
1.5.1 Chapter 2: Comparison of Multi-standard and TMS-Standard Calculated
NMR Shifts for Coniferyl Alcohol and Application of the Multi-standard
Method to Lignin Dimers
This work evaluated several computational methods for their ability to correlate
with experimental NMR chemical shifts for coniferyl alcohol (MG) and the β-O-4, β-β,
β-5, and 5-5 linked dimers (Figure 1.4). This work developed a method that allows the
precise prediction of lignin linkages with computational chemistry; these results could be
applicable to larger oligomers and prospectively to actual lignin polymers. The ability to
predict accurately the basic linkages in lignin may facilitate easier interpretation of
complex lignin NMR spectra. In addition, this manuscript explored the differences
between the often-used tetramethylsilane (TMS) standard method for calculating NMR
chemical shifts and a recently reported multi-standard method. Furthermore, this work
illustrated the need to incorporate multiple conformational isomers and the necessity to
thermodynamically average their calculated NMR chemical shifts in order to obtain good
agreement with the observed spectra. The publication for this work is available in The
Journal of Physical Chemistry B 2011 (2011, Volume 115, pp 1958-1970). The coauthors
of this work are Heath D. Watts, Mohamed Naseer Ali Mohamed, and James D. Kubicki.
I undertook this work after reading a chapter in a recent book about lignin, which noted
the dearth of published NMR chemical shifts for lignin models.72 I performed all of the
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calculations and wrote this paper. Dr. Mohamed suggested that I use more than one
conformational isomer to better emulate the experimental results and Dr. Kubicki helped
me to understand the thermodynamic weighting of the conformers that was necessary to
better fit the results and data. I performed the calculations, interpreted the results, and
wrote this paper. I am the first author on this paper.
1.5.2 Chapter 3: Hydrogen bonding interactions between 1-methylimidazole and
water using density functional theory, Møller-Plesset perturbation theory,
and ATR FTIR: Comparisons among methods and observation
This chapter focused on the effect of hydrogen bonding and the ability of
computational chemistry methods to accurately reproduce experimental infrared
spectroscopy data. Ultimately, this work evaluated the ability of three different
computational methods to interpret the gas-phase dry and aqueous-phase experimental
spectra for 1-methylimidazole. Further calculations explained the discrepancies found
among methods to determine which method predicted the most thermodynamically stable
models. These results have implications for the calculation of hydrogen bonds, Van der
Waals interactions, and the accuracy of quantum chemical results used for the
parameterization of classical force fields for larger simulations. The ability to predict
intermolecular H-bonds and Van der Waals interactions with accuracy is necessary for
future calculations with proxies of cell wall components. The results from this work
showed that obtaining accurate results could necessitate the use of a wide range of
methods. The authors of this work are Heath D. Watts, Douglas D. Archibald, Mohamed
Naseer Ali Mohamed, and James D. Kubicki. I have submitted this paper to the Journal
of Physical Chemistry A. Dr. Douglas D. Archibald in the Department of Crop and Soil
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Sciences at The Pennsylvania State University proposed this work as part of a project for
an industry affiliate. However, I drastically changed the scope of this work after the
industry affiliate dissociated itself from the project. Therefore, Dr. Archibald only
provided the analyzed infrared spectra data for 1-methylimidazole, which I used to
develop my own project, under the helpful guidance of Drs. Kubicki and Mohamed. I
performed the calculations, interpreted the results, and wrote this paper. I am the first
author on this paper.
1.5.3 Chapter 4: Evaluation of potential reaction mechanisms leading to the
formation of coniferyl alcohol α-linkages in lignin: a density functional
theory study
This chapter provides information about a series of calculations that I performed
to provide a tenable mechanism for the formation of α-linkages in lignin. This work
evaluated five different mechanisms and compared the mechanisms based on their
calculated Gibbs free energies and modeling techniques that allow a physical prediction
of chemical reactivity. This paper also showed that a recently proposed mechanism from
the literature for the formation of α-linkages is thermodynamically unlikely to occur.
This work provided a method to predict the formation of lignin linkages using density
functional theory and this results from this method correlated with experimental
predcitions. The results from this work suggest that one of the studied mechanisms
provided a thermodynamically viable pathway for α-linkage production; this mechanism
agreed with NMR structural evidence for an experimentally observed and predicted
structure. The significance of this work is that it shows a possible thermodynamic
reaction mechanism for the formation of α-linkages in lignin. This manuscript is
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available in Physical Chemistry Chemical Physics (2011, DOI: 10.1039/c1cp21906e).
The idea for this work mine. I am indebted to Dr. Ming Tien from the Department of
Biochemistry and Molecular Biology at The Pennsylvania State University for
persuasively convincing me that my initially proposed mechanism was very improbable;
this experience incited me to explore more putative mechanisms. The authors of this
work are Heath D. Watts, Mohamed Naseer Ali Mohamed, and James D. Kubicki. Dr.
Kubicki provided me with the necessary techniques to evaluate the reaction
thermodynamics and Dr. Mohamed, along with the software vendor, helped me to
understand the technique that I wished to use to analyze the reactivity of the model
compounds. I performed the calculations, interpreted the results, and wrote this paper. I
am the first author on this paper.
1.5.4 Chapter 5: Intermolecular Interaction between Monomeric Proxies of
Cellulose, Hemicellulose, and Lignin: A Comparison of Dispersion
Parameterized Density Functional Theory Methods.
Quantum

mechanical

(QM)

measurement

of

the

thermodynamics

of

intermolecular interactions between monomeric proxies of cellulose, hemicellulose, and
lignin was the primary goal of this work. This work used the most realistic monomer
proxies available in the literature to date. The results from QM can supply parameters for
larger scale calculations and simulations, which can be more chemically realistic and
relevant; however, the results obtained from the QM calculations must be accurate with
respect to experimental data. A single QM method might not calculate the lowest energy
structure and would therefore provide inaccurate parameters to force fields. Therefore,
testing a variety of methods is often necessary to obtain lower energy structures for more
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accurate force field parameterization. For this work, the use of six different quantum
chemical methods, evaluated for their ability to predict intermolecular H-bonds and
weaker Van der Waals interactions between the respective monomeric moieties, provided
for this necessity. This work compared the calculated energy results obtained from the six
methods using thermodynamic weighting, which determines the prevalence percentage of
each structure. The manuscript reports the structures and relative thermodynamic
contributions of the most probable structures. The results indicate that one of the six
tested methods calculated structures that were significantly energetically favorable. I will
submit this work to the journal Nature Chemistry. The authors of this paper are Heath D.
Watts, Stephanie M. Wexler, Mohamed Naseer Ali Mohamed, and James D. Kubicki. Dr.
Kubicki provided the initial idea for this work, based on earlier calculations that Dr. Ali,
Dr. Kubicki, and I had conducted comparing two computational methods to measure the
interaction between β-D-glucose and L-tyrosine.73 Ms. Wexler is an undergraduate in the
Department of Biochemistry and Molecular Biology at The Pennsylvania State
University, and she performed some preliminary calculations on models similar to those
that we used for the paper, but she did not build the models or interpret the results. Drs.
Kubicki and Mohamed helped me with my software questions and provided assistance
with the interpretation of the Van der Waals interactions. I performed the calculations,
interpreted the results, and wrote this paper. I am the first author on this paper.
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Chapter 2
Comparison of Multi-Standard and TMS-Standard Calculated NMR Shifts for
Coniferyl Alcohol and Application of the Multi-Standard Method to Lignin Dimers
2.1 Abstract
Coniferyl alcohol is a monomeric building block of lignin, the second most
abundant biopolymer. During lignification, the monomer forms a variety of linkages
through free radical additions. A large NMR database has been constructed that reports
the 1H and

13

C chemical shifts for thousands of lignin oligomers. Herein, Boltzmann

averaged 1H and 13C GIAO NMR calculations were performed on coniferyl alcohol and
four of its dimers: β-O-4, β-β, β-5, and 5-5, to compare the calculated chemical shifts
with experiment.
Six B3LYP/6-311++G(d,p) energy-minimized conformational isomers of
coniferyl alcohol were subjected to single-point GIAO NMR calculations. Initially, four
NMR shift calculation methods were compared, three were performed using the TMSstandard method at the HF/6-311+G(2d,p), B3LYP/6-311+G(2d,p) and mPW1PW91/631G(d) theory levels, and the fourth was performed with a multi-standard approach using
a mPW1PW91/6-31G(d) theory level. For the multi-standard method, benzene was used
as the standard for aromatic C and H atoms and methanol was used for aliphatic C and H
atoms. The hydroxyl-H of methanol was used as the standard for hydroxyl-H atoms. The
Boltzmann averaged results for six conformers showed that the multi-standard method is
more accurate for coniferyl alcohol and its dimers than the often used TMS-standard
method, based on the mean unsigned, root-mean-squared, and maximum errors, as well
as linear correlations between observed and calculated values. The 13C results were more
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accurate than the 1H results, due to poorer agreement between calculated hydroxyl-H
results and observed data. Further Boltzmann-averaged, multi-standard NMR calculations
compared the

13

C and 1H chemical shifts with experiment for the four stereoisomers of

the β-O-4 dimer, as well as the 5-5, β-5, and β-β dimers of coniferyl alcohol. The

13

C

results correlated well with experiment (r2>0.99) for all dimers and showed small
statistical errors, compared with experiment. The correlation with experiment for 1H
NMR was generally inferior to the 13C NMR results for the dimers.
2.2 Introduction
Coniferyl alcohol (Figure 2.1, MG) is one monomeric building block of the
hydrophobic biopolymer lignin, which is the second most abundant biomolecule; lignin
forms by the combinatorial addition of the phenoxide radicals of 4-hydroxyphenylpropanoids, like coniferyl alcohol.1-3

The five most commonly studied linkages that

form between two phenoxide radicals of coniferyl alcohol (IUPAC: 4-(3-hydroxy-1propenyl)-2-methoxyphenol or commonly 4-hydroxy-3-methoxycinnamyl alcohol)
include the β-O-4, β-β, β-5, and 5-5 linkages (Figure 2.1). These linkages correspond to
1-(4-Hydroxy-3-methoxyphenyl)-2-[4-(3-hydroxypropenyl)-2-methoxyphenoxy]propane1,3-diol (Guaiacylglycerol-β-coniferyl ether), pinoresinol, 4-[3-Hydroxymethyl-5-(3hydroxypropenyl)-7-methoxy-2,3-dihydrobenzofuran-2-yl]-2-methoxyphenol, and 5,5dehydrodiconiferyl alcohol, respectively.2,4 Hereafter, the linkages will be referred to as
the β-O-4, β-β, β-5, and 5-5 linkage and coniferyl alcohol will be referred to as MG,
denoting the primary monomer form of guaiacyl alcohol.5
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Figure 2.1: Coniferyl alcohol (MG) and its linkages used for this study. Aromatics rings
that are not redundant due to symmetry are labeled as A or B for the MG dimers.
Understanding the form and function of lignin will provide information necessary
to better understand the biochemistry of cell walls and may also provide valuable
information pertinent to lignin degradation for plant-based biofuel production.6 Lignin
forms through combinatorial, non-biologically mediated free radical addition reactions,2
while some evidence suggests that lignin may form through the action of dirigent
proteins.7-9 Evidence supports the combinatorial mechanism, which results in each lignin
being a unique biopolymer, thus making the characterization of universal lignin polymer
unlikely. Fortunately, studying the constituent dimers and oligomers of lignin with
experimental2,3,5 and computational chemistry10-12 can provide valuable information about
the short- and medium-sized structures of this important biopolymer. Prior computational
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chemistry studies of coniferyl alcohol and its dimers have focused on the energetics,10-15
structure and reactivity,16-18 and spectroscopic properties including Raman, UV-Visible,
infrared, and NMR.19-22
A large database of experimental NMR spectra for the constituent monomers,
dimers, trimers, and tetramers of lignin is available;4 however, to our knowledge, there
has been no prior work comparing calculated NMR results with data for the β-O-4, β-5,
β-β, and 5-5 lignin linkages, although two studies reported calculated NMR shifts
coniferyl alcohol (MG).20,22 The results from one computational NMR study for MG
found good correlation with experiment (r2=0.991), but the mean unsigned error (4.9
ppm), root-mean-squared error (5.7 ppm), y-intercept (-11.8 ppm), and maximum error
(10.8 ppm) associated with their methodology were relatively large.22
This work will improve the accuracy of calculated 13C NMR shifts for coniferyl
alcohol, relative to experiment, by incorporating a multi-standard approach to NMR
calculations and comparing those results to the tetramethylsilane (TMS) NMR reference
standard approach.23-25 The advantage of the multi-standard method is that results of
experimental quality can be obtained using a less computationally expensive basis set.25
Additionally, this work will compare the 1H NMR shifts for coniferyl alcohol, calculated
with both the TMS standard and multi-standard methods with experiment;23-25 there have
been no previous computational studies reporting 1H NMR shifts for MG. More notably,
this work will be the first to compare 1H and 13C NMR shifts for the β-O-4, β-β, β-5, and
5-5 linked MG dimers (Figure 2.1), calculated using the multi-standard method, with
experimental NMR database chemical shifts.4 Additionally, this work uses Boltzmann
averaged energies from six conformers of MG to attain a more accurate correlation
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between calculated and experimental NMR shifts for coniferyl alcohol and the dimers of
interest.26
A major goal of this work is to determine a reliably accurate method for
calculating 13C and 1H NMR shifts for lignin oligomers. Once verified, this method can
then be tested and applied to larger polymers of lignin, and thereafter could be useful for
NMR elucidation of polymer interactions in plant cell walls, such as lignin-hemicellulose
interactions.27
2.3 Methods
All models were built using Cerius2 (version 4.9–Accelrys Inc.) and were energy
minimized in the gas phase without symmetry or atomic constraints using Gaussian 03.28
Subsequent frequency calculations ensured that a potential energy surface (PES) local
minimum was attained during the energy minimization.29-30 Energy minimizations and
frequency calculations were performed using density functional theory (DFT)31,32 with
the hybrid density functional B3LYP33-35 coupled with the 6-311++G(d,p) Pople-type
basis set.36,37 All single-point NMR GIAO calculations38-41 were executed using the selfconsistent reaction field (SCRF) method, applying the integral equation formalism
variant of the polarized continuum model (IEFPCM) using the permittivity constants for
acetone, dimethylsulfoxide (DMSO), and chloroform (CHCl3) for C, while only acetone
was used for H to more closely approximate experimental solvent conditions.4,42,43 The
GIAO NMR results were observed and extracted using GaussView 03.28
The β-O-4 model (Figure 2.1) has two chiral centers at its respective α and β C
atoms; therefore, each dimer has four possible stereoisomers: RR or SS for the threo
form, and RS or SR for the erythro form.11 NMR data have been reported for the threo or
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erythro chemical shifts for the β-O-4 linkage;4 therefore, this work evaluated the
chemical shifts of the four stereoisomers of the β-O-4 linkage. Because the threo and
erythro stereoisomers are racemic, the RR and SS stereoisomer results were compared
with the experimental threo data, and the RS and SR stereoisomers with the erythro data.
Hereafter, the RR, SS, RS, and SR nomenclature will be used in reference to the
stereoisomers of the models.11
Figure 2.1 shows the number-labeling scheme used for the C atoms of the MG
model and for the atoms pertinent to the dimer linkages used in this study. The aromatic
rings of the β-5 and β-O-4 dimer linkages are labeled as either A or B; however, because
these labels are redundant by symmetry for the 5-5 and β-β linkages, no distinction will
be applied to the aromatic rings of those two structures. For the β-5 and β-O-4 linkages,
all NMR shift results for the 1H or

13

C nuclei will refer to the ring containing each

particular nucleus. For example, the γ-H atoms of the β-5 structure will be discussed as
either AHγ or BHγ, depending upon which ring, A or B, these H atoms are associated
(Figure 2.1). Conversely, the γ-H atoms on the 5-5 linkage are equivalent, so no label is
necessary to distinguish between the nuclei associated with the aromatic rings of this
structure (Figure 2.1).
Eight different conformers of MG were built using Cerius2 because initial
calculations showed poor agreement with experiment for aromatic C2; this discrepancy
was corrected by using MG models with various C2-C3-O3-COMe (ω ), C3-C4-O4-H4
1

(ω ), and C2-C1-Cα-Hα (ω ) dihedral angles (Figure 2.2).44,45 Two of the eight initial
2

3

structures energy optimized to redundant structures with energies, NMR shifts, and
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frequencies that were identical to two other structures, respectively; therefore, only six of
the initial eight structures will be considered (Figure 2.2).

Figure 2.2: Energy minimized coniferyl alcohol conformers. The dihedral angles varied
in this study (C2-C3-O3-COMe (ω ), C3-C4-O4-H4 (ω ), and C2-C1-Cα-Hα (ω )) are
labeled for structure MG1 and marked with trapezoidal planes, which are perpendicular
to the C1-Cα, C3-O3, and C3-O3 bonds respectively.
Each gas-phase, energy minimized structure of the six coniferyl alcohol
1

2

3

conformers was then subjected to single-point GIAO38-41 NMR calculations in a polarized
continuum42,43 of either acetone, chloroform, or DMSO using either the Hartree-Fock
(HF) or B3LYP methods,32-34,46 combined with the 6-311+G(2d,p) basis set.24,36,37
Additional single-point GIAO NMR calculations, using the mPW1PW9147 hybrid density
functional coupled with the 6-31G(d) basis set, in a polarized continuum of acetone,
chloroform, or DMSO, were performed for each of the six MG models to determine the
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effect of using multiple standards for calculating NMR shifts for coniferyl alcohol,
compared with those obtained from the single standard (TMS) reference method.24,25
The six conformers studied herein form a small subset of all possible conformers
that could be present experimentally and each of these conformers will contribute to the
observed chemical shifts, based on their thermodynamic stability. Moreover, a conformer
that provides well-correlated NMR results may not be the most energetically favorable. A
compromise between chemical accuracy and computational cost is necessary; for this
work, six conformers provided good results, but additional conformers could further
improve the results. Therefore, to estimate the contribution of each conformer to the
calculated NMR chemical shifts, the 1H or 13C chemical shift of each H or C atom, for a
given conformer, was expressed as the Boltzmann-weighted average of the 1H or

13

C

chemical shift result.26 The calculated solvation Gibbs free energy for each conformer
was used to determine the Boltzmann weighting factors, because the experimental data
was provided in acetone, CHCl3, and DMSO; performing the Gibbs free energy and
NMR tensor calculations in a continuum solvent was done to provide a better
approximation of experimental techniques. The Gibbs free energy of solvation (ΔGºsolv)
was calculated by summing the total free energy in solution with all non-electrostatic
terms from the polarized continuum calculation plus the thermal correction to Gibbs free
energy form the gas-phase frequency calculation. The Boltzmann-averaged chemical
shifts were calculated using the methodology of Barone, et al.26
To obtain the calculated chemical shifts of the nuclei from the respective MG
calculation using the TMS-standard method,24 the continuum solvated shielding tensors
for each 1H and

13

C atom in the a given conformer was subtracted from the HF/6-
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311+G(2d,p)//B3LYP/6-311++G(d,p), B3LYP/6-311+G(2d,p)//B3LYP/6-311++G(d,p),
or mPW1PW91/6-31G(d)//B3LYP/6-311++G(d,p) calculated TMS 1H and 13C shielding
tensors, respectively. The ΔGºsolv Boltzmann-weighted factors for each conformer were
then used to find the Boltzmann-averaged chemical shifts for each nucleus of the six
conformers. The Boltzmann-averaged chemical shifts were then compared with the
experimental chemical shifts, using the results and data for the relevant solvents.
For

the

multi-standard

method,

the

mPW1PW91/6-31G(d)//B3LYP/6-

311++G(d,p) calculated shielding tensors were compared with the shielding tensors from
either benzene, for sp2 hybridized C atoms, or methanol, for sp3 hybridized C atoms.25
The NMR tensors for benzene and methanol were calculated using the mPW1PW91/631G(d)//B3LYP/6-311++G(d,p) method. The calculated chemical shift for a given C was
calculated using the equation:
δxcalc=σref - σx+δexp,ref.25
Here σref is the calculated shielding tensor C from either benzene or methanol, σx is the
shielding tensor for a C in the model of interest, and δexp,ref is the experimental chemical
shift of C from either benzene (128.37 ppm) or methanol (50.41 ppm), relative to TMS.25
The Boltzmann-averaged chemical shift results were then compared with the data.
Additionally, the results from the multi-standard approach for the six conformers
of MG were used to compare with the TMS method results, relative to the experimental
NMR data for 1H nuclei; application of the multi-standard approach to H nuclei, to our
knowledge, has not been previously reported for MG or its linkages. The reference
compounds were once again benzene or methanol, which were used to calculate the
chemical shifts of the aromatic or aliphatic/hydroxyl-H atoms, respectively. The same
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equation was used for these calculations, but here the δexp,ref for benzene aromatic and
methanol aliphatic H atoms are 7.34 and 3.43 ppm, respectively; the δexp,ref for hydroxylH atoms is 3.66 ppm.48 The Boltzmann-averaged 1H NMR results were then compared
with the data.
Boltzmann-averaged, multi-standard, solvated, single-point GIAO 1H and

13

C

NMR chemical shifts using the mPW1PW91/6-31G(d)// B3LYP/6-311++G(d,p) method
for the β-O-4, β-β, β-5, and 5-5 MG dimers (Figure 2.1) were also compared with
experimental data.
The Boltzmann-averaged chemical shift for each

13

C and 1H in each model was

calculated and compared with the chemical shift of the respective nuclei from
experiment.24 To statistically compare the calculated results with the experimental data,
the slope, intercept, and correlation coefficient for each comparison was calculated using
the Boltzmann-averaged results relative to the data.22 Additionally, the mean unsigned
(absolute) error (MUE) and the root-mean squared error (RMSE) were calculated and
reported in parts-per-million (ppm) for each model to statistically compare the
Boltzmann-averaged results with the data.24,25,49 The MUE was calculated using the
formula:
MUE=Σ|δx - δexp,x|/N,
where δx and δexp,x and are the Boltzmann averaged calculated and experimental chemical
shifts of nuclei x, respectively, and N is the number of either the 1H or 13C nuclei in the
compound.49 The RMSE is calculated using:
RMSE=√(Σ(|δx - δexp,x|)2/N).
The unsigned maximum error (ME) for each comparison is reported in ppm.
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2.4 Results and Discussion
2.4.1 TMS Standard versus Multi-Standard Method for Coniferyl Alcohol
Table 2.1 shows the Boltzmann weighting factors for the six conformers of
coniferyl alcohol (Figure 2.2) in acetone, CHCl3, and acetone. The numbers indicate the
fractional prevalence of each conformer, based on its weighted ΔGºsolv; for example, the
fractional prevalence of the conformer MG2 in acetone, CHCl3, and DMSO using the
mPW1PW91/6-31G(d) method is 0.35, 0.48, and 0.30, respectively. The sum of each set
of weighting factors sums to one; for example for acetone, using the mPW1PW91/631G(d) method, the sum of the weighting factors for MG1 through MG6 is 1. Table 2.2
shows the experimental and calculated Boltzmann-averaged chemical shifts for MG in
acetone for the 13C and 1H; Figures 2.3 and 2.4 graphically represent the results in Table
2.1, with the error bars showing the RMSE in ppm. Note that all lines, on all graphs, in
all figures are the 1:1 lines, where δcalc=δexp. The MG results indicate that the MG2 and
MG5 conformers are energetically favored, regardless of solvent or method (Table 2.1).
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Table 2.1: Boltzmann-averaged, solvation Gibbs free energies for the six conformers of
MG. <N>/N represents the Boltzmann weighting factor that each conformer contributes
to the total energy. In all cases, MG2 and MG5 are the most thermodynamically stable
conformers of those studied.
SCRF=IEFPCM
Standard
MG
<N>/N <N>/N <N>/N
Method
Method
conformer acetone CHCl3 DMSO
Multi- and
mPW1PW91/6-31G(d) TMS-standard
MG1
0.01
0.00
0.01
MG2
0.35
0.48
0.30
MG3
0.08
0.02
0.10
MG4
0.01
0.00
0.01
MG5
0.46
0.49
0.44
MG6
0.09
0.02
0.14
B3LYP/6-311+G(2d,p) TMS-standard
MG1
0.01
0.00
0.02
MG2
0.29
0.47
0.23
MG3
0.13
0.03
0.15
MG4
0.01
0.00
0.02
MG5
0.40
0.47
0.35
MG6
0.16
0.03
0.23
HF/6-311+G(2d,p)
TMS-standard
MG1
0.15
0.04
0.19
MG2
0.17
0.42
0.12
MG3
0.13
0.03
0.14
MG4
0.11
0.04
0.13
MG5
0.27
0.44
0.20
MG6
0.17
0.03
0.22
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While the

13

C results for the TMS-standard and multi-standard methods provide

nearly 1:1 correlations with the data (Table 2.2 and Figure 2.3), the error statistics
indicate that the multi-standard method out-performs the TMS-standard methods. The
MUE, RMSE, and ME for the multi-standard, mPW1PW91/6-31G(d) method (1.9, 2.1,
and 3.2 ppm, respectively) are approximately half the value of those for the B3LYP/6311+G(2d,p) (5.1, 5.6, and 9.0 ppm, respectively) and HF/6-311+G(2d,p), (5.3, 5.8, and
10.0 ppm, respectively) methods (Table 2.2 and Figure 2.3a,c,d). Furthermore, the multistandard results (Figure 2.3a) also show better agreement with experiment than the results
obtained from the TMS-standard, mPW1PW91/6-31G(d) method (Figure 2.3b). Figure
2.3a clearly shows the better linear fit and lesser RMSE error bar values for the multistandard method, compared with the TMS-standard methods (Figure 2.3b-3d). The strong
linear correlation, small errors, and a faster calculation time due to a smaller basis set, all
indicate that the multi-standard mPW1PW91/6-31G(d) method is more accurate and
preferable for calculating
methods.

13

C NMR chemical shifts for MG than the TMS-based
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Table 2.2: Boltzmann averaged 13C and 1H NMR shifts in acetone for coniferyl alcohol using B3LYP/6-311++G(d,p) energy
minimized structures to compare the multi-standard, mPW1PW91/6-31G(d) method with the TMS-standard B3LYP/6-311+G(2d,p),
HF/6-311+G(2d,p), and mPW1PW91/6-31G(d) methods. All calculations were performed using six conformers of coniferyl alcohol,
MG1—MG6 (Figure 2.2).
Multi-

TMS-standard

Multi-

Standard
13

C

TMS-standard

standard

Experimental

mPW1PW91

B3LYP

HF

mPW1PW91

(ppm)

(ppm)

(ppm)

(ppm)

(ppm)

1

130.2

128.0

136.1

134.9

123.5

2

109.9

111.1

113.7

119.9

3

147.1

145.2

154.4

4

148.4

145.3

5

115.7

6

1

Experimental

mPW1PW91

B3LYP

HF

mPW1PW91

(ppm)

(ppm)

(ppm)

(ppm)

(ppm)

2

7.0

6.4

7.2

7.6

6.7

106.7

OMe

3.9

3.9

4.0

3.8

3.8

151.6

140.6

4OH

7.6

8.6

5.8

5.8

5.4

154.5

153.7

140.6

5

6.8

6.6

7.3

7.5

7.0

115.0

119.1

121.0

110.6

6

6.8

6.9

7.5

7.8

7.2

120.6

121.0

124.8

128.2

116.6

α

6.5

6.1

6.9

7.0

6.5

α

130.4

133.4

139.4

137.2

128.9

β

6.2

6.2

6.7

6.8

6.5

β

128.0

125.9

131.6

132.4

121.5

γ

4.2

4.4

4.6

4.2

4.4

γ

63.4

65.2

70.6

61.5

66.4

γ-OH

3.8

4.4

1.7

2.1

1.3

OMe

56.1

53.4

56.7

53.2

54.6

0.99

1.04

1.09

0.92

0.94

1.10

1.17

1.07

0.87

1.07

-6.10

5.69

0.44

-0.69

-1.01

-0.82

0.996

0.996

0.993

0.996

0.901

0.713

0.756

0.679

1.9

5.1

5.3

2.5

0.3

0.7

0.8

0.7

Slope

H

y-intercept
(ppm)
r

2

MUE (ppm)
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Figure 2.3: δ13C NMR calculation method comparison; all energy minimized with
B3LYP/6-311++G(d,p). The NMR results are the Boltzmann averaged shifts for six
coniferyl alcohol conformers (Figure 2.2). The panels show the results for (a.) the
mPW1PW91/6-31G(d) multi-standard method, and the TMS-method results for the (b.)
mPW1PW91/6-31G(d), (c.) B3LYP/6-311+G(2d,p), and (d.) the HF/6-311+G(2d,p). All
chemical shifts are in ppm and the straight lines are the 1:1 lines, where δ13Ccalc=δ13Cexp.
The error bars show the RMSE of 2.1, 5.0, 5.6, and 5.8 ppm for plots a-d, respectively.
The linear correlation and error results for the 1H calculations (Table 2.2 and
Figure 2.4) indicate that only the multi-standard mPW1PW91/6-31G(d) was able to
quantitatively match with the data in acetone (Figure 2.4a). While the correlation
coefficient (r2) is only 0.901 (Table 2.1) for the multi-standard 1H calculation method, the
r2 values for the TMS-standard methods are all <0.8. Additionally, the MUE, RMSE, and
ME (in ppm) for the multi-standard method (0.3, 0.5, and 0.9 ppm, respectively) are onehalf or less than those obtained from the TMS-standard methods are. Figure 2.4a clearly
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illustrates the superiority of the multi-standard method to the TMS-based methods
(Figure 2.4b-4d), based on linear fits and the RMSE error bars. The 1H results indicate
that the multi-standard method is quantitatively superior to the TMS-standard methods
based on a better linear fit and lower errors, with respect to the data. However, the results
of the multi-standard 1H NMR calculations are less robust than those obtained for

13

C

because the relative errors are much greater for the 1H calculations relative to the
chemical shift ranges, than are the errors for the 13C NMR calculations.

Figure 2.4: δ1H NMR calculation method comparison; all energy minimized with
B3LYP/6-311++G(d,p). The NMR results are the Boltzmann averaged shifts for the six
coniferyl alcohol conformers (Figure 2.2). The panels show the results for (a.) the
mPW1PW91/6-31G(d) multi-standard method, and the TMS-method results for the (b.)
mPW1PW91/6-31G(d), (c.) B3LYP/6-311+G(2d,p), and (d.) the HF/6-311+G(2d,p).. All
chemical shifts are in ppm and the straight lines are the 1:1 lines, where δ1Hcalc=δ1Hexp.
The error bars show the RMSE of 0.5, 1.1, 1.0, and 1.0 ppm for plots a-d, respectively.
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Although the calculation of 1H NMR shifts has proven statistically inferior to
those for 13C NMR shifts using the multi-standard or the TMS-standard methods for MG
(Table 2.2 and Figures 2.3 and 2.4), another result from the 1H multi-standard
calculations is noteworthy. Using aliphatic H atoms from methanol as the standard for
hydroxyl-H atoms resulted in a large underestimation of the hydroxyl-H shift, with
respect to the experimental shift. For example, the experimental NMR shift reported for
the 4OH atom in acetone is 7.6 ppm;4 if one uses the aliphatic H-atoms of methanol with
the from the Boltzmann-averaged, multi-standard calculation for 4OH of MG, the result
is a 4.1 ppm shift. Conversely, if one uses the shift for the hydroxyl-H of methanol as the
standard, the calculated shift is 8.6 ppm, which overestimates, but more closely
approximates the experimental shift of 7.6 ppm (Table 2.2). The calculated H-shift in
acetone using the TMS-standard method for MG was 5.8, 5.8, and 5.4 ppm for the
B3LYP, HF, and mPW1PW91 methods, respectively, which also underestimate the 7.6
ppm experimental shift. Moreover, using the hydroxyl-H of phenol as the NMR standard
resulted in a chemical shift of 5.4 ppm for the nucleus; therefore, using a reference
compounds similar to the compound of interest did not improve the agreement with the
NMR data. Similar discrepancy with experiment occurs for the γ-OH 1H of MG (Table
2.2); the multi-standard method again calculates a chemical shift (4.4 ppm), which is
closer to the experimental value (3.8 ppm) than those calculated by the TMS-standard
B3LYP (1.7 ppm), HF (2.1 ppm), or mPW1PW91 (1.3 ppm) methods. The discrepancies
for the hydroxyl-H shifts are clearly visible in Figure 2.4b-d. These results indicate that
the hydroxyl-H of methanol may be more appropriate multi-standard calculation of
hydroxyl-H NMR shifts than the shifts from the aliphatic H nuclei of methanol.
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The results from the calculations using CHCl3 or DMSO as the solvent for
calculating

13

C NMR shifts agreed with the acetone solvated results; the calculations in

the three solvents all indicate that the multi-standard method is superior to the TMSstandard method for calculating 13C NMR chemical shifts (Table 2.3). Note that data was
only available for 1H NMR shifts in acetone,4 so no comparison was possible between
CHCl3 or DMSO solvated MG or the MG dimers.
2.4.2 Multi-Standard NMR Calculations Applied to Coniferyl Alcohol Dimers
The 5-5 dimer (Figure 2.1) of MG was used to determine if the MG2 and MG5
conformer forms were the most energetically prevalent, as the results from the MG
monomer calculations indicate (Table 2.1). Table 2.4 shows the Boltzmann-weighted
energies for the six forms of MG (Figure 2.2), which were used to construct the 5-5
dimer. An additional MG2/MG3 based hybrid dimer was included in the conformer set
and was used for obtaining the Boltzmann averaged chemical shifts for this dimer. Data
for the 5-5 dimer were only available in acetone, so results were not tabulated for the 5-5
dimer in the other solvents.4 The results in Table 2.4 indicate that the MG2 and MG5
constitute 87% of the Boltzmann-distributed energy, based on the results for the seven
conformers. Whereas the MG2/MG3 hybrid dimer contributed 12% of the
conformational mixture, it was not used further; however, this result also reinforces the
importance of using a large, but computationally feasible set of conformers. The
Boltzmann-weighted 13C NMR shift statistics for the slope, y-intercept, r2, MUE, RMSE,
and ME using seven MG conformers were 0.99, 0.45, 0.995, 2.1, 2.2, and 3.0 ppm. These
results were negligibly different when compared with those obtained by using the
Boltzmann-weighted results from only the MG2 and MG5 conformers of 0.99, 0.63,
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0.995, 2.2, 2.3, and 3.1 ppm. The results for the 1H NMR shifts were also negligibly
different for the 5-5 dimer when the results were compared for the combination of the
MG2 and MG5 conformers with complete set of seven conformers. Therefore, based on
these results and the energetic prevalence of MG2 and MG5 conformer in the monomer
calculations (Table 2.1), all further dimer calculations will be based only on these two
conformer structures.
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Table 2.3: Linear regression coefficients and error statistics for the Boltzmann averaged NMR shift results for six coniferyl alcohol
conformers (Figure 2.2) compared with experimental data in CHCl3 or DMSO. The subscripts MS and TMS refer to the multistandard and TMS-standard NMR calculation methods, respectively.
CHCl3
Statistic

DMSO

mPW1PW91MS

B3LYPTMS

HFTMS

mPW1PW91TMS

mPW1PW91MS

B3LYPTMS

HFTMS

mPW1PW91TMS

Slope

1.00

1.05

1.11

0.93

0.99

1.03

1.09

0.92

y-intercept (ppm)

-0.12

-0.02

-7.91

3.77

2.00

2.31

-4.66

5.65

r2

0.997

0.997

0.996

0.997

0.995

0.994

0.993

0.994

MUE (ppm)

1.4

5.7

5.7

1.9

1.9

6.1

5.9

4.3

RMSE (ppm)

1.6

6.2

6.0

2.3

2.2

6.6

6.7

4.7

ME (ppm)

2.5

9.0

8.1

3.8

4.4

10.4

11.3

7.4
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Table 2.4: Boltzmann-averaged, solvation Gibbs free energies for the MG linkages. The
5-5 linkage was evaluated with seven conformers. Thereafter, only the MG2 and MG5
forms were considered because they were the most energetically stable conformers based
on the Boltzmann-averaged energies for the 5-5 dimer and MG monomer results (Table
2.1). The β-β conformer structure is identical for the MG2 and MG5 forms. <N>/N
represents the Boltzmann weighting factor that each conformer contributes to the total
energy.
MG
MG Linkage
5-5

conformer

<N>/N

<N>/N

<N>/N

acetone CHCl3

DMSO

MG1

0.00

MG2

0.34

MG3

0.00

MG2/MG3

0.12

MG4

0.00

MG5

0.53

MG6

0.00

threo (R,R)-β-O-4

MG2

0.00

0.00

0.00

threo (R,R)-β-O-4

MG5

0.00

0.00

0.00

threo (S,S)-β-O-4

MG2

0.38

0.50

0.36

threo (S,S)-β-O-4

MG5

0.62

0.49

0.63

erythro (R,R)-β-O-4

MG2

0.01

0.02

0.01

erythro (R,R)-β-O-4

MG5

0.04

0.07

0.07

erythro (S,S)-β-O-4

MG2

0.21

0.23

0.19

erythro (S,S)-β-O-4

MG5

0.74

0.68

0.73

β-5

MG2

0.50

0.54

0.47

MG5

0.50

0.46

0.53

NA

NA

NA

β-β

Table 2.5 and Figures 2.5a and 2.6a show the

13

C and 1H NMR chemical shifts,

regression statistics, and errors associated with the 5-5 dimer calculation in acetone. The
13

C NMR results exhibit an excellent correlation with the data and low associated errors
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(Table 2.5); Figure 2.5a shows the linear fit and RMSE errors for the 5-5 dimer along the
1:1 line. The results show an accurate fit with the data.
Table 2.5a and Figure 2.6a show the results for the 1H NMR results for the 5-5
dimer. The r2 is 0.849, while the slope and intercept are approximately 0.96 and 0.22,
respectively (Table 2.5). The MUE, RMSE, and ME are large, relative to the chemical
shift range of 1H (~4 to 10 ppm). As with the MG monomer, the calculated shift (8.8
ppm) for the 4OH 1H overestimates the experimental datum (7.4 ppm) for that shift.
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Table 2.5: Boltzmann-averaged 13C and 1H NMR shifts in acetone for the 5−5 coniferyl
alcohol linkage using the multi-standard, mPW1PW91/6-31G(d)//B3LYP/6-311++G(d,p)
method. The shifts are Boltzmann averaged from six conformers (MG1—MG6) of the
5−5 linkage (Figures 2.1 and 2.2).
Experimental
Calculated
Experimental Calculated
13

C

(ppm)

(ppm)

1

129.7

2

1

H

(ppm)

(ppm)

126.8

2

7.1

6.5

109.0

110.1

OMe

3.9

3.9

3

148.9

145.9

4-OH

7.4

8.8

4

144.5

143.6

6

6.9

7.0

5

123.2

124.2

α

6.5

6.2

6

126.2

124.5

β

6.3

6.2

α

130.6

133.6

γ

4.2

4.4

β

128.5

126.2

γ

63.5

65.2

OMe

56.5

53.7

Slope

0.99

1.06

y-intercept (ppm)

0.45

-0.26

r2

0.995

0.849

MUE (ppm)

2.1

0.4

RMSE (ppm)

2.2

0.6

ME (ppm)

3.0

1.4

50

Figure 2.5: The δ13C NMR data vs. results for the (a.) 5-5, (b.) threo β-O-4, (c.) erythro
β-O-4, (d.) β-5, and (e.) β-β dimers of coniferyl alcohol (Figure 2.1). All NMR
calculations performed with the mPW1PW91/6-31G(d)//B3LYP/6-311++G(d,p) multistandard method. For all graphs, the solid line is the 1:1 line, where δ13Ccalc=δ13Cexp.
Results for the 5-5 dimer (a.) are for the Boltzmann averaged NMR shifts for all six MG
conformers (Figure 2.2); all other results are for Boltzmann averaged MG2 and MG5
conformers. All NMR shifts (δ13C) are in ppm. The RMSE error, shown by the error bars,
is 2.2, 3.2, 2.7, 2.7, and 2.7 ppm for plots a-e, respectively.
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Figure 2.6: The δ1H NMR data vs. results for the (a.) 5-5, (b.) threo β-O-4, (c.) erythro
β-O-4, (d.) β-5, and (e.) β-β dimers of coniferyl alcohol (Figure 2.1). All NMR
calculations performed with the mPW1PW91/6-31G(d)//B3LYP/6-311++G(d,p) multistandard method. For all graphs, the solid line is the 1:1 line, where δ1Hcalc=δ1Hexp.
Results for the 5-5 dimer (a.) are for the Boltzmann averaged NMR shifts for six MG
conformers (Figure 2.2); all other results are for Boltzmann averaged MG2 and MG5
conformers. All NMR shifts (δ1H) are in ppm. The RMSE error, shown by the error bars,
is 0.6, 0.7, 0.5, 0.4, and 0.5 ppm for plots a-e, respectively.
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Table 2.6 and Figures 2.5b,c and 2.6b,c contain the 1H and 13C NMR results for
the β-O-4 linkage of MG. Although there are four possible stereoisomers for this linkage,
only two combinations of the four forms are observable experimentally, which are the
threo (RR and SS) and erythro (RS and SR) stereoisomers. For these calculations, the βO-4 structures are based on either the MG2 or MG5 form of MG, based on the argument
from the MG and 5-5 results (Table 2.1 and Table 2.4). The Boltzmann weighting factors
(Table 2.4) suggest that for the threo form of the β-O-4 linkage, the SS stereoisomer is
energetically favorable to the RR stereoisomer, and for the erythro form, the SR
stereoisomer is energetically favorable to the RS stereoisomer. Moreover, the results
predict that the MG5 based SS and SR stereoisomers are thermodynamically more stable
than the MG2 based SS and SR stereoisomers. While these results are interesting, caution
must be applied to these interpretations because
1.) the SS and RR, and the RS and SR stereoisomers are enantiomeric pairs;
therefore, these enantiomer pairs are not differentiable with experimental NMR
spectroscopy, and
2.) the calculations for the β-O-4 dimer are limited to a small sampling of possible
conformers; future work, using multiple β-O-4 conformers is warranted by these
results.
Additionally, the ΔGºsolv differences between the RR and SS enantiomers is less <15
kJ/mol and the difference between the RS and SR enantiomers is <10 kJ/mol; these
energy differences are of similar magnitude to a H-bond, and are therefore not
significantly different. If these trends are true experimentally, these small energy
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differences, coupled with racemization, further prevent the differentiation of these
enantiomers.
Overall, the calculated 13C NMR shifts for threo and erythro forms of the β-O-4
linkage agree well with the data (Table 2.6 and Figures 2.5b,c), but there is a discrepancy
between the calculated and experimental shifts for C5 on the B ring (Figure 2.1) of both
forms. The maximum error for both the threo (9.5 ppm) and the erythro (7.1 ppm) forms
occurs at the B5-carbon on each model. This result also suggests a more thorough
conformational analysis of the β-O-4 dimer is warranted. Otherwise, the results show an
excellent correlation with the data, with low MUE and RMSE errors and good linear
correlation (Table 2.6 and Figures 2.5b,c).
The 1H results for the β-O-4 linkages are less well correlated with the data; r2 for the
threo and erythro enantiomer pairs are 0.806 and 0.875, respectively. Additionally, the
MUE, RMSE, and ME are high, relative to those from the 13C results. These models all
contain four hydroxyl H atoms, one each at their respective Aα-OH, A4-OH, Aγ-OH, and
Bγ-OH H(Table 2.6); as discussed previously, hydroxyl-H shifts are a source of error
with these calculations. For the threo enantiomers, the Aγ-OH shift is the source of the
ME or 2.1 ppm, while the ME for the erythro enantiomers is less, at 1.2 ppm.
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Table 2.6: Boltzmann-averaged 13C and 1H NMR shifts in acetone for the β-O-4 coniferyl alcohol linkage using the multi-standard,
mPW1PW91/6-31G(d)//B3LYP/6-311++G(d,p) method. The threo stereoisomers shifts are averaged from two R,R (MG2 or MG5
based) and two S,S (MG2 or MG5 based) stereoisomers, while the erythro stereoisomer shifts are Boltzmann averaged from two R,S
(MG2 or MG5 based) and two S,R (MG2 or MG5 based) stereoisomers of the β-O-4 linkage (Figure 2.1 and 2).
	
  
13

C

A1
A2
A3
A4
A5
A6
Aα
Aβ
Aγ
AOMe
B1
B2
B3
B4
B5
B6
Bα
Bβ
Bγ
BOMe

threo β-O-4
Experimental (ppm) Calculated
(ppm)
133.8
111.4
148.0
146.8
115.2
120.5
73.8
88.4
61.9
56.2
133.0
110.9
151.7
149.2
119.6
120.3
129.9
129.6
63.3
56.3
Slope
y-intercept (ppm)
r2

132.1
109.8
145.9
145.8
114.2
122.4
71.1
88.0
59.1
53.7
133.5
112.0
152.6
141.8
129.0
120.1
133.1
129.4
65.2
53.5
1.01
-1.48
0.990

erythro β-O-4
Experimental
Calculated
(ppm)
(ppm)
133.1
110.1
145.3
144.0
114.4
120.8
73.0
87.3
60.9
56.0
131.9
108.8
151.6
146.8
119.1
120.1
130.6
128.2
63.6
56.0

133.2
107.1
146.0
144.6
115.8
120.5
71.7
82.5
59.8
53.7
132.9
113.9
152.1
143.8
126.3
118.5
133.3
128.8
65.1
53.2
1.03
-2.77
0.993

	
  
1

H

A2
A5
A6
Aα
Aβ
Aγ1
Aγ2
AOMe
Aγ-OH
Aα-OH
A4-OH
B2
B5
B6
Bα
Bβ
Bγ1
Bγ2
BOMe
Bγ-OH

threo β-O-4
Experimental Calculated
(ppm)
(ppm)
7.1
6.8
6.9
4.9
4.2
3.5
3.7
3.8
3.9
4.5
7.5
7.1
7.1
6.9
6.5
6.3
4.2
4.2
3.9
3.9

6.7
6.5
6.4
4.5
4.6
3.3
2.7
3.9
6.0
5.2
8.7
6.5
7.6
7.0
6.2
6.4
4.3
4.6
3.9
4.5
0.93
0.50
0.806

erythro β-O-4
Experimental
Calculated
(ppm)
(ppm)
7.1
6.8
6.9
4.9
4.3
3.7
3.8
3.8
3.9
4.6
7.5
7.1
6.9
6.9
6.5
6.3
4.2
4.2
3.8
3.9

6.7
6.7
6.4
4.9
4.8
4.6
3.7
3.9
2.8
5.1
8.6
6.4
7.0
7.1
6.2
6.4
4.3
4.6
3.9
4.5
0.95
0.37
0.875
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Table 2.7 and Figure 2.5d show the 13C NMR results for the β-5 linkage of MG
(Figure 2.1), which were constructed with the MG2 and MG5 conformers and the NMR
results were Boltzmann averaged with the weighting factors (Table 2.4). These results
show a strong linear correlation and relatively low errors, relative to the data. Table 2.7
and Figure 2.6d provide the results for the 1H NMR shifts compared to the data; here the
results show good correlation and relatively small errors, although the agreement with the
1

H data is not as strong as the accord with the 13C data.
The Boltzmann-averaged

13

C NMR results for the β-β linkage (Table 2.8 and

Figure 2.5e) demonstrate good agreement with the data, based on linear fit and error
statistics. While the 1H results are not as well fit to their respective data as the 13C data
for the β-β linkage, the linear fit is acceptable and the error statistics are satisfac tory
(Table 2.8 and Figure 2.6e).
13

C NMR results for the β-O-4, β-5, and β-β linkages in CHCl3 and DMSO

(Table 2.9) are comparable to those in acetone (Tables 2.6-2.8), but the MEs for the β-O4 linkage are slightly higher in DMSO. There was not data available for the 5-5 linkage
in chloroform or DMSO in the source used.4 For example, the ME for the threo β-0-4
linkage in acetone is 9.5 ppm (Table 2.6), while the ME for that model in DMSO is 13.5
ppm (Table 2.9). The ME for the β-O-4 calculations in all solvents consistently occurred
at the B5 carbon, further emphasizing the need for a more complete conformational
analysis of the β-O-4 linkage to match the data better. No 1H NMR data were available
for CHCl3 and DMSO solvated dimers, so these results are not reported.
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Table 2.7: Boltzmann-averaged 13C and 1H NMR shifts in acetone for the β-5 coniferyl
alcohol linkage using the multi-standard, mPW1PW91/6-31G(d)//B3LYP/6-311++G(d,p)
method. The shifts are Boltzmann averaged from two conformers (MG2 or MG5 based)
of the β-5 linkage (Figure 2.1 and 2).
Experimental
C
(ppm)
A1
134.4
A2
110.5
A3
148.4
A4
147.3
A5
115.7
A6
119.6
Aα
88.5
Aβ
54.7
Aγ
64.6
AOMe
56.3
B1
131.9
B2
111.7
B3
145.1
B4
148.8
B5
130.4
B6
116.1
Bα
130.5
128.3
Bβ
Bγ
63.4
BOMe
56.4
Slope
y-intercept (ppm)
r2
MUE (ppm)
RMSE (ppm)
ME (ppm)
13

Calculated
(ppm)
135.0
108.5
145.5
144.5
115.0
120.2
93.4
59.2
66.2
53.3
129.5
116.6
142.7
149.7
130.4
118.8
134.4
126.1
64.7
55.0
0.98
2.82
0.994
2.3
2.7
4.9

1

H

A2
A5
A6
Aα
Aβ
AOMe
A4-OH
Aγ
Aγ−OH
B2
B6
Bα
Bβ
BOMe
Bγ
Bγ−OH

Experimental
(ppm)
7.0
6.8
6.9
5.6
3.5
3.8
7.7
3.9
3.9
6.9
7.0
6.5
6.2
3.9
4.2
4.2

Calculated
(ppm)
6.4
6.6
6.8
5.6
3.4
3.7
8.3
3.9
4.8
6.5
6.8
6.0
6.2
3.8
4.3
4.1

0.93
0.34
0.944
0.3
0.4
0.9
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Table 2.8: 13C and 1H NMR shifts in acetone for the β−β coniferyl alcohol linkage using
the multi-standard, mPW1PW91/6-31G(d)//B3LYP/6-311++G(d,p) method. The shifts
were Boltzmann averaged from two conformers (MG2 or MG5 based) of the β-5 linkage
(Figure 2.1 and 2.2).
Experimental
Calculated
Experimental Calculated
13
1
C
H
(ppm)
(ppm)
(ppm)
(ppm)
1
134.2
132.1
2
7.0
6.6
2
110.6
109.1
5
6.8
6.6
3
148.3
145.1
6
6.8
6.7
4
146.9
144.0
α
4.7
4.5
5
115.5
114.3
β
3.1
2.7
6
119.6
119.8
4-OH
7.5
8.6
α
86.6
88.8
OMe
3.8
3.9
β
55.2
60.3
γ1
3.8
3.7
γ
72.2
69.0
γ2
4.2
3.7
OMe
56.2
53.5
Slope
0.96
1.12
y-intercept (ppm)
2.78
-0.72
r2
0.995
0.953
MUE (ppm)
2.4
0.3
RMSE (ppm)
2.7
0.5
ME (ppm)
5.1
1.1
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Table 2.9: Boltzmann-averaged 13C NMR chemical shift statistics for coniferyl alcohol
dimers in CHCl3 or DMSO. The statistics were based on Boltzmann-averaged results for
the MG2 and MG5 conformers of coniferyl alcohol (Figure 2.1 and 2.2).
Model

Slope

threo β-O-4 (CHCl3)
threo β-O-4 (DMSO)
erythro β-O-4 (CHCl3)
erythro β-O-4
(DMSO)
β-β (CHCl3)
β-β (DMSO)
β-5 (CHCl3)
β-5 (DMSO)

r2

1.03
1.01
1.03

yintercept
(ppm)
2.78
0.57
-2.82

MUE RMSE
(ppm) (ppm)

ME
(ppm)

0.993
0.986
0.994

2.1
2.7
2.0

2.8
4.0
2.7

9.0
13.5
7.2

1.01
0.96
0.97
0.95
0.98

-0.40
4.05
2.94
7.78
4.10

0.990
0.994
0.994
0.996
0.992

2.3
2.2
2.0
2.6
2.7

3.4
2.8
2.6
3.2
3.3

10.6
6.7
6.4
6.5
6.7

2.5 Conclusion
The multi-standard approach in conjunction with Boltzmann averaging to
calculate

13

C NMR shifts for coniferyl alcohol and four of its dimers was successful,

based on the comparison of the calculated results with the experimental data. The multistandard approach results more accurately matched MG experimental NMR data than the
three TMS-standard methods evaluated. The multi-standard method was not only more
accurate, but the calculations were approximately an order of magnitude faster using
mPW1PW91/6-31G(d) GIAO NMR calculations than the standard B3LYP/6311+G(2d,p) or HF/6-311+G(2d,p) NMR tensor calculations.
The importance of using Boltzmann-weighted NMR shifts, based on the ΔGºsolv of
six energy-minimized structures, was paramount to the success of this work, because
conformers that exhibit good NMR shift correlation with experiment may not be the most
thermodynamically favorable. Use of the Boltzmann distribution for the 5-5- dimer also
allowed the determination of the most favorable conformers (MG2 and MG5), which
allowed a decrease in the number of conformers used for further dimer calculations.
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However, the relatively large maximum errors reported for the β-O-4 dimer calculations
suggest that a larger number of conformers are needed to elucidate more fully the
potential energy surface of this dimer, and to reproduce the experimental results for this
important linkage.
The results indicate, due to smaller correlation coefficients and relatively large
maximum error values, that 1H NMR calculations using the multi-standard method do not
effectively model experimental NMR shifts for the models studied. However, the source
of error for the 1H NMR calculations is associated with the calculation of hydroxyl-H
atoms and the choice of standard for modeling them; both TMS and aliphatic methanol
H-atoms underestimate hydroxyl-H shifts by more than 3 ppm, whereas using the
hydroxyl-H from methanol as a standard overestimates these shifts by approximately 1.5
ppm. Excluding hydroxyl-H atoms from the calculations does improve the correlation
with data. Therefore, 1H NMR calculations should be used only as a supplement to

13

C

NMR calculations for coniferyl alcohol derivatives, until a suitable standard is found that
provides good agreement with hydroxyl-H data.
The multi-standard mPW1PW91/6-31G(d) method was effective for calculating
Boltzmann-averaged

13

C NMR shifts using B3LYP/6-311++G(d,p) energy minimized

coniferyl alcohol and its β-β, β-5, 5-5, and β-O-4 dimers coupled with single-point GIAO
NMR tensor calculations using the mPW1PW91/6-31G(d) method. Further testing should
take place with a larger lignin oligomer data set to verify these results. Moreover, based
on previously reported results,25 and the results reported herein, the multi-standard
approach to NMR calculations might prove useful for a wide range of compounds,
including plant cell wall components.
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Chapter 3
Hydrogen bonding interactions between 1-methylimidazole and water using
density functional theory, Møller-Plesset perturbation theory, and ATR FTIR:
Comparisons among methods and observation
3.1 Abstract
To determine if OH-π interactions occur between 1-methylimidazole (1-MI)
and water, the density functional theory methods (DFT) B3LYP and M05-2X,
and the ab initio MP2 method calculated the vibrational frequencies and
energies of explicitly hydrated models of 1-MI. The comparison of the
B3LYP/6-311++G(d,p) energy-minimized frequencies for the 1-MI·2H2O
model showed better correlation with the aqueous-phase ATR-FTIR data than
the results obtained with the M05-2X and MP2 methods for levels with other
amounts of hydration. Moreover, the 1-MI·2H2O showed no evidence for OHπ interactions but showed evidence for HO-H---N H-bonds. However, the 1MI·4H2O and 1-MI·8H2O models, energy minimized with M05-2X and MP2
showed evidence for OH-π interactions. Systematic energy re-minimization
calculations for all of the hydrated 1-MI models indicated that the M05-2X
and MP2 methods predicted structures that were less thermodynamically
favorable than those calculated using B3LYP. These results suggest that M052X and MP2 are erroneously predicting OH-π interactions, while B3LYP is
predicting structures with HO-H---N H-bonds that are consistent with the
experimental data.
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3.2 Introduction
Accurately modeling hydrogen bonds (H-bonds) is important when modeling
chemical systems, because many chemical reactions occur between molecules
that can H-bond through either intra- or intermolecular interactions, or both.
H-bonds primarily occur through non-covalent, electrostatic interactions
between species containing -OH, -SH, -NH, and -HF functional groups, where
the O, S, N and F of these functional groups act as H-bond acceptors, and the
H acts as a H-bond donor; H-bond energies average about 20 kJ/mol.1 In
addition to classic H-bonds, experimental and theoretical evidence suggests
that weak, non-covalent interactions, such as OH-π interactions, can explain
thermodynamic stability unaccounted for by H-bonds. For example, noncovalent interactions may contribute to the non-H-bond thermodynamic
stability of DNA.2,3 IR spectroscopic evidence shows that weak, non-covalent
CH-π interactions,4,5 have interaction energies of <10 kJ/mol and cause C-H
bond IR frequencies to red-shift by ~3 wavenumbers (cm-1).4,5 In addition,
previous ab initio6-11 and density functional theory (DFT)12-17 calculations
provided evidence for can also predict non-covalent interactions.
A book is available that thoroughly discusses the chemistry of CH-π
interactions, due to their putative importance in myriad chemical systems.18
Numerous computational chemistry studies show evidence for π-π, OH-π,
CH-π, and NH-π intermolecular interactions between biomolecules or their
proxies.4,19-28 The present study examined potential intermolecular interactions
between 1-methylimidazole and water using computational chemistry and
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experimental attenuated total reflectance Fourier-transform infrared (ATRFTIR) spectroscopy.7-9,11,29 This work calculated the vibrational frequencies
with three methods for six models that had different amounts of hydration and
compared them with the experimental frequencies. These calculations
determined whether the most favorable intermolecular interactions were HOH---N H-bonds, OH-π interactions or both. In this study, we energy
minimized six models with three different quantum chemistry methods and
then compared the calculated IR frequencies and NMR shifts results and the
experimental data. The NMR comparison was between the gas-phase
implicitly solvated 1-MI model and the NMR data. The IR comparisons were
between the gas-phase 1-MI and the FTIR data or between the hydrated 1-MI
models and the aqueous 1-MI ATR-FTIR spectra.
One method used was the meta-hybrid density functional theory (DFT)
method M05-2X; this method accounts specifically for intermolecular
dispersion interactions12-17. DFT methods can often produce faster and more
accurate results than more computationally expensive methods such as
Møller-Plesset perturbation (MP) methods.30 Moreover, MP methods can
overestimate intermolecular interactions;31hence, MP may not be preferable
for accurately measuring weak interactions. However, many computational
studies use MP2 methods as the standard of comparison; thus, justifying the
inclusion of MP2 for this work. Additionally, this work included the oftenused hybrid density functional B3LYP; however, B3LYP may produce
systematic errors and may not accurately model intermolecular interactions,
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due to under estimation of weak interaction energies.28,32-35 Therefore, MP2
could overestimate intermolecular interactions between 1-MI and water,
B3LYP might underestimate them. This work also tested the accuracy of the
more recently developed M05-2X method for modeling 1-MI—water
interactions because of its explicit parameterization for modeling dispersion
interactions.12-17
Comparison of the calculated NMR and IR results with experimental data,
coupled with comparisons of the calculated energies and structures obtained
from the B3LYP, M05-2X, and MP2 calculations determined the accuracy of
these methods for describing the intermolecular interactions between 1-MI
and water. If the spectroscopic and thermodynamic results provide evidence
for the accuracy of a method, then that method is the most accurate for
describing the interactions between 1-MI and water.
3.3 Methods
3.3.1 Computational
The rows of Figure 3.1 show the energy minimized structures of the 1-MI, 1MI·H2O, (1-MI)2·H2O, 1-MI·2H2O, 1-MI·4H2O, and 1-MI·8H2O models used
for this work; the columns of Figure 3.1 show the minimization method and
basis set used to minimize the respective models. We built the models with
Cerius2 (version 4.9–Accelrys Inc.) and then energy-minimized in the gasphase using Gaussian 0337 without atomic or symmetry constraints. Initial 1MI·2H2O, 1-MI·4H2O, 1-MI·8H2O structures emphasized potential OH-π
interactions between H2O and 1-MI similar to the MP2 and M05-2X energy-
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minimized 1-MI·4H2O and 1-MI·8H2O structures shown in Figure 3.1.
Frequency calculations verified that each model exhibited only real
frequencies, so each structure attained an energy minimum.38,39
For the energy minimization and frequency calculations, we used the hybrid
density functional B3LYP,32-34 the meta hybrid density functional M052X,13,31,36,40 or the perturbative ab initio method MP2,30 each coupled with the
Pople-type

basis

set,

6-311++G(d,p),41,42

accompanied

each

energy

minimization method.
Following the energy minimization calculations, Gaussian 03 calculated the
NMR chemical shifts for the 1-MI monomers using the GIAO43-46 method
coupled with the self-consistent reaction field (SCRF) method and the integral
equation formalism variant of the polarized continuum model (IEFPCM). To
better match the anhydrous, liquid-phase experimental conditions, these
calculations used the permittivity constant (ε=4.7113) of chloroform
(CHCl3).37,47,48 GaussView provided access to the calculated NMR tensors of
the H- and C-nuclei.37
HF/6-311+G(2d,p), B3LYP/6-311+G(2d,p), and MP2/6-311+G(2d,p) GIAO
NMR

calculations

on

the

energy-minimized

1-MI

monomer

used

tetramethylsilane (TMS) as their standard.49 In addition, we used a multistandard NMR calculation method that applies the mPW1PW91/6-31G(d)
method.50,51 Here, rather than using TMS as the standard, benzene is the
standard for the sp2-hybridized C- and H-atoms and methanol is the standard
for the sp3-hybridized C- and H-atoms. The NMR calculations using four
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methods computed the chemical shifts for the four energy-minimized
structures of the 1-MI monomer. The NMR calculations compared the
calculated results with experimental data52 to ensure the accuracy of the 1-MI
model, to further test the multi-standard NMR method, and to provide another
criterion to test the three computational methods. and Table 3.1 show the
NMR-labeling scheme and experimental chemical shifts for the 1-MI
monomer.
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Figure 3.1: Energy-minimized models used for this manuscript. 1-MI is 1methylimidazole.
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Figure 3.2: Labeling scheme used for 1-methylimidazole (1-MI) for the GIAO NMR
calculations.
Table 3.1: Experimental 1H and 13C NMR chemical shifts (δ) for 1-methylimidazole
in chloroform compared to the mPW1PW91/6-31G(d)//B3LYP/6-311++G(d,p)
calculated shifts. Based on the calculated evidence the shifts for C2 and C3 atoms
(italicized) in the wrong order.52
CHδ13C (ppm)
δ13C
δ1H (ppm)
δ1H (ppm)
atom
atom
Experimental
(ppm)
Experimental
Calculated
Calculated
1
137.79
137.0
A
7.385
7.0
2
129.17
130.0
B
7.011
6.8
3
120.20
120.7
C
6.863
6.8
4
33.14
33.1
D
3.641
3.6
Gaussview provided visualization of the calculated IR vibrational frequencies
and modes for comparison with the FTIR and ATR-FTIR data. We applied
harmonic-frequency scaling factors to each calculated vibrational mode to two
significant figures; 53,54 these scaling factors were 0.97 for the DFT methods
and 0.98 for the MP2 method.53 We then assigned the calculated harmonic
frequencies from the 1-MI monomer results to the FTIR data, and from the
hydrated 1-MI model results to the ATR-FTIR data.39 Generally, calculated IR
intensities are less accurate than are computed frequencies; however, the
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relative calculated intensities are qualitatively consistent and useful for
identifying experimental IR frequencies.55
Because the 1-MI·2H2O, 1-MI·4H2O, 1-MI·8H2O structures that were energy
minimized with MP2 and M05-2X were markedly different that those
resulting from the B3LYP calculations, we performed single-point MP2/6311++G(d,p) energy calculations on all of the M05-2X and B3LYP energyminimized structures.56 These calculations determined the MP2 single-point
energies of the M05-2X and B3LYP energy-minimized structures relative to
the MP2 structure. For example, the relative energy (ΔE°SP) that compares the
original MP2 energy minimized structure (E°MP2) with the MP2 single-point
energy, performed on the B3LYP energy minimized structure (E°MP2//B3LYP) is
ΔE°SP = E°MP2//B3LYP - E°MP2, where E° is the MP2 energy. When ΔE°SP < 0,
ΔE°SP = 0, or ΔE°SP > 0 the MP2 single-point energy of the B3LYP energy
minimized structure is at a lower, equal, or higher MP2 energy than the MP2
energy-minimized structure, respectively. If ΔE°SP < 0 for the example model
system, then the B3LYP structure is at a lower electronic energy minimum
than the MP2 energy minimized structure.
Systematic re-minimization calculations for all of the models further clarified
the differences observed between the hydrated M05-2X, MP2, and B3LYP
energy-minimized models. We energy re-minimized the B3LYP structures
with M05-2X and MP2, the MP2 structures with M05-2X and B3LYP, and
the M05-2X structures with MP2 and B3LYP, all using the 6-311++G(d,p)
basis set. The relative changes in energy for each re-minimized structure were
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ΔE°re-min or ΔG°re-min, which represent changes in the electronic or Gibbs free
energies between the re-minimized structure and the original, energyminimized structure. For example, ΔG°re-min = G°M05-2X//B3LYP - G°M05-2X
provides the change in the Gibbs free energy between the B3LYP structure,
re-minimized with M05-2X and the original M05-2X structure. If ΔG°re-min <
0, ΔG°re-min = 0, or ΔG°re-min > 0, then the re-minimized structure is more
stable, equivalent, or less stable than the structure originally energy minimized
with M05-2X, respectively. If ΔG°re-min < 0 in the example, then the original
B3LYP structure resided at a lower Gibbs free energy minimum than did the
original M05-2X structure. For all MP2 calculations, E° is the MP2 energy,
and G° is the MP2 energy added to the thermal correction for the Gibbs free
energy.38 The frequency calculations for all energy re-minimized models
produced only real frequencies.38
All electronic energies are in kJ/mol and reported as E°DFT and E°MP2 for the
DFT and MP2 methods, respectively.37,56 The Gibbs free energies are in
kJ/mol, found by adding E°DFT or E°MP2 to the thermal corrections to the
Gibbs free energy obtained from their respective frequency calculations in
Gaussian 03 to give G°DFT or G°MP2, respectively.37,38 Herein, Q=1 for one
mole

of

reactants

and

products

in

their

standard

state

in

the

equation ΔG=ΔG°+RTlnQ; therefore ΔG=ΔG° and ΔG° determines reaction
spontaneity. Linear regression (slope, y-intercept, and r2), root mean-squared
error (RMSE), mean unsigned error (MUE), and the absolute value of the
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maximum error (ME) statistical methods compared the results to the
experimental data.51,57
3.3.2 Experimental
A Bruker Tensor 27 Fourier-transform infrared (FTIR) spectrometer collected
the spectra of 1-methylimidazole (1-MI) (CAS # [616-47-7]) at 25 °C. For the
gas-phase FTIR spectrum, we used argon saturated with molecular-sieve-dried
1-MI and measured at 2 cm-1 resolution with an approximately 100-mm
transmission-cell path-length. We obtained the FTIR spectrum of 1-MI in
aqueous solution (1 mol 1-MI: 1.5 mol H2O) at 4 cm-1 resolution using
attenuated total reflectance (ATR) optical sampling. The chosen water ratio
ensured saturation of the HO-H---N H-bonding capacity of 1-MI. The Bruker
OPUS™ software second-derivative method measured the peak positions
using 9-point smoothing.
3.4 Results and Discussion
3.4.1 GIAO NMR Calculations
Figure 3.2 shows the structure of 1-MI and the atom-labeling scheme used for
this work. Table 3.1 lists the experimental 1H and

13

C NMR chemical shifts

used to compare with all calculated chemical shifts. For the NMR
calculations, only the gas-phase energy-minimized 1-MI monomer model
(Figure 3.1) solvated with chloroform via the SCRF IEFPCM method was
comparable with experiment because the NMR data was for anhydrous 1-MI
in CHCl3.52 The assigned chemical shifts for C2 and C3 required reassignment because the experimental assignments are in the opposite order
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according to all of the 13C NMR results in this study (Table 3.1). The fact that
the calculated

13

C NMR chemical shifts match the observed values after

switching the experimental assignments indicates that the calculated chemical
shifts are probably correct.
Table 3.2 provides a statistical comparison of the

13

C NMR results from four NMR

calculation methods using the geometries obtained from the energy-minimized
structures. The mPW1PW91/6-31G(d) multi-standard NMR method statistically outperforms the other three TMS-standard methods, regardless of the energy
minimization method used. In general, the mPW1PW91/6-31G(d)//B3LYP/6311++G(d,p) results show a better statistical fit with the data than the results obtained
from the multi-standard NMR method coupled with the energy-minimized structures
obtained from the MP2 and M05-2X methods. Although the MUE for the
mPW1PW91/6-31G(d)//MP2/6-311++G(d,p) calculation is lower than the MUE for
the mPW1PW91/6-31G(d)//B3LYP/6-311++G(d,p) calculation, the small ΔMUE (0.1
ppm) does not justify the computational cost of the MP2 energy minimization. The
multi-standard method also provides the most robust r2 values; here again, the
increased cost of MP2 energy minimizations outweighs the increase in the correlation
coefficient that it provides.
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Table 3.2: Statisical comparison between calculated
experiemntal NMR shifts for 1-MI in CHCl3.
13C NMR
Method
HF
HF
HF
B3LYP
B3LYP
B3LYP
MP2
MP2
MP2
mPW1PW91
mPW1PW91
mPW1PW91

Energy
Minimization
Method
B3LYP
M05-2X
MP2
B3LYP
M05-2X
MP2
B3LYP
M05-2X
MP2
B3LYP
M05-2X
MP2

MUE
(ppm)

RMSE
(ppm)

ME
(ppm)

Slope

7.2
5.7
7.8
4.7
3.0
5.4
10.8
2.7
2.6
0.5
0.8
0.6

8.6
6.7
9.5
5.3
4.4
6.6
12.1
2.9
3.4
0.6
0.9
0.8

14.0
9.7
13.9
7.4
8.4
11.4
18.2
3.9
6.1
0.8
1.6
1.4

1.12
1.10
1.12
1.06
1.04
1.06
1.12
0.97
0.99
1.00
0.99
1.00

13

C NMR shifts and

yintercept
(ppm)
-5.50
-5.42
-5.47
-1.12
-1.45
-1.16
-1.34
2.85
3.31
0.04
0.58
0.73

r2
0.9990
0.9975
0.9960
0.9979
0.9962
0.9958
0.9975
0.9956
0.9954
0.9976
0.9995
0.9998

For the 1H NMR results (Table 3.3), both the B3LYP and MP2
methods coupled with the 6-311+G(2d,p) basis set using a TMS standard
provide chemical shifts that correlate better with experiment than the
mPW1PW91/6-31G(d) multi-standard method results. Nevertheless, the
chemical shifts obtained from the 1H NMR calculations, except for those
attained using the HF/6-311+G(2d,p) level of theory, gave results that are less
than 0.25, 0.20, 0.45 ppm for the RMSE, MUE, and ME, respectively, relative
to experiment (Table 3.3). In addition, all four methods provide slopes near
1.0, and their y-intercepts ranged from approximately -0.2 to +0.2 ppm for the
B3LYP/6-311++G(2d,p), MP2/6-311++G(2d,p), and multi-standard NMR
methods, but the HF/6-311+G(d,p) results showed a y-intercept of
approximately -0.6 ppm. None of the 1H NMR methods provide results with r2
> 0.998 compared to the 13C calculation results, which gave a maximum r2 of
0.9998 for the mPW1PW91/6-31G(d)//B3LYP/6-311++G(d,p) method.
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Based on the accurate agreement with 13C data and reasonable agreement with
1

H data, the multi-standard GIAO mPW1PW91/6-31G(d)//B3LYP/6-

311++G(d,p) provided the best statistical evidence that the chosen structure of
1-MI matches the observed NMR spectra. These results verify the robust
ability of the multi-standard mPW1PW91/6-31G(d) method for calculating
accurate NMR chemical shifts.
Table 3.3: Statisical comparison between calculated 1H NMR shifts and experiemntal
NMR shifts for 1-MI in CHCl3.
1H NMR
Energy
MUE
RMSE ME
Slope y-intercept
r2
Method
Minimization (ppm) (ppm) (ppm)
(ppm)
Method
HF
B3LYP
0.3
0.4
0.6
1.16 -0.57
0.9990
HF
M05-2X
0.2
0.2
0.4
1.11 -0.58
0.9970
HF
MP2
0.2
0.3
0.6
1.14 -0.58
0.9980
B3LYP
B3LYP
0.2
0.3
0.5
1.07 -0.17
0.9980
B3LYP
M05-2X
0.1
0.1
0.3
1.03 -0.17
0.9950
B3LYP
MP2
0.1
0.2
0.4
1.05 -0.15
0.9960
MP2
B3LYP
0.3
0.3
0.4
1.16 -0.91
0.9990
MP2
M05-2X
0.1
0.2
0.3
1.00 -0.01
0.9920
MP2
MP2
0.2
0.2
0.4
1.02 0.04
0.9920
mPW1PW91 B3LYP
0.2
0.2
0.4
0.94 0.13
0.9980
mPW1PW91 M05-2X
0.2
0.2
0.4
0.93 0.19
0.9980
mPW1PW91 MP2
0.1
0.2
0.4
0.93 0.26
0.9980
3.4.2 IR Results
Figure 3.3 shows the gas-phase FTIR spectra for 1-MI (Figure 3.3A-B), and
the ATR-FTIR spectra for 1-MI in 60% (mole percentage) water solution
(Figure 3.3C-D). Figure 3.4A shows a plot of the gas-phase 1-MI B3LYP
frequencies versus the gas-phase FTIR frequencies, and Figure 3.4B shows a
plot of the 1-MI·2H2O B3LYP frequencies versus the aqueous-phase ATRFTIR frequencies.
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Figure 3.3: Experimental FTIR spectra of 1-methylimidazole (1-MI) as a dry gas by
transmission sampling (A and B), and a hydrated liquid solution (1 mol 1-MI: 1.5 mol
H2O) by ATR-FTIR sampling (C and D) after mathematical H2O-signal subtraction.
Labels show the frequencies used in Table 3.5 and described in the related text.
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Figure 3.4: A. Gas-phase B3LYP/6-311++G(d,p) 1-methylimidazole (1-MI) vs. gasphase FTIR data, and B. gas-phase B3LYP/6-311++G(d,p) 1-MI·2H2O vs. aqueous
ATR-FTIR data. The line is each figure is the 1:1 line.
Table 3.4 shows the statistical comparison of the FTIR and ATR-FTIR spectra
with the calculated results. Note that comparisons were between the gas-phase
1-MI frequencies and the gas-phase FTIR frequencies, or between the
hydrated model frequencies and the aqueous ATR-FTIR frequencies. The
ratio N H2O:N 1-MI in Table 3.4 indicates the number of the H2O molecules
(N H2O) per 1-MI molecule (N 1-MI). For example, where N H2O:N 1-MI is
zero, these results correspond to the 1-MI monomer; when the N H2O:N 1-MI
ratio is two, these results correspond to the 1-MI·2H2O model.
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Table 3.4: Statistical comparison between gas phase 1-MI and the FT-IR data, and
the hydrated 1-MI models with the ATR-FTIR data.
N H2O: N 1-MI Energy
MUE
RMSE ME
Slope y-intercept r2
Minimization
(cm-1) (cm-1) (cm-1)
(cm-1)
Method
0
B3LYP
7.7
9.7
23.2
1.00
-8.1
0.9999
0
M05-2X
31.0
35.6
71.4
1.02
4.2
0.9999
0
MP2
42.1
53.1
117.7
1.05
-50.0
0.9992
0.5
B3LYP
18.8
24.6
59.2
1.02
-25.4
0.9995
0.5
M05-2X
31.6
39.8
108.4
1.00
27.9
0.9987
0.5
MP2
28.1
38.1
91.7
1.03
-30.7
0.9994
1
B3LYP
14.6
17.1
34.2
1.01
-15.2
0.9997
1
M05-2X
29.4
35.7
76.6
1.02
-0.8
0.9997
1
MP2
38.8
52.4
125.5
1.04
-46.8
0.9993
2
B3LYP
10.2
12.0
20.7
1.00
-7.9
0.9998
2
M05-2X
32.5
43.4
127.4
1.03
-12.2
0.9996
2
MP2
56.7
77.5
198.9
1.06
-68.9
0.9987
4
B3LYP
15.0
20.1
54.7
1.00
0.6
0.9995
4
M05-2X
45.4
64.3
225.5
1.04
-30.9
0.9987
4
MP2
59.9
88.5
291.3
1.07
-63.8
0.9982
8
B3LYP
26.5
38.9
118.7
1.02
-17.5
0.9989
8
M05-2X
54.7
73.5
188.6
1.06
-58.3
0.9988
8
MP2
72.6
98.1
238.2
1.08
-79.1
0.9990
Except for the y-intercept, the B3LYP/6-311++G(d,p) calculated frequencies
for the gas-phase 1-MI are the best statistically correlated with the FTIR data.
B3LYP/6-311++G(d,p) also provided reasonably accurate results based on the
y-intercept of 1-MI as well (i.e., -8.1 cm-1 for B3LYP/6-311++G(d,p) vs. 4.2
cm-1 for M05-2X/6-311++G(d,p)). Therefore, the B3LYP/6-311++G(d,p) 1MI monomer model provided statistically superior correlation with the gasphase FTIR data.
Comparison of the calculated frequencies from the hydrated models with the
ATR-FTIR frequencies shows that the B3LYP/6-311++G(d,p) energyminimized models provided more accurate results than the other models did
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(Table 3.4). Additionally, the 1-MI·2H2O model showed statistically better
correlation with the ATR-FTIR data than the other hydrated forms of 1-MI.
The B3LYP/6-311++G(d,p) energy-minimized 1-MI·4H2O model provides a
slope slightly closer to 1. 0̄ (Table 3.4) than the 1-MI·2H2O model; however,
AA

EE

AA

the difference is negligible (<0.01).
Calculated vibrational modes that correspond with experimental vibrational
frequencies are useful for interpreting changes in IR frequencies that might
occur due to the interaction of 1-MI with water. There should be changes in
the calculated frequencies (Δ ν¯ˉ 	
   )	
   associated with modes involved with H-bond
AA

EE

A

formation between 1-MI and H2O. Indeed, the 1-MI and 1-MI·2H2O models,
calculated using B3LYP, M05-2X, and MP2, each exhibited two modes that
changed due to 1-MI interacting with H2O (Table 3.5). The B3LYP calculated
C1-N2-C2 vibrational mode of 1-MI (Figure 3.2) increased (blue-shifted) by 21
cm-1 in the 1-MI·2H2O model (Table 3.5), and the C1-HA mode (Figure 3.2)
decreased (red-shifted) by 20 cm-1 due to hydration. This trend in Δ ν¯ˉ 	
   is
AA

EE

AA

consistent with the IR data, which showed a corresponding C1-N2-C2 stretch
blue-shift of 16 cm-1 and a C1-HA stretch red-shift of 18 cm-1 between the gasphase FTIR and aqueous-phase ATR-FTIR spectra (Table 3.5). Although the
M05-2X and MP2 models replicate the experimentally observed blue-shift for
the C1-N2-C2 stretch, these methods incorrectly predicted a blue-shift for the
C1-HA stretch, contradictory to the experimentally observed red-shift (Table
3.5). These results provide further evidence that the B3LYP 1-MI·2H2O
model is most accurately describing the experimental data.
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Table 3.5: Changes in the calculated C1-N2-C2 and C1-HA modes (stretches)
compared with the corresponding data. Negative Δ ν̄ values are red-shifts and
positive Δ ν̄ values are blue-shifts. See Figure 3.3 for labeled spectra. Note that the
experimental data are from FTIR gas-phase (gas) and the ATR-FTIR aqueous-phase
(aq) spectra.
AA

AA

EE

AA

AA

Mode: C1-N2-C2 (stretch)
ν̄
ν̄
1-MIgas
1-MI(aq)
Δ ν̄
-1
-1
(cm )
(cm )
(cm-1)
903
918
15
890
911
21
A

EE

AA

EE

AA

Method
FTIR
B3LYP
M052X
MP2

EE

890
909

906
924

EE

16
15

Mode: C1-HA (stretch)
ν̄
ν̄
1-MIgas
1-MI(aq)
Δ ν̄
-1
-1
(cm )
(cm )
(cm-1)
3132
3115
-17
3137
3117
-20
AA

EE

AA

EE

AA

3210
3276

3223
3282

EE

13
6

3.4.3 Thermodynamics
The results for the IR and NMR calculations showed that the B3LYP/6311++G(d,p) energy-minimized structures are more accurate than the energyminimized results obtained with the M05-2X and MP2 methods. The
differences in NMR and IR correlations are due to differences in the B3LYP,
M05-2X, and MP2 energy-minimized structures. For example, the 1-MI·8H2O
energy-minimized structures calculated using MP2 and M05-2X are similar,
but are different than the B3LYP structure (Figure 3.1). Figure 3.5 shows the
MP2 energy-minimized 1-MI·4H2O and 1-MI·8H2O structures; these
structures are similar to the corresponding M05-2X energy-minimized
structures (Figure 3.1). Table 3.6 shows the bond angles and lengths for the
H2O molecules interacting with the C2-atom of 1-MI (Figure 3.5); these
structures, bond angles, and bond lengths are indicative of OH- π interactions
(Figure 3.5 and Table 3.6). However, the corresponding B3LYP energy-
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minimized 1-MI·4H2O and 1-MI·8H2O structures do not show evidence for
OH-π interactions but exhibit only HO-H---N H-bonds (Figure 3.1).

Figure 3.5: MP2/6-311++G(d,p) energy-minimized structures A. 1-MI·4H2O and B.
1-MI·8H2O. Both figures show the bond lengths (d1,d2,d3) and bond angles (θ1,θ2,θ3)
calculated by the method, which suggest OH-π interactions. See Table 3.6 for bond
angle and length.
Table 3.6: Calculated OH-π non-covalent bond distances and angles for the structures in
Figure 3.5.
Structure
1-MI·4H2O
1-MI·4H2O
1-MI·8H2O
1-MI·8H2O

Energy minimization
method
M05-2X/6311++G(d,p)
MP2/6-311++G(d,p)
M05-2X/6311++G(d,p)
MP2/6-311++G(d,p)

d1(Å), θ1(°)
2.56, 149.8
2.59, 150.3
-

d2(Å), θ2(°)

d3(Å), θ3(°)

-

-

2.64, 142.8

2.54, 136.3

2.70, 140.7

3.39, 132.2

To determine which methodology predicted the most thermodynamically
stable structures, we performed MP2/6-311++G(d,p) single-point energy
calculations on all of the B3LYP and M05-2X energy-minimized structures
and compared these energies with those from the MP2 energy-minimized
structures. Table 3.7 shows the results of these calculations. The MP2 single-
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point energies for the 1-MI, (1-MI)2·H2O, and 1-MI·H2O B3LYP and M05-2X
structures are <5 kJ/mol higher than the energy from the corresponding MP2
energy-minimized models. In addition, the MP2 single-point energies for the
M05-2X structures are <5 kJ/mol higher than the corresponding energies of
the MP2 structures for the 1-MI·2H2O, 1-MI·4H2O, and 1-MI·8H2O models
(Table 3.7). However, the MP2 single-point energies for the B3LYP 1MI·2H2O, 1-MI·4H2O, and 1-MI·8H2O structures are -7.2, -14.4, and -9.5
kJ/mol lower than the respective MP2 energy minimized structures (Table
3.7). These results show that the B3LYP 1-MI·2H2O, 1-MI·4H2O, and 1MI·8H2O structures have lower MP2 energies than the M05-2X and MP2
structures. Systematic energy re-minimization calculations provided further
evidence for these results and determined if the hydrated B3LYP structures
are thermodynamically more favorable than those calculated with M05-2X
and MP2.

Table 3.7: MP2/6-311++G(d,p)//DFT/6-311++G(d,p) single-point electronic-energy
results, where DFT is B3LYP or M05-2X for the 1-MI, (1-MI)2H2O, 1-MI·H2O, 1MI·2H2O, 1-MI·4H2O, and 1-MI·8H2O models. Energies are in kJ/mol.
NH2O:N1-MI ΔE°SP (E°MP2//B3LYP - E°MP2) ΔE°SP (E°MP2//M05-2X–E°MP2)
0
1.2
2.2
0.5
3.8
5.3
1
3.3
4.3
2
-7.2
0.8
4
-14.4
3.4
8
-9.5
4.8
Tables 3.8 and 3.9 show the results for the re-minimization calculations. No
imaginary frequencies resulted from these calculations and the original
energy-minimized structures remained similar, except for one instance
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described later. The electronic energy differences (ΔE°re-min, Table 3.8) and
Gibbs free energy differences (ΔG°re-min, Table 3.9) due to re-minimization
for the (1-MI)2·H2O and 1-MI·H2O structures were negligible (<2.5 kJ/mol).
These results show that the B3LYP, MP2, and M05-2X methods calculated
approximately the same energy-minimized (1-MI)2·H2O and 1-MI·H2O
structures.
Table 3.8: Re-minimized electronic energies (Eº) of (1-MI)2, 1-MI·H2O, 1-MI·H2O,
1-MI·4H2O, and 1-MI·8H2O, all with the 6-311++G(d,p) basis set. Energies in
kJ/mol.
NH2O:N1-MI

ΔE°re-min
(E°B3LYP//M05-2X
- E°B3LYP)

0.5
1
2
4
8

ΔE°re-min
(E°B3LYP//MP2
- E°B3LYP)

0.0
0.2
7.0
27.6
0.7

ΔE°re-min
(E°M05-2X//B3LYP
- E°M05-2X)

0.0
0.0
7.0
27.6
0.0

0.0
-1.4
-8.0
-19.5
-20.5

ΔE° re-min
(E°MP2//B3LYP
- E°MP2)

ΔE° re-min
(E°M05-2X//MP2
- E°M05-2X)

0.5
0.0
-8.8
-17.1
-15.9

ΔE° re-min
(E°MP2//M05-2X
- E°MP2)

0.0
-1.4
0.0
0.0
0.0

0.5
0.3
-1.8
0.0
0.0

Table 3.9: Re-minimized Gibbs free energies (Gº) of (1-MI)2, 1-MI·H2O, 1-MI·H2O,
1-MI·4H2O, and 1-MI·8H2O, all with the 6-311++G(d,p) basis set. Energies in
kJ/mol.
NH2O:N1-MI

ΔG°re-min

ΔG°re-min

ΔG°re-min

ΔG° re-min

ΔG° re-min

ΔG° re-min

0.5
1
2
4
8

-1.1
-0.4
5.3
15.6
1.3

-1.2
0.0
5.2
19.6
0.4

0.0
-1.2
-8.1
-17.3
-15.2

0.6
0.0
-6.0
-11.6
-16.4

0.1
0.0
-0.2
1.0
0.1

0.9
1.3
-2.2
-0.1
0.0

(G°B3LYP//M05-2X
- G°B3LYP)

(G°B3LYP//MP2
- G°B3LYP)

(G°M05-2X//B3LYP
- G°M05-2X)

(G°MP2//B3LYP
- G°MP2)

(G°M05-2X//MP2
- G°M05-2X)

(G°MP2//M05-2X
- G°MP2)

In addition, Tables 3.8 and 3.9 show that ΔE°re-min and ΔG°re-min for the 1MI·2H2O, 1-MI·4H2O, and 1-MI·8H2O MP2 structures re-minimized with
M05-2X, and the corresponding M05-2X structures re-minimized with MP2,
were also negligible (<1 kJ/mol). These results show that MP2 and M05-2X
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calculated the same structural and energetic results for the 1-MI·2H2O, 1MI·4H2O, and 1-MI·8H2O models.
B3LYP re-minimization of the 1-MI·2H2O and 1-MI·4H2O MP2 and M05-2X
energy-minimized models shows that these structures are less energetically
favorable (ΔG°re-min > 0) than the original B3LYP energy-minimized structure
(Table 3.9). Consistently, MP2 and M05-2X re-minimization of the B3LYP
energy-minimized 1-MI·2H2O and 1-MI·4H2O structures shows that these
structures are more favorable (ΔG°re-min < 0) than the original M05-2X and
MP2 energy-minimized structures (Table 3.9). These results provide
consistent evidence that the B3LYP energy-minimized 1-MI·2H2O and 1MI·4H2O structures are more favorable than the corresponding MP2 and M052X structures.
Further support for this trend occurs from the MP2 and M05-2X reminimization of the B3LYP energy-minimized 1-MI·8H2O structure; for both
of these calculations (Table 3.9), the re-minimized structures are more
favorable than the respective MP2 and M05-2X energy-minimized structures
(ΔG°re-min < 0). Notably, B3LYP re-minimization of the M05-2X and MP2 1MI·8H2O structures caused the reorganization of these structures and
reproduced the original B3LYP energy minimized structure; these two
calculations were the only instances where the original energy-minimized
structure changed during re-minimization. These results indicate that the MP2
and M05-2X energy-minimized 1-MI·8H2O structures resided in a shallow

87
energy minimum and the B3LYP energy minimum is lower and therefore
more probable.
These overall results for the 1-MI·2H2O, 1-MI·4H2O, and 1-MI·8H2O energy
re-minimization calculations provide evidence that the B3LYP structures are
more thermodynamically favorable than those obtained with MP2 and M052X. Furthermore, the OH-π interaction exhibited by the MP2 and M05-2X 1MI·4H2O and 1-MI·8H2O models is less thermodynamically favorable than
the HO-H---N bond exhibited by the corresponding B3LYP models.

3.4.4 Microwave Spectroscopy
The energy re-minimization calculations for the 1-MI·4H2O model show that
the B3LYP energy-minimized structure is more thermodynamically favorable
than the corresponding MP2 and M05-2X structures; however, all of the
methods calculated structures at their respective energy minima with no
imaginary frequencies. Therefore, the OH-π interactions predicted by the MP2
and M05-2X 1-MI·4H2O models could be present in small amounts in solution
and could be observable with microwave spectroscopy.58 Therefore, we
reported the rotational constants (B) for the MP2, B3LYP, and M05-2X 1MI·4H2O models from the MP2/6-311++G(d,p) single-point energy
calculations in Table 3.10. The differences in the orthogonal components of B
obtained from the three model chemistries could be differentiable
experimentally; these results await experimental verification.
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Table 3.10: Rotational constants (B) in GHz for the hydrated models of 1-MI. The
first, second, and third column values give B for the A, B, and C orthogonal-axes of
the moment of inertia, respectively. All results are from MP2/6-311++G(d,p) singlepoint calculations on the B3LYP, M05-2X, or MP2 energy-minimized structures, all
minimized with 6-311++G(d,p).
Model
EnergyBA (GHz)
BB (GHz)
BC (GHz)
minimization
method
1-MI·4H2O
MP2
1.126(9)
0.633(8)
0.501(9)
1-MI·4H2O
B3LYP
1.020(2)
0.601(3)
0.400(2)
1-MI·4H2O
M05-2X
1.124(9)
0.648(7)
0.512(2)
3.5 Conclusion
Comparison with 1-methylimidazole NMR data showed that multi-standard
mPW1PW91/6-31G(d)//B3LYP/6-311++G(d,p) NMR chemical shifts are
more accurate than those obtained from MP2/6-311++G(d,p) or M05-2X/6311++G(d,p) energy-minimized structures coupled with multi-standard
mPW1PW91/6-31G(d) or TMS-standard HF, B3LYP, or MP2 NMR methods
combined with the 6-311++G(2d,p) basis set.
The results also showed the B3LYP/6-311++G(d,p) energy-minimized 1-MI
and 1-MI·2H2O models more accurately correlated with the gas-phase FTIR
and aqueous-phase ATR-FTIR data, respectively, than the corresponding MP2
and M05-2X models did.
Furthermore, single-point energy and energy re-minimization calculations
showed that for the 1-MI·2H2O, 1-MI·4H2O and 1-MI·8H2O models, B3LYP
calculated structures with more stable energies than did M05-2X and MP2.
These thermodynamic results agree with the spectroscopic results.
Overall, the results show that B3LYP more accurately reproduced the
spectroscopic data than MP2 and M05-2X for the 1-MI and the 1-MI—water
model system. These results suggest that B3LYP may be a more accurate

89
method for modeling H-bonds between soluble organic molecules and water
than are MP2 and M05-2X. However, B3LYP could be under constraining
weak interactions, such as the OH-π interaction, which both the MP2 and
M05-2X structures exhibited; this under estimation of weak interactions could
explain the predominance of HO-H---N bonds observed in the B3LYP
models.

Furthermore,

weak

interactions

could

contribute

to

the

thermodynamic population of 1-MI in water; proposed microwave
spectroscopy experiments could determine if OH-π interactions between 1-MI
and water are occurring.
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Chapter 4
Evaluation of potential reaction mechanisms leading to the formation of coniferyl
alcohol α-linkages in lignin: a density functional theory study
4.1 Abstract
Five potential reaction mechanisms, each leading to the formation of an α-O-4linked coniferyl alcohol dimer, and one scheme leading to the formation of a recently
proposed free-radical coniferyl alcohol trimer were assessed using density functional
theory (DFT) calculations. These potential reaction mechanisms were evaluated using
both the calculated Gibbs free energies, to predict the spontaneity of the constituent
reactions, and the electron-density mapped Fukui function, to determine the most reactive
sites of each intermediate species. The results indicate that each reaction in one of the six
mechanisms is thermodynamically favorable to those in the other mechanisms; what is
more, the Fukui function for each free radical intermediate corroborates with the
thermochemical results for this mechanism. This mechanism proceeds via the formation
of two distinct free-radical intermediates, which then react to produce the four α-O-4
stereoisomers.
4.2 Introduction
Lignin, a hydrophobic biopolymer second in abundance only to cellulose,1 is
produced by the oxidative coupling of 4-hydroxyphenyl-propanoids,2 and is partially
responsible for the recalcitrance of plant cell walls to degradation in nature and during
biofuel production.3 Lignin biosynthesis begins with the enzymatically-mediated
conversion of L-phenylalanine into, primarily, three monomeric-alcohol building blocks
of lignin.4-9 When the enzymatic pathway continues to completion, the principal
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monomeric-alcohols formed are p-hydroxyphenyl alcohol (MH), guaiacyl alcohol (MG),
and syringyl alcohol (MS);6 guaiacyl alcohol is commonly known as coniferyl alcohol,10
and hereafter will be referred to as such or by the abbreviation MG (1). Structure 1
illustrates the carbon labeling scheme (MG) used throughout this paper. The letter “M” in
MG, MS, and MH denotes the primary lignin monomers.2

Following enzymatic

synthesis, 1 can undergo peroxidase-H2O2 oxidation to become a resonance-stabilized,
ground-state doublet free radical (2).2,8,11,12 Structure 2 shows the resonance structures
responsible for the most commonly formed dilignols, the radical electron can also reside
at C1 and C5, but these radicals produce negligible products.11,12

In vitro experiments with MG reacting with peroxidase-H2O2 or with H2O2,
followed by structural elucidation with NMR spectroscopy, show that MG reacts to form
linkages with other MG molecules.2,6,9 Numerous MG linkages have been reported9,13-15
and among those most commonly found in the literature are the β-O-4, 5-5, β-5, and β-β
linkages;2,6,9 these linked MG oligomers have been characterized by NMR spectroscopy.9
The relative-abundance ranges of the observed MG linkages have been reported as β-O-4
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(45-50%), 5-5 (18-25%), β-5 (9-12%), α-linkages (6-8%), and β-β (3%).15 Elsewhere,
the 5-5 linkage has been reported as a negligibly abundant product.6,9
One reaction mechanism that has been proposed to produce the β-O-4 linkage (3)
proceeds by the radical addition of two 2 molecules, followed by nucleophilic attack of
water on the resonance-stabilized, quinone methide intermediate (4) to form 3.9,16 The
formation of the 5-5, β-5, and β-β linkages also proceed by proposed mechanisms of free
radical addition after 2 has formed by a peroxidase-H2O2 catalyzed reaction.6,9,11,12,17 The
abiotic, in vitro reaction mechanisms for the free radical addition reactions of 2 are
widely accepted;9,12 these mechanisms can account for the three observed β-linked and
the 5-5 linked MG products.9 Previous computational quantum chemistry studies have
calculated the structure and energetics of 1 and 2;18-20 these studies have also provided
evidence for the free radical addition mechanisms for the formation of the β-O-4, β-5,
and β-β linkages.21-23 Some authors have hypothesized that lignin formation could be
enzymatically-mediated and that dirigent proteins can form optically active lignins,24-26
but to date no evidence has been reported to unequivocally support this hypothesis.9

To our knowledge, formation mechanisms for α-linkages (5 and 6) have not been
included in prior studies. α-linkages have a relative abundance of 6-8%,15 making them
more abundant than either β-5 or β-β linkages;13-15 therefore, the quantity of α-linkages
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in natural lignins and synthetic dehydrogenation polymers (DHP) of lignin could be
substantial. Understanding how α-linkages form could provide further insight, useful for
lignosynthesis and lignin degradation studies. However, the accepted free radical addition
mechanisms, which explain the formation of the β-O-4, 5-5, β-5, and β-β linkages,
cannot explain the formation of the α-linked 1, because the resonance structures of 2 do
not allow free-radical addition at C .
α

Additionally, the reviewed literature was ambiguous with regard to the moiety
present at the C of the α-linked MG structures. Studies have not explicitly reported
β

whether the C of the α-linked MG can be hydroxylated (5) as C is in 3, or whether C of
β

α

β

the α-linkage may serve as a site for addition of 1 or other moieties to form 6.14,15,27
Because the free radicals formed via the traditionally proposed mechanisms of
peroxidase-H2O2 hydrogen abstraction2,6,9 do not produce resonance structures for 2 that
would make the C favorably available for free radical addition, this work will explore
α

five potential mechanisms for the formation of 5, which is analogous to 3; these proposed
mechanisms will be evaluated in silico using computational chemistry. In addition, a
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recently proposed mechanism for the formation of a free radical trimer (7) will be
evaluated with computational thermochemistry.28

The first proposed mechanism (Scheme 1) proceeds through the formation of a
ground-state triplet 1,2-diradical, formed by breakage of the of the C =C π-bond, thus
α

β

forming a triplet state σ-bond of the type C ⎯C (Scheme 1; 8). A simultaneous reaction
•

•

α

β

of 1 with H2O2 to form 2 occurs. A diradical is defined herein as “two electrons
occupying two degenerate or nearly degenerate molecular orbitals”.29 Lengthening a
double bond by ≈7% can result in the transition of that double bond to a 1,2-diradical;30
moreover, the bond length of the resulting triplet-state σ-bond will be in the length range
of a single singlet-state σ-bond.30 The C =C carbon π-bond of MG may be susceptible to
α

β

a 7% lengthening in the free radical-rich environment where lignification occurs.
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SCHEME 1

A classic paper showing evidence for 1,2-diradical formation in ethene was
published by Mulliken nearly eighty years ago.31 This work showed evidence for the 1,2diradical of ethene and concluded that the lowest energy state of this diradical has a
perpendicular C-H orientation in the H-C-C-H dihedral, rather than the planar geometry
observed when ethene π-bond is intact.31-33 The formation of a 1,2-diradical at the C -C
α

β

carbon bond of MG may result in a perpendicular dihedral angle geometry about that H α

C -C -H bond, lending evidence to proposed structure 8. Subsequent experimental and
α

β

β

theoretical work has shown that various diradical species can form and are observable,
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but that they are short-lived with lifetimes in the nanosecond range and typically require
UV energy to form.32-35
Scheme 1 could then proceed by the addition of one 2 molecule at C to produce
α

9, followed by the addition of one OH at C of 9 to produce 5, the desired product
•

β

(Scheme 1). Although OH radicals are extremely short-lived, evidence shows that this
•

highly reactive radical species is necessary for cell wall growth and modifications.
Previous studies have focused primarily on cell wall saccharide modifications by OH ,36•

41

but the potential role of OH in lignin synthesis and degradation has not been
•

experimentally evaluated to the best of our knowledge. Consequently,

quantum

mechanical calculations were performed to determine the Gibbs free energy, stability,
and reactivity of the proposed 8 structure. Scheme 2 was evaluated, as all studied
mechanisms were, based on the thermodynamic favorability of each proposed reaction
within the mechanism. In addition, UV-Visible spectroscopy experiments, coupled with
TD-DFT calculations, were conducted to determine if 8 could be observed
experimentally.
Scheme 2 begins with the reaction of two MG molecules with H2O2 to form two
distinct ground-state doublet radicals and two waters. One doublet is 2,9,12 while the other
is 10 (Scheme 2). Structure 10 contains a hydroxylated C ; this radical could form by
β

reaction with OH from H2O2. Once formed, C of 10 could then react with O4 of 2 to
•

•

•

α

form 5. Scheme 2 avoids the formation of the unstable, short-lived 1,2-diradical by
immediately attacking C with OH , which could be available from H2O2.36-41
•

β
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SCHEME 2

Scheme 3 follows two distinct, proposed pathways. The first pathway oxidation of
three 1 molecules to produce 2 and 9; these two radical species then react to form 6,
which can then, by addition of water and loss of 1, produce 5. The second pathway for
Scheme 3 is analogous to the first, except the initial reaction of three 1 molecules leads to
the formation of one 2 and 11; this pathway of Scheme 3 then proceeds analogously
through 6 to form 5.
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SCHEME 3

Scheme 4, for the formation of an 5, progresses through the formation of 4,6,9,10
followed by nucleophilic quenching of the C of the 4 by 1, rather than H2O. The
α

resulting 6 structure then undergoes a subsequent nucleophilic attack by water at the C ,
β

resulting in 5 by loss of 1.

SCHEME 4

Scheme 5 proceeds by the stepwise radical attack of OH from H2O2 at either the
•

C and C to form either the 10 or 12, respectively; these structures are then further
α

β
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hydroxylated by OH to form 13. The 5 structure is produced by nucleophilic substitution
•

of 1 for water at C of 13.
β

SCHEME 5

Scheme 6 was suggested in a recent chapter in a volume about lignin.28 Here,
three 1 monomers are oxidized to three 2 radicals; two of the radicals react to form 4, and
then the third 2 radical attacks the electron-deficient C of the 4 to produce the 7. The
α

thermodynamic favorability for the formation of this proposed doublet trimer was
evaluated in this study.
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SCHEME 6

Density functional theory (DFT) calculations were used to explore the possibility
of these five mechanisms occurring and to predict which mechanism, if any, leads most
favorably to 5.42,43 In addition, DFT methods were used to determine if 7 will form.28
DFT was used to provide thermodynamic and structural evidence for the interaction of
the products, reactants, and for their respective reactions. Furthermore, calculations using
the electron-density mapped Fukui function were incorporated to show the propensity for
the proposed reaction intermediates to react, and to compare these results with the
thermochemistry results.44 Additionally, natural bond order (NBO) analysis45 calculations
were used to provide theoretical evidence for the formation and reactions of 8. Moreover,
time-dependent density functional theory (TD-DFT) calculations,46 coupled with ultraviolet/visible (UV-Vis) spectroscopic data were used to provide evidence for the
formation of 8. These DFT results will be used to evaluate the evidence for the βhydroxylated α-O-4 linkage (5), which is analogous to 3.
4.3 Methods
All models were built using Cerius2 (version 4.9–Accelrys Inc.) and were energyminimized in the gas-phase with Gaussian 03,47 using no symmetry or atomic constraints.
Calculations were peformed in the gas-phase because lignifcation may occur in an
aliphatic, rather than aqueous environment.23,48 Frequency calculations were performed
in the gas-phase, at the same level of theory, for each optimized structure to ensure that
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no imaginary frequencies were present, thus ensuring that each structure was at least at a
local minimum on its respective potential energy surface (PES).47,49 The frequency
calculations also provided the sums of the electronic and thermal free energy of
formation for each model;50,51 these results were used to calculate the Gibbs free energies
for the reaction mechanisms in this study. Energy minimizations, frequency calculations,
and all subsequent calculations were performed using DFT42,43 with the hybrid density
functional B3LYP,52-54 coupled with the 6-311++G(d,p) Pople-type basis set.55,56 By
default, Gaussian 03 uses unrestricted DFT methods for models with unpaired electrons
and restricted DFT methods for models with paired electrons.47 Spin contamination for
each radical model was less than 5%, as shown in Table S1 of the Electronic
Supplementary Information.57
The Gibbs free energy of each reaction was calculated using: ΔG°reaction=
ΣΔG°products - ΣΔG°reactants. The ΔG°reaction results are reported in kJ/mol, these units were
obtained by multiplying the difference obtained from the equation (in Hartrees/particle)
by a factor 2625.5 kJ1particle1 Hartree-1mol-1. Throughout this paper, the calculated ΔG°
results are reported, but herein, ΔG°=ΔG, because all gas-phase reactants and products
are assumed to have dimensionless, unit activities, so Q=1 and ln(Q)=0 in
ΔG=ΔG°+RTln(Q); therefore, ΔG° is used throughout to evaluate reaction spontaneity.
To determine if 8 could form based on its geometry, ethene, which can form 1,2diradicals, was used as a comparative model.30-33 The ground-state triplet of ethene is
known to preferentially attain a perpendicular geometry about its H-C-C-H dihedral
angle;30-33 further, calculations with ethane and ethene were performed to compare the CC and C=C geometry and bond lengths of these compounds with those of 8. To compare
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the C -C bond geometry in 8 with a known systems, B3LYP/6-311++G(d,p) geometry
α

β

optimizations and frequency calculations were performed on ground-state singlet ethane,
planar (180º) ground-state singlet ethene, planar (180º) ground-state triplet ethene, 45°
ground-state triplet ethene, and perpendicular (90º) ground-state triplet ethene. All of
these angles refer to the H-C-C-H dihedral angle. Ethane provided a reference sp3
hybridized C-C bond and planar ground-state ethene provided a sp2 hybridized C=C
bond. The triplet models provided geometries by which to compare the C -C bond length
α

β

8.
Natural bond order (NBO) calculations were performed on 1, 2, and 8 to
determine the bond order and changes in bond order between C -C , the aromatic-ring
α

β

carbons C1-C6, C1-C , and C4-O4 in the three models. Additionally, NBO calculations
α

provide information about electron delocalization,45,58 which was useful to further
elucidate the potential formation of 8. The NBO calculations were performed using NBO
program implemented in Gaussian 03.47
Prior studies have successfully used frontier molecular orbital (FMO) theory to
model a mechanism for the formation of 3, but were unable to predict the relative
stability of coniferyl alcohol dilignols,23,48 based on abundance data.15 While FMO theory
is an effective tool, the theory is based on the independent electron approximation, and
does not account for the effect of correlation or orbital relaxation.44,59,60 Conversely,
Fukui functions are based on a many-electron density and account for correlation.60 Fukui
functions were used to determine the proclivity of the reaction intermediates toward
nucleophilic or free radical reactions.44,60,61 Fukui functions have been used previously to
model the reactivity of ground state monolignols.19,30,61 Therefore, in this study Fukui
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functions will be used to study the propensity of reactants, products, and intermediates
toward nucleophilic, radical, or electrophilic attack, as appropriate to the reaction
scheme.
Fukui functions were calculated by first obtaining an energy-minimized model,
followed by single-point calculations47 for the N-1, N, and N+1 states of the model, using
the same optimized geometry for each single-point calculation, where N is the number of
electrons in the model.19,20,44,60,61 Using the optimized structure of 1 as an example, the
charge and multiplicity (charge, multiplicity) necessary for the single-point calculations
for the N-1, N, and N+1 calculations would be (1,2), (0,1), and (-1,2), respectively.
Utilizing the checkpoint file obtained from these calculations, the Gaussian 03 cubegen47
utility can generate the density cubes necessary to obtain each Fukui function. The
cubegen utility in Gaussian 03 calculates the ρN+1, ρN, and ρN-1 grids for use in generating
electron-density mapped surfaces in GaussView.47 In these equations, ρ is the electrondensity of the N+1, N, or N-1 state of the model. GaussView then calculates the electrondensity mapped surfaces from arithmetic operations on the cube files, namely f(-)=ρN-ρN1,

f(0)= ½(ρN+1-ρN-1), and f(+)=ρN+1-ρN, where f(-),	
   f(0),	
  and	
   f(+) show the sites that are most

susceptible to electrophilic, radical, or nucleophilic attack, respectively.19,20,38,48,59,60 All
Fukui function mapped surfaces were parameterized in exactly the same manner using
GaussView 03,47 where Isovalue=0.020, Density=0.090, and the color range was set from
5x10-5 (Red) to 5x10-3 (Blue). For this work, dark-blue coloration represents the most
reactive regions on a given molecule. These surface-mapping parameters were obtained
by matching previously reported f(-),	
   f(0),	
   and	
   f(+) Fukui functions for 1,19 with current
calculations, and were then used to find the f(0) Fukui function for 2, which were found to
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exactly match the currently hypothesized 2 resonance structures;6,9 these surface-mapping
parameters were then applied to all further Fukui function calculations.
Prior workers have suggested that use of the Hirshfeld population analysis (HPA)
can provide a chemically-relevant, non-negative condensed Fukui function to numerically
predict chemical reactivity;62,63 however, recent work by the same group has questioned
the consistency between the HPA obtained condensed Fukui function results and
chemical intuition.64 Therefore for this work, the electron-density mapped Fukui
function, which uses only the B3LYP calculated densities, were used to qualitatively and
visually examine the reactivity of each reaction intermediate.
Time-dependent DFT (TD-DFT) was used to calculate absorbance wavelengths
for triplets that may form when 1→8. These calculations were performed with the TD
keyword in Gaussian 03,47 and were used to calculate twenty singlet and twenty tripletexcited states for the ground-state singlet MG model. These calculations were used to
determine if 8 was observable with UV-Visible spectroscopy.46,65 The results were
compared with an experimental spectrum, obtained on a Shimadzu UV-2550
spectroscope (model #TCC-240A). Coniferyl alcohol (1) was obtained from SigmaAldrich (product #223735, lot #MKAA3247, 98% purity). The compound was dissolved
in HPLC-grade water (Sigma Aldrich #34877) to a final concentration of 50 µM. The
UV-Vis sweep rate was set to slow (B. Diehl, pers. comm.).
Where stereoisomers were possible, due to chiral carbon centers at C , C , or both
α

β

carbons, the pertinent models were built and energy-minimized. For example, 5 has a
chiral center at both C and C , so the models were built for the threo [(R,R) or (S,S)] and
α

β

ethryo [(R,S) or (S,R)] stereoisomers. Therefore, the stereoisomers of 5 will be
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represented as (R,R)-5, (S,S)-5, (R,S)-5, and (S,R)-5. Note that only the ethryo [(RS) or
(SR)] forms of 6 have been observed with NMR spectroscopy;47 therefore, only the
ethryo forms of 6 and 7 were built and used for this work. For models that contain a
radical electron at either C or C , stereochemistry will be specified only for the chiral
α

β

carbon; for example, 12 could be either (R)-12 or (S)-12, where the stereochemistry
refers to C and the radical electron is at C . Finally, the quinone methide (4) contains a
α

β

chiral C and will be represented only as (R)-4 or (S)-4, because the C −atom of 4 used
β

α

for this work is not a chiral center.
For these calculations, two conformers of each model were energy-minimized,
and the lower-energy model of the two was used to calculate the energetics of the
reaction

mechanisms.

However,

the

energy-minimized

model

used

for

the

thermochemistry calculations may not be at a global-minimum on the potential energy
surface (PES), but rather at a local-minimum. A more thorough conformational analysis
and the inclusion of thermodynamically weighted Gibbs free energies, while not part of
this preliminary work, could provide better results.
Experimental71 and calculated 13C and 1H NMR chemical shifts for 6 are reported
in the Electronic Supplementary Information in Table 4.2S. NMR data is available only
for the racemic erythro (R,S)-6 and (S,R)-6 stereoisomers;71 therefore, only the calculated
results for those two stereoisomers are compared with the data. An accurate methodology
for the calculation of NMR chemical shifts for coniferyl alcohol dimers was reported
previously.66
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4.4 Results and Discussion
For all mechanisms discussed, the net reactions for the formation of the four
stereoisomers of the 5 are the same, namely 1 + 1 + H2O2  5 + H2O. The ΔG° for these
four net reactions are -235, -232, -237, and -197 kJ/mol for the (R,R)-, (S,S)-, (R,S)-, and
(S,R)-5 linkages, respectively. These net Gibbs free energy changes were obtained by
adding each reaction step in a particular, proposed mechanism.
4.4.1 Mechanism 1
Scheme 1 shows the first proposed mechanism for the formation of the 5. The
Gibbs free energy (ΔG°) for the formation of 8 from 1 (Table 4.1) is +207 kJ/mol, which
is thermodynamically prohibitive and most likely precludes this mechanism from
occurring. Furthermore, the formation of a 1,2-diradical triplet from ground-state singlet,
such as 1 producing 8, is considered an unfavorable transition and the resulting triplets
are short-lived, on the nanosecond scale.33-35 Additionally, the formation of 8 is quantum
mechanically prohibited because one electron in the broken bond must undergo a spinforbidden transition in order to attain a triplet multiplicity (ms= -½ transitions to ms= +½,
or vice versa). However, although 8 is unlikely to form spontaneously, it is possible that
the reaction could be driven by visible light at ≈580 nm, where E=(hc/λ), to produce 8
from 1, which could allow this mechanism for 5 formation to occur in the laboratory.
However improbable the formation of 8 may be, there is, nevertheless, empirical
evidence for the formation of 1,2-diradicals,31-35 and these observations can be supported
with computational chemistry.
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Table 4.1: Calculated Gibbs free energies for the reactions used for Scheme 1.
Reaction
18
1 + H2O2  2 + H2O + OH
8 + 2  (R)-9
8 + 2  (S)-9
(R)-9 + OH  (R,R)-5
(R)-9 + OH  (R,S)-5
(S)-9 + OH  (S,R)-5
(S)-9 + OH  (S,S)-5
•

•

•

•

•

ΔG°
(kJ/mol)
+207
-22
-86
-101
-334
-336
-281
-316

For example, the B3LYP/6-311++G(d,p) calculated ΔG° for the transition from
singlet planar ethene to triplet perpendicular ethene is +249 kJ/mol, and the B3LYP/6311++G(d,p) calculated transition from singlet to triplet xanthene by homolysis, as
proposed in earlier work,67 is +290 kJ/mol. Both the formation of triplet ethene and
xanthene require UV radiation to induce the 1,2-diradical, but both triplets are
empirically observed intermediates.31-33,67 Therefore, although the spontaneous formation
of 8 is improbable based on ΔG° (+207 kJ/mol, λ ≈ 580 nm), there are parallels between
the optimized 8 structure and perpendicular triplet ethene that warrant discussion,
because 8, if it can form, could be useful for the synthesis of novel lignins.
Additional evidence for the formation of 8 is provided by the geometry-optimized
structure. When optimized, 8 exhibits a 94° rotation about its H -C -C -H dihedral angle,
α

α

β

β

which rotates the angle from planar to approximately perpendicular; this rotation has
been observed in 90° H-C-C-H dihedral rotation from singlet planar ethene to triplet
perpendicular ethene and other alkenes reported in the literature.31-33 Additionally, the
calculated C -C bond length increased from 1.34 Å in 1 to 1.49 Å in 8 (+11%), which
α

β

agrees well with the 9% increase in bond length calculated when singlet planar ethene
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transitions to its triplet perpendicular geometry. B3LYP/6-311++G(d,p) calculations
performed on ethane (C-C: 1.53Å), singlet ethene (C=C: 1.33 Å), and perpendicular
triplet ethene (C-C: 1.45 Å) indicate that the 8 C -C bond (1.49 Å) has more single, σα

β

bond character than the MG C =C bond (1.34 Å).
α

β

NBO analysis also supports the formation of 8 based on bond orders; here, the
Wiberg bond index,68,69 from NBO analysis, which calculates the number of covalent
bonds between two atoms, indicates that the number of covalent bonds in C -C bond
α

β

decreased from 1.84 in the 1 to 1.09 in 8; Therefore, these NBO analysis results indicate
that the C -C double-bond character in 1 transitioned to a single-bond character in 8. The
α

β

calculated dihedral rotation of ≈90º coupled with the transition of the C =C to C -C are
α

β

α

β

necessary, but not necessarily sufficient supporting evidence for the formation of 8.30-33
Fukui functions provide additional evidence for the possible formation of 8. To
ensure that the methodology used herein for obtaining the electron-density mapped Fukui
functions is representative of that found in the literature, the f(0) Fukui function of 1 was
mapped (Figure 4.1a) and found to be identical to one previously reported.19 The f(0)
Fukui function shows regions on a given molecule that are available for free-radical
addition reactions; potentially reactive regions on a particular molecule are colored darkblue throughout this work. Additionally, the electron-density f(0) Fukui function for 2
shows that the radical electron can reside at C1, C3, C5, C , or O4; this result is in
β

agreement with the resonance structures for 2 proposed in the literature (Figure 4.1b).6,9
Subsequently, the electron-density mapped surface of the f(0) Fukui function for 8
suggests that this compound susceptible to radical addition at C , whereas the f(0) Fukui
α

function for 1 and 2 suggests that these molecules are susceptible to C radical addition
β
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(Figure 4.1c). Consequently, the increased propensity for radical addition at C may make
α

the proposed mechanism with 8 a useful way of producing 5, assuming enough energy
(>207 kJ/mol) is supplied to the reaction to produce 8.

Figure 4.1: Electron-density mapped f(0) Fukui function for 1 (a.), 2 (b.), and 8 (c.)
proposed in Scheme 1. The dark-blue regions show the areas of the molecules most
susceptible to free radical addition.
Finally, there is evidence for the 1 → 8 transition based on agreement between
UV-Vis spectroscopy data and TD-DFT calculated results. UV-Vis data for coniferyl
alcohol show three prominent peaks at 215.60, 262.20, and 293.40 nm, which correspond
with the TD-DFT calculated results for 8, 214.27, 264.37, and 288.93 nm, respectively.
The calculated (y) vs. experimental (x) points fit a straight line, y=0.97x + 6.85, and
r2=0.993; in addition the mean unsigned error (MUE), root mean squared error, and
maximum error for these data and results were 2.7, 3.0, and 4.5 nm, respectively.
Although the UV-Vis and TD-DFT results correlate well and the errors associated with
the computational results are low, the results are not red-shifted or blue-shifted in a
systematic manner, compared with the data. Therefore, the slope and intercept do not
represent a predictable scaling factor and offset trend, respectively.70 Thus, 8 is supported
by the experimental evidence for the formation of other 1,2-diradicals found in the
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literature, structural results from this work, and by UV-Vis spectroscopy data coupled
with TD-DFT results from this work.
The subsequent reactions in the first mechanism (Scheme 1) are all
thermodynamically favorable and could lead to the formation of the four stereoisomers
of the 5, through the radical intermediate (R)-9 or (S)-9, which forms by the spontaneous
reaction of 2 with 8 (Table 4.1). Both the f(0) Fukui function of (R)-9 and (S)-9 predict
that these models are susceptible to radical attack at C (regardless of stereochemistry of
β

the radical), which supports the thermodynamic results. The f(0) Fukui function of (R)-9
is show in Figure 4.2.

Figure 4.2: Electron-density mapped f(0) Fukui function for (R)-9. The corresponding
Fukui function for (S)-9 (not shown) also indicates susceptibility to radical attack at Cβ.
4.4.2 Mechanism 2
Scheme 2 shows the proposed reactions for second mechanism. The reaction
begins with the H2O2 oxidation of two molecule of 1, leading to one 2 molecule, and
either a (R)-10 or (S)-10 radical. Both of these reactions are predicted to be spontaneous
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(Table 4.2), but the formation of (S)-10 is favored by 15 kJ/mol, ΔG° = -132 kJ/mol,
compared to the formation of (R)-10, ΔG° = -132 kJ/mol.
Table 4.2: Calculated Gibbs free energies for the reactions used for Mechanism 2 (see
Scheme 2).
Reaction
ΔG°
(kJ/mol)
1 + 1 + H2O2  2 + (R)-10 + H2O
-117
1+ 1 + H2O2  2 + (S)-10 + H2O
-132
2 + (R)-10  (R,R)-5
-118
2 + (R)-10  (S,R)-5
-80
2 + (S)-10  (R,S)-5
-105
2 + (S)-10  (S, S)-5
-100
The (R)-10 and (S)-10 radicals then react spontaneously with 2 to form the four
stereoisomers of the 5 (Table 4.2). The f(0) Fukui function for (R)-10 and (S)-10 show
that the molecule could undergo radical addition at C , as expected. The f(0) Fukui
α

function for the 10 also indicates that this molecule could add 2 at either C , C4, or C6
α

(Figure 4.3). However, the addition of 2 at C6 would lead to a product with decreased
aromaticity of 10 (unless hydride transfer can occur from C6 to C ), and the addition of 2
α

at C4 would require a hydroxyl transfer to C to maintain aromaticity in both rings. Only
α

an attack by 2 at C leads to 5; therefore, there will be no further discussion about the
α

addition of 2 at C4 or C6, because no abundances have been reported for these linkages
and they are not the focus of this work.
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Figure 4.3: Electron-density mapped f(0) Fukui function for (S)-10. The corresponding
Fukui function for (R)-10 (not shown) also indicates susceptibility to radical attack at C .
The f(0) reactive sites at C4 and C6 are discussed in the Results and Discussion section for
Mechanism 2.
α

4.4.3 Mechanism 3
The third mechanism for the formation of the 5 is suggested to proceed via two
different pathways in Scheme 3; the Gibbs free energies for these reactions are shown in
Table 4.3. The first pathway (Scheme 3) begins with the spontaneous oxidation of three
MG molecules by H2O2 to form the (R)-9 and (S)-9 radical intermediates, while the
second pathway begins correspondingly, with the spontaneous formation of the (R)-11
and (S)-11 radical intermediates; both pathways also form 2.
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Table 4.3: Calculated Gibbs free energies for the reactions used for Scheme 3.
Reaction
ΔG°
(kJ/mol)
1 + 1 + 1 + H2O2  2 + (R)-9 + 2H2O
-70
1 + 1 + 1 + H2O2  2 + (S)-9 + 2H2O
-85
2 + (R)-9(R,S)-6
-143
2 + (S)-9(S,R)-6
-143
1 + 1 + 1 + H2O2  2 + (R)-11 + 2H2O
-133
1 + 1 + 1 + H2O2  2 + (S)-11 + 2H2O
-97
2 + (S)-11(R,S)-6
-115
2 + (R)-11(S,R)-6
-95
(R,S)-6 + H2O  1 + (R,R)-5
-22
(R,S)-6 + H2O  1 + (R,S)-5
-24
(S,R)-6 + H2O  1 + (S,R)-5
+31
(S,R)-6 + H2O  1 + (S,S)-5
-3
The (R)-9 and (S)-11 radicals each spontaneously react with 2 to produce the
(R,S)-6 trimer; in a parallel manner the (S,R)-6 trimer forms by the spontaneous addition
of 2 to the (S)-9 or (R)-11 radical (Table 4.3). Figure 4.4 shows the f(0) Fukui function for
(R)-9 and (R)-11, which correctly predict radical reactive sites at C and C for the 9 and
α

β

11, respectively; the Fukui function of 9 (Figure 4.4a) and 11 (Figure 4.4b) agrees with
the thermodynamic results for the spontaneous formation of the 6 (Table 4.3). The radical
reactive sites shown for (R)-11 (Figure 4.4b) suggest that radical attack may occur at C1
and C4, in addition to C , but products resulting from free radical addition at the former
α

two sites have not been experimentally observed.
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Figure 4.4: The f(0) Fukui function for a. (R)-9 and b. (R)-11 discussed in Scheme 3; the
corresponding (S)-stereoisomers (not shown) exhibit the same electron-density mapped
properties.
Once formed, the stereoisomers of 6 undergo nucleophilic attack by H2O at their
respective C -atoms, coupled by loss of 1 to form the four stereoisomers of 5. However,
β

the results show that only the formation of the (R,R)-5 and (R,S)-5 linkages from (R,S)-6
are spontaneous, while the formation of the (S,R)-5 and (S,S)-5 linkages from (S,R)-6 are
not spontaneous (Table 4.3). More correctly, the formation of the (S,S)-5 is slightly
favorable (ΔG° = -3 kJ/mol), but the equilibrium constant, Keq, (where Keq=exp[ΔG°/RT]) for this reaction is three orders of magnitude less than Keq for the formation of
either the (R,R)-5 or (R,S)-5 from (R,S)-6. Therefore, the formation of the (S,S)-5
linkage is thermodynamically improbable.
Significantly, the f(+) Fukui function for both the (R,S)-6 and (S,R)-6 trimers
suggest that these molecules do not exhibit a predilection for nucleophilic attack at either
C

α

or C (Figure 4.5). These Fukui function results support the unfavorable
β

thermodynamic results for the production of the (S,R)-5 and (S,S)-5 linkages from the
(S,R)-6 trimer, but these Fukui function results contradict the thermodynamic results for
the spontaneous formation of the (R,R)-5 and (R,S)-5 linkages from the (R,S)-6 trimer.
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Therefore, the f(+) Fukui function may not a reliable predictor of trimer nucleophilicity,
because if the thermodynamic results for the Scheme 3 mechanism are accurate, then the
major products should be the (S,R)-6 trimer and the (R,R)-5 and (R,S)-5 dimers.
Conversely, if the Fukui functions are accurate, then only the trimers should be observed.
The latter conclusion may be the case, because 6 has been observed,71 whereas 5,
analogous to 3, has not been observed experimentally.

Figure 4.5: The f(+) Fukui function for (R,S)-6; this result suggests that this molecule is
not have proclivity toward nucleophilic attack.
4.4.4 Mechanism 4
The fourth proposed mechanism (Scheme 4) for the formation of 5 begins with
the reaction of two molecules of 1 with one molecule of H2O2 to spontaneously produce
two molecules of 2 (Table 4.4); the two molecules of 2 can then react to form 4.
Formation of the (R)-4 is not spontaneous, ΔG° = + 12 kJ/mol, while the formation of the
(S)-4 is, ΔG° = -14 kJ/mol (Table 4.4). The non-spontaneous formation of the (R)-QM
prohibits the formation of the (S,R)-6 trimer; this trimer, as discussed for Scheme 3, will
not spontaneously react to form the (S,R)-5 and (S,S)-5 linkages. Therefore, Scheme 4
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can produce only one of two experimentally observed stereoisomers of 6, and potentially
only two of the four postulated stereoisomers of 5.
Table 4.4: Calculated Gibbs free energies for the reactions used for see Scheme 4.
Reaction
ΔG°
(kJ/mol)
1 + 1 + H2O2  2 + 2 + 2H2O
-192
2 + 2  (R)-4
+12
2 + 2  (S)-4
-14
(R)-4 + 1  (S,R)-6
-49
(S)-4 + 1  (R,S)-6
-7
(R,S)-6 + H2O  (R,R)- 5
-22
(R,S)-6 + H2O  (R,S)- 5
-24
(S,R)-6 + H2O  (S,R)- 5 + 1
+31
(S,R)-6 + H2O  (S,S)-5 + 1
-3
If it is the case that the (R)-4 is not spontaneously produced, as predicted by these
results, this could impede the formation of racemic mixtures of 3; nevertheless, because
evidence supports non-optically active lignins,9 the non-spontaneous formation of the
(R)-4 needs to be studied further.
The spontaneously produced (S)-4 can undergo spontaneous nucleophilic addition
of 1 at its electron-deficient C to form the (R,S)-6 trimer (Table 4.4); this reaction is
α

supported by the f(+) Fukui function of 4, which show the propensity of the C of the QM
α

to nucleophilic attack. The f(+) Fukui function for 4 also shows (Figure 4.6) that the
intermediate is vulnerable to nucleophilic attack at C6, C4, or O4. The uncharged
quinone methide only exists when the nucleophilicity resides at C , while Zwitterions are
α

necessary to explain the nucleophilic C6, C4, or O4 moieties predicted by f(+) for the QM;
an unstable oxycation (O4+) an carbanion (C4-) are required to attain nucleophilicity at
O4. Succinctly, because only the lignin products, where C acts as a nucleophile, have
α
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been observed with any abundance, further discussion of the nucleophilicity at C6, C4, or
O4 of the QM is moot.

Figure 4.6: The f(+) Fukui function for a. (R)-4 and b. (S)-4
(R, S)-6 can undergo nucleophilic substitution by H2O at C to spontaneously
β

form (R,R)-5 and (R,S)-5 (Table 4.4); this reaction, as in Mechanism 3, is not supported
by the f(+) Fukui function of the trimer (Figure 4.5), which predicts that the (R, S)-6
trimer should not undergo nucleophilic attack.
4.4.5 Mechanism 5
Mechanism 5 (Scheme 5) is unlikely to occur because the formation of the
stereoisomers of 10 and 12 are thermodynamically unfavorable (Table 4.5). Additionally,
these unstable radical monomers have not been reported in the literature. Although the
Gibbs free energies to form the radical intermediates in Scheme 5 are exceedingly more
favorable than those to form 8 in Scheme 1, to our knowledge, no experimental nor
theoretical evidence supporting the existence of the radicals proposed for this mechanism
is available. Subsequently, the occurrence of this mechanism, as written, is debatable.
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Table 4.5: Calculated Gibbs free energies for the reactions used for Scheme 5.
Reaction
ΔG°
(kJ/mol)
1 + H2O2  (R)-10 + OH + H2O

+53

1 + H2O2  (S)-10 + OH + H2O

+38

1 + H2O2  (R)-12 + OH + H2O

+94

1 + H2O2  (S)-12 + OH + H2O

+94

•

•

•

•

If two OH from H O could react spontaneously at C and C of 1 to form the four
•

2

2

α

β

stereoisomers of 13 (Scheme 5), the results predict this reaction to occur spontaneously
(ΔG° ≈ -230 kJ/mol). However, this reaction may be kinetically improbable because a
termolecular reaction must occur between the two OH and 1 to produce the 13. If this
•

termolecular reaction occurred, then this reaction could proceed spontaneously via
nucleophilic substitution of MG for OH at C to form the four stereoisomers of 5. This
α

mechanism requires further study.
4.4.6 Mechanism 6
The sixth mechanism (Scheme 6), for the formation of free-radical trimers,28
begins with the spontaneous oxidation of three molecules of 1 with H2O2 to form three
molecules of 2 (Table 4.6). As in Scheme 4, the formation of the (R)-4 is not spontaneous
(Table 4.6), and even if it were spontaneous, the next step leading to the formation of the
(S,R)-7 is also non-spontaneous, according to the calculated results (Table 4.6).
Conversely, the formation of the (S)-4 is spontaneous (Table 4.6), but the formation of
the (R,S)-7 from the (S)-4 is not spontaneous (Table 4.6). These thermodynamic results
suggest that proposed Mechanism 6 will not occur spontaneously. Conversely, the f(0)
Fukui function for the (R,S)-7 and (S,R)-7 trimer radicals correctly predicts the sites on
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the molecule that are prone to radical attack at C1, C3, C5, and O4 (Figure 4.7); however,
the molecule would be most subject to radical attack at O4 and C5.
Table 4.6: Calculated Gibbs free energies for the reactions used for Scheme 6.
Reaction
ΔG°
(kJ/mol)
1 + 1 +1 + 1.5H2O2  2 + 2 + 2 + 3H2O
-287
2 + 2  (R)-4
+12
2 + 2  (S)-4
-14
(R)-4 + 2  (S,R)-7
+15
(S)-4 + 2  (R,S)-7
+16

Figure 4.7: The f(0) Fukui function for a. (R,S)-7.
4.5 Conclusion
This work is the first to address several potential mechanisms for the formation of
α-linkages in lignin using DFT, providing thermodynamic and frontier orbital evidence
for the formation of these linkages.


Scheme 1: The formation of 8 is potentially supported by theoretical evidence
from this work and by empirical evidence from prior workers. However, this
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mechanism is improbable due to the short lifetime of 1,2-diradicals and the
unfavorable thermodynamics for the formation of 8.


Scheme 2: All reactions in this mechanism are predicted to be spontaneous,
and the Fukui functions for the intermediates support the thermodynamic
results. Scheme 2 provides the most probable potential mechanism evaluated
in this work, which could favorably lead to the formation of the four
stereoisomers of 5.



Scheme 3: The thermodynamic results predict that the (R,S)-6 can react with
water to form the (R,R)-5 and (R,S)-5 dimers, but that the (S,R)-6 will not
spontaneously react with water, thus precluding the formation of the (S,R)-5
and (S,S)-5. Moreover, the f(+) Fukui function for both (R,S)-6 and (S,R)-6
predicts that neither trimer is susceptible to nucleophilic attack by water, thus
predicting that these experimentally observed structures should not lead to 5.



Scheme 4: This mechanism proceeds through a 4; the formation of the (S)-4 is
spontaneous, while formation of the (R)-4 is not. (S)-4 leads to (R,S)-6, which
may be stable based on experimental observation and the f(+) Fukui function;
in disagreement, the thermodynamic calculations predict that (R,S)-6 will
react with water to produce the (R,R)-5 and (R,S)-5 dimers. If the (R)-4 does
not form, then the (S,R)-6 will not form. Most importantly, if the (R)-4 does
not spontaneously form, then the widely accepted mechanism for the
formation of the (S,R)-3 and (R,R)-3 may be thermodynamically unfavorable.



Scheme 5: The formation of 10 and 12 is thermodynamically unfavorable, so
the reaction, as written, should not occur. If a termolecular reaction between
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two hydroxyl radicals and 1 can occur, then resulting structure 13 could lead
to the proposed products for 5 through nucleophilic substitution at C by 1;
β

however, termolecular reactions are typically not favored kinetically.


Scheme 6: The proposed formation of 7 is thermodynamically unfavorable,
and therefore not predicted to occur.

The results obtained from the mechanisms proposed in this work imply that 5
might not form, or be prevalent, relative to the empirically observed structure 6. The
thermodynamically unfavorable formation of (R)-4 requires further investigation, as does
the kinetic mechanism for the formation of 13.
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Chapter 5
Intermolecular	
  Interaction	
  between	
  Monomeric	
  Proxies	
  of	
  Cellulose,	
  
Hemicellulose,	
  and	
  Lignin:	
  A	
  Comparison	
  of	
  Dispersion	
  Parameterized	
  Density	
  
Functional	
  Theory	
  Methods.
5.1 Abstract
Density functional theory (DFT) calculations using the B3LYP, CAM-B3LYP,
LC-B97D, LC-ωPBE, ωB97X-D, and M05-2X methods, and the classical force field
COMPASS-27 energy minimized four configurations of monomer pair proxies for
cellulose-hemicellulose, cellulose-lignin, and hemicellulose-lignin. The goal of this work
was to better understand the intermolecular interactions that can occur between these
plant cell wall (PCW) polymers and to begin to develop methodologies that could lead to
the successful parameterization of a classical force field to study larger-scale PCW
polymer interactions. MP2 single-point energy calculations on the minimized structures
followed by thermodynamic weighting of the MP2 energies showed that the CAMB3LYP and LC-ωPBE methods calculated the most energetically-favorable structures for
the monomer pair sets. In addition, NBO calculations provided energetic explanations of
the calculated intermolecular interactions that included moderate strength H-bonds as
well as weaker CH-π, OH-π, and CH-O interactions. These results show that energy
minimization methodology as well as the use of multiple structures can affect the results
obtained from such work and that using the results from a single energy minimization
method coupled with fewer conformers could lead to erroneous results and inaccurate
force field parameters. These results showed that the CAM-B3LYP and LC-ωPBE DFT
methods could be useful for developing a classical mechanics force field to accurately
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model the intermolecular interactions that may occur between lignins and
polysaccharides in PCWs.
5.2 Introduction
Plant cell walls (PCW) contain assorted biopolymers such as cellulose,
hemicellulose, and lignin that surround, protect, and provide structure to plants.1
Cellulose is abundant in PCWs and is a prospective source of biofuels; however,
extraction of cellulose is laborious and costly because of its interactions with lignin,
which is recalcitrant to extraction from PCW materials.1 Because PCW polymers can
interact through intermolecular interactions, improved understanding of these interactions
could provide information pertinent to biofuel production. Consequently, this work
focuses on non-covalent, intermolecular interactions among PCW polymers, which may
include a variety of weaker (CH-π, OH-π, and CH-O) and stronger (OH---O) hydrogen
bonds (H-bonds);2-10 typical H-bond strengths are <16 kJ/mol for weaker H-bonds and
range from 16-60 kJ/mol for stronger H-bonds.11
Computational chemistry methods such as classical mechanics (CM) and quantum
mechanics (QM) allow the study of intermolecular interactions that can be
experimentally arduous and/or ambiguous to characterize. CM is useful for studying
larger models compared to computationally more expensive QM methods, but CM
methods can be less accurate than QM methods.12 QM calculation results can be a source
of CM force field parameters when experimental data is unavailable or uncertain;
however, the accuracy of those force field parameters depends on the accuracy of the QM
calculations.
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Currently, CM force fields (e.g., GLYCAM06, CHARMM27) are available to

model polysaccharide interactions;13 however, the QM energy minimization method used
to parameterize GLYCAM06, HF/6-31G(d), did not account for electron correlation or
dispersion forces that are necessary to accurately model intermolecular interactions and
may not be providing the lowest energy results for the QM energy-minimized
structures.14 In addition, a CHARMM27 force field parameterized for lignin used MP2/631G(d) energy-minimized structures;15 however, the MP2 energy-minimized structures
could be less energetically stable than those obtained with another method, another basis
set, or both. In addition, the parameters of this force field may be inaccurate because the
models used for the development of this force field were not representative of monomers
that constitute lignin.16 Furthermore, the parameterization of the lignin force field did not
account for intermolecular interactions; therefore, CM results from this force field would
indicate that these interactions are energetically unfavorable.15 Notably, the GLYCAM06
and lignin-CHARMM force fields are not combinable to study the interactions of
polysaccharides with lignin; there is currently no force field available to specifically
model lignin-polysaccharide interactions.
Developing a force field for lignin-carbohydrate polymer interactions is
challenging, because lignin is a hydrophobic polymer, whereas hemicellulose and
cellulose are hydrophilic polymers; therefore, a force field must be able to model the
unique amphiphilic nature of polysaccharide-lignin interactions. Accurate QM results can
provide chemically relevant parameters to an amphiphilic lignin-polysaccharide force
field.
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Computational resources limit the application of QM calculations to smaller

models than those used for CM calculations. One approach to circumventing this
limitation is to build a model that exhibits the intermolecular interactions of interest that
approaches the computational resource limitations for QM calculations, energy minimize
the model with a single method, and then extract the pertinent results from that model to
parameterize the proposed amphiphilic force field. However, a model that is relatively
large by QM standards with a single configuration and potentially unrealistic chemistry,
coupled with results from a single energy minimization method, could provide results
that do not encompass a wide distribution of potential interactions and might not provide
robust force field parameters.
This work employed monomer proxy interactions, rather than larger models that
require copious computational capacity. One criticism of this approach could be that
monomer proxies cannot provide information that is relevant to the PCW; therefore,
larger, more realistic models are necessary. As aforementioned, this assessment presumes
that a limited number of larger models, assessed with a limited number of computational
methods, can provide results that are applicable to interpret PCW architecture. This
methodology will prove unfruitful, if the chosen larger models lead to inaccurate QM
results and CM force field parameters due to computational expense, inaccurate
chemistry, and/or inappropriate QM methodology. Conversely, if one systematically
determines a method that provides consistent, energetically probable results for the
monomer pairs, and then successfully applies this method to larger models, which are
verifiable with experimental data, then one may more confidently apply QM parameters
to CM force fields.17
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Numerous papers are available that applied QM methods to sugar-aromatic

monomer pair models with different levels of applicability to PCW polymers.18-26 Some
limitations of these previous studies include:
1. use of an insufficient number of models that fail to capture the experimentally
observed thermodynamic distribution of conformations and interactions.
2. use of models that are chemically unrealistic, compared to the system of
interest.
3. use of only one energy minimization method, followed by a more
computationally expensive single-point energy calculation. The results from
these calculations will be misleading, if the chosen energy minimization
method does not accurately capture the chemistry of the interactions.
4. the assumption that all of the calculated interaction energies contribute equally
to the thermodynamically-distributed observed data; however, models that are
higher-energy,

relative

to

the

lower-energy

models

may

be

thermodynamically inconsequential in the observed data.
The present work addresses some of these aforementioned limitations. First, this
work used monomer-proxy pairs that are chemically relevant to PCWs; moreover, this
work used four initial configurations for each monomer pair in an attempt to capture the
natural thermodynamic distribution of these monomers more accurately. Furthermore,
this work evaluated the ability of six different QM methods and one CM force field to
energy minimize each model and to determine which method predicted the lowest
energy, most probable monomer interactions. Ordinarily, computational chemists use
only one method to energy minimize their model(s) which can bias the results, if the
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method employed does not accurately predict intermolecular interactions. Because of
computer resource limitations, density functional theory (DFT)27,28 methods are more
applicable to larger model systems than are perturbative ab initio methods such as MP2;29
furthermore, prior work shows evidence that the DFT method M05-2X calculated
energies and structures that are similar to those calculated with MP2.30 In addition, the
QM methods used for this work must be applicable to larger model systems; therefore,
this requirement favors the use of DFT methods over MP2.
We hypothesized that the six DFT methods and one CM method will predict
different energy-minimized structures, which would exhibit various geometries and a
wide energy distribution. Consequently, we compared the energy-minimized geometries
based on a comparison of their thermodynamically weighted, single-point MP2/6311++G(2d,p) energies, and the presence of intermolecular interactions exhibited by the
energy-minimized models. The results from this work could indicate which DFT methods
are most suitable for performing larger-scale calculations and could ultimately provide
accurate parameters for an amphiphilic force field that can accurately model ligninpolysaccharide interactions.
5.3 Methods
5.3.1 Models
Figure 5.1 shows the labeled structures of the monomer proxies used in this study
for cellulose (G), hemicellulose (X), and lignin (MG), which are derivatives of β-Dglucose with methoxylation at C1 and C4, β-D-xylose also with methoxylation at C1 and
C4, and coniferyl alcohol with methoxylation at C4 and Cβ, respectively. The addition of
methoxy groups to G, X, and MG provided approximation of the longer-range structure
of cellulose, hemicellulose, and lignin, respectively. Methoxylation also eliminated
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potential H-bonding at C1 and C4 of X and G, and O4 and Cβ of MG that might
otherwise occur but would not be observable experimentally for these polymers. Note
that for these monosaccharides, β refers to the equatorial position of the anomeric C1,
whereas, for coniferyl alcohol and MG, β refers to the Cβ of the propenol side chain
(Figure 5.1).

Figure 5.1: Monomer proxies shown for cellulose (G), hemicellulose (X), and lignin (MG). G, X, and MG
are methoxylated derivatives of β-D-glucose, β-D-xylose, and coniferyl alcohol, respectively. Arabic
numbers denote the C-atoms in the monosaccharides, while the Arabic numbers and Greek letters denote
the C-atoms in coniferyl alcohol and MG.

Figures 5.2A and 5.2B show the two orientations used for G and X, respectively;
180º rotation about their respective x-axes leads from their orientations on the left to
those on the right for both G and X. For the initial structures, placement of the pyranose
rings of G and X, and the phenyl ring of MG in parallel provided the potential for several
intermolecular interactions. For example, placement of X above the phenyl ring of MG
resulted in an initial structure where an intermolecular CH-π and CH-O interaction were
possible (Figure 5.3); Figure 5.3 also shows an intramolecular H-bond that could occur in
the initial MG structure. To maximize the potential CH-π interactions for the initial
structures, we oriented the methoxyl groups (-OCH3) on C3 and C4 of MG in the
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negative z-axis direction (Figure 5.2C: MG and Figure 5.3). In addition, we arranged the
α,γ-dihydroxy-β-methoxy-propyl (DHMP) side chain of MG for each initial monomer
pair structure so that it would not interfere with the potential parallel pyranose-phenyl
ring orientations in the initial models (Figure 5.2C: MG and Figure 5.3); however, the
DFT energy-minimization calculations did not constrain symmetry or the atoms in the
models.

Figure 5.2: Relative orientations of the monomer proxies used for this study. For example, A. shows the
180º rotation about the x-axis of G. B. shows an analogous rotation for X. C. shows MG with its 3 and 4methoyl groups oriented in the negative z-axis direction. Orientation of the α,γ-dihydroxy-β-methoxypropyl side chain varied to allow for parallel ring interactions in the initial structures. For relative
positioning, note the labeled atoms on these models and the Cartesian axes in the lower left corner of the
figure.
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Figure 5.3: Potential intermolecular bonds and an intramolecular H-bond for the initial structure of model
X-MG 1 (Figure 5.5); the lower portion of the figure is an enlargement of the upper portion of the figure.
Note the orientation of X relative to MG as described in Figure 5.2.

Figures 5.4-5.6 show the twelve initial structures, built using ArgusLab
(ArgusLab 4.0.1, Planaria Software LLC, Seattle, WA, 2004). The initial geometry of
each monomer-pair model maximized the possible planar, intermolecular interactions
between the monomers as described in Figures 5.2 and 5.3. The initial structures exhibit
four different interactions for each monomer pair. Although four initial geometries for the
G-MG, X-MG, and G-X monomer pairs are probably insufficient to describe all of their
possible naturally-occurring interactions, this chosen subset of interacting monomers
allowed the evaluation of the structural and energy differences that occurred due to the
choice of the energy minimization method. Moreover, this model set provided results that
determined which method(s) calculated the lowest energy interaction(s). Hereafter, the
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labels shown in Figures 5.4-5.6 refer to the respective initial structures. For example, the
first interaction between G and MG in Figure 5.4 is G-MG 1.

Figure 5.4: The four initial structures used to calculate the interaction energies and geometries between G
and MG. See Figure 5.1 for the monomer structure details and labeling scheme, Figure 5.2 for the X and
MG orientations, and Figure 5.3 for an illustration of some potential intermolecular interactions.
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Figure 5.5: The four initial structures used to calculate the interaction energies and geometries between X
and MG. See Figure 5.1 for the monomer structure details and labeling scheme, Figure 5.2 for the X and
MG orientations, and Figure 5.3 for an illustration of some potential intermolecular interactions.

Figure 5.6: The four initial structures used to calculate the interaction energies and geometries between G
and X. See Figure 5.1 for the monomer structure details and labeling scheme, Figure 5.2 for the X and MG
orientations, and Figure 5.3 for an illustration of some potential intermolecular interactions.
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5.3.2 Computational methods
5.3.2.1 Energy-minimization calculations
Six DFT methods in Gaussian 09 energy minimized the initial structures (Figures
5.4-5.6) with no symmetry or atomic constraints.12,31 Subsequent frequency calculations
for each model verified the absence of imaginary frequencies and confirmed that each
model resided at an energy minimum.12,31 These DFT methods were: B3LYP,32-34 M052X,35 CAM-B3LYP,36 LC-B97D,37 LC-ωPBE,38 and ωB97X-D.39 Except for the
functional B3LYP, all DFT methods used for this work include correction factors to
account for intermolecular dispersion interactions (London forces) such as the long-range
correction (LC) incorporated into the LC-B97D and LC-ωPBE DFT methods;40 inclusion
of the LCs decreases errors in intermolecular interaction energies.41 Weak intermolecular
interactions may stabilize PCW polymer interactions, so the inclusion of dispersion
corrected DFT methods was necessary. Note that B3LYP parameters do not include
dispersion and long-range correlation corrections, so it can underestimate intermolecular
interactions;42 however, B3LYP use is widespread, and the results it produces herein are
instructive. All of the DFT energy minimization calculations used the 6-311++G(d,p)
Pople basis set;43,44 this basis set provides diffuse functions for the putative
intermolecular interactions, and polarized functions to account for the distortion of the
atomic orbitals within the molecules. In addition, the COMPASS-27 force field in
Materials Studio (Version 5.0; Accelrys Software Inc. 2009) calculated the energy
minima of the twelve initial models using fine convergence quality to compare the energy
and structural results obtained from that force field with those obtained from the DFT
methods.45
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5.3.2.2 Single-point energy calculations
Second-order Møller-Plesset perturbation theory (MP2),29 coupled with the 6-

311++G(2d,p) basis set calculated the single-point energies for each of the DFT and
COMPASS-27 energy-minimized models. These calculations allowed direct energy
comparisons of all the DFT energy-minimized structures. Single-point energy MP2
calculations using the 6-311++G(d,p), 6-311++G(2d,p), and 6-311++G(3d,2p) basis sets
indicated that ΔE (EG-MG

2

– EG-MG 1) showed MP2 energy convergence within 3×10-4

a.u. (<1 kJ/mol) for the latter two basis sets. Therefore, the 6-311++G(2d,p) basis set was
adequate for this work, because these MP2 calculations compared the relative energies
obtained from the energy minimization methods, rather than with experimental data.
These results do not include the counterpoise correction energies, because these
calculations provided the relative energies of the interacting monomers, rather than the
binding energies for the two monomers. Moreover, use of the counterpoise correction
with dispersion corrected functionals can overestimate the basis set superposition error
(BSSE); furthermore, for model sizes such as those used for this work, the BSSE should
be <10% of the total energy.37
5.3.3 Analysis
5.3.3.1 Thermodynamically-weighted results
To establish which DFT method(s) predicted the lowest energy interactions
between the monomer pairs, thermodynamic weighting of the MP2 single-point energy
results determined the respective Boltzmann factor (BF) for each model.46 For example,
the MP2 single-point results from six DFT and COMPASS-27 methods and the four GMG interactions (Figure 5.4) provide twenty-eight models in the thermodynamic mixture.
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Models with higher BF (where BF ≤ 1) contribute more to the thermodynamic weight and
are thus more energetically prevalent.
5.3.3.2 Comparison of geometries
To compare the prevalence and types of intermolecular interactions that occurred
between the energy-minimized monomer pairs natural bond order (NBO)47 analyses
calculations determined the relative E(2) energies of the intermolecular interactions for
the all models where BF>0.01. All NBO calculations used the LC-ωPBE/6-311G(d,p)
method without diffuse basis functions, which prevented chemically unrealistic electron
population assignments.48
5.4 Results and Discussion
Table 5.1 shows the relative energies and Boltzmann factors calculated using
MP2/6-311++G(2d,p) single-point energy calculations for each DFT and COMPASS-27
energy-minimized model. These results show that the CAM-B3LYP and LC-ωPBE
models account for 98% of the Boltzmann weight for the G-MG models; furthermore, GMG 1 (Figure 5.4) accounts for 83% of the Boltzmann weight, while G-MG 2 (Figure
5.4) accounts for only 15% (Table 5.1). Therefore, for the G-MG interaction, G-MG 1
energy minimized to the most favorable structures and the CAM-B3LYP and LC-ωPBE
structures accounted for 50% and 33% of the G-MG 1 Boltzmann weights, respectively.
Figure 5.7 shows the geometries, Boltzmann factors (BF), and the types and bond
lengths of prevalent intermolecular interactions for the most favorably interacting G-MG
models; in addition, Figure 5.7 also provides the relative LC-ωPBE/6-311G(d,p) NBO
interactions energies, E(2), for each of the intermolecular interactions. The energyminimized geometries of G-MG 1 in Figures 5.7A and 5.7B differ significantly and are
energy minimization method dependent. While one H-bond and one OH-π interaction
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stabilize the he CAM-B3LYP energy-minimized structure (Figure 5.7A), one H-bond and
a CH-π interaction stabilizes the LC-ωPBE structure (Figure 5.7B); however, the
magnitude of their E(2) energies differ by only 3 kJ and their single-point MP2 energies
differ by only 1 kJ (Table 5.1). These E(2) NBO results for G-MG 1 suggest that the OHπ interaction is slightly stronger (3 kJ) than the CH-π interaction, which is reasonable
because O is more electronegative than C, so the H-atom in the OH-bond should be more
electropositive than the H-atom in the CH-bond. Therefore, the OH H-atom possesses a
greater proclivity for interaction with the π-electrons of the phenyl ring of MG. The GMG 2 structures in Figures 5.7C and 5.7D are structurally similar; each exhibits two Hbonds and a CH-π interaction with similar E(2) energies and an overall MP2 energy
difference of <4 kJ (Table 5.1).
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Table 5.1: Relative MP2/6-311++G(2d,p) single-point energies and Boltzmann factors
for the G-MG interaction, sorted from lowest energy (most probable) to highest energy
(least probable) structure.
Model
G-MG 1
G-MG 1
G-MG 2
G-MG 2
G-MG 1
G-MG 4
G-MG 4
G-MG 2
G-MG 2
G-MG 1
G-MG 1
G-MG 2
G-MG 3
G-MG 4
G-MG 3
G-MG 4
G-MG 3
G-MG 4
G-MG 3
G-MG 3
G-MG 2
G-MG 1
G-MG 2
G-MG 3
G-MG 4
G-MG 1
G-MG 4
G-MG 3

Minimization method
CAM-B3LYP
LC-ωPBE
LC-ωPBE
CAM-B3LYP
B3LYP
LC-ωPBE
CAM-B3LYP
B3LYP
M05-2X
ωB97X-D
M05-2X
ωB97X-D
LC-ωPBE
B3LYP
ωB97X-D
M05-2X
M05-2X
ωB97X-D
CAM-B3LYP
B3LYP
COMPASS-27
COMPASS-27
LC-B97D
COMPASS-27
LC-B97D
LC-B97D
COMPASS-27
LC-B97D

ΔE (kJ/mol)
0.0
1.0
3.5
7.1
9.5
12.2
17.3
17.3
18.9
19.0
20.6
21.3
25.3
30.5
33.8
41.8
43.8
46.7
49.4
56.1
103.9
106.7
125.0
132.2
138.7
140.1
142.3
169.0

BF
0.50
0.33
0.12
0.03
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
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Figure 5.7: Structural comparison of the CAM-B3LYP and LC-ωPBE energy-minimized
structures of G-MG. The arrows lead from the initial structures of G-MG 1 and G-MG 2
to their respective energy minimized structures. The energy minimization methodology
appears below each arrow. Boltzmann factors (BF) show the relative thermodynamic
abundance of a model based on relative MP2/6-311++G(d,p) single-point energies.
Energies (in kJ) show the NBO E(2) energies for the indicated intermolecular
interactions.
Table 5.2 provides the relative MP2 energies and Boltzmann factors for the XMG models. As with the G-MG models, the CAM-B3LYP and LC-ωPBE energyminimized X-MG 1 and X-MG 2 structures are the most favorable X-MG structures,
accounting for 100% of the Boltzmann weight. Unlike, the results for the G-MG
structures, the LC-ωPBE energy-minimized structures dominated the thermodynamic
mixture, rather than those structures minimized with CAM-B3LYP. X-MG 1 accounts for
80% of the thermodynamic weight, while X-MG 2 accounts for the remaining 20%.
Two intermolecular interactions including one OH-π interaction and one H-bond,
stabilized the structure in Figure 5.8A; these results are analogous to the structure in
Figure 5.7A. Similarly, the structure in Figure 5.8B exhibits one CH-π interaction and
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one H-bond analogous to that observed for the structure in Figure 5.7B, although for the
X-MG 1 structure (Figure 5.8B) the MG ring rotated while maintaining a parallel
interaction with X; this rotation did not occur for the G-MG 1 structure (Figure 5.7A).
According to the E(2) results from the NBO calculations, the OH-π interaction and Hbond seen in Figure 5.8A are ≈20 kJ more stabilizing than the CH-π interaction and Hbond that stabilize the structure in Figure 5.8B. These results do not agree with the
single-point MP2 calculated results (Table 5.2) that indicate that the structure in Figure
5.8B is ≈6 kJ more stable than the structure in Figure 5.8A. This energy discrepancy
suggests that either there are other forces that are stabilizing the X-MG 1 LC-ωPBE
structure (Figure 5.8B) compared with the X-MG 1 CAM-B3LYP structure, that the
NBO results are erroneous, or the MP2 results are erroneous. However, the E(2) results
correctly predict that the OH-π interaction in Figure 5.8A is stronger than the CH-π
interaction in Figure 5.8B, as aforementioned for the G-MG 1 models in Figure 5.7.
The results for the X-MG 2 models calculated with CAM-B3LYP and LC-ωPBE
are structurally and energetically similar; both exhibit one H-bond and two CH-π
interactions (Figures 5.8C and 5.8D). In addition, the discrepancy between E(2) and the
MP2 energies for these models (Table 5.2 and Figures 5.8C and 5.8D) is within 2 kJ.
Because both the CAM-B3LYP and LC-ωPBE methods calculated the lowest energy
structures for both the G-MG and X-MG model sets, future, larger-scale calculations that
are comparable with experimental data are necessary to determine which, if either
method is more accurate.
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Table 5.2: Relative MP2/6-311++G(2d,p) single-point energies and Boltzmann factors
for the X-MG interaction, sorted from lowest energy (most probable) to highest energy
(least probable) structure.
Model
Minimization method ΔE (kJ/mol)
BF
X-MG 1
0.72
LC-ωPBE
0.0
X-MG 2
0.15
LC-ωPBE
4.0
X-MG 1
CAM-B3LYP
0.08
5.6
X-MG 2
CAM-B3LYP
0.05
6.6
X-MG 1
B3LYP
0.00
13.4
X-MG 2
M05-2X
0.00
14.9
X-MG 2
B3LYP
0.00
17.0
X-MG 2
0.00
ωB97X-D
19.0
X-MG 1
M05-2X
0.00
21.1
X-MG 4
0.00
LC-ωPBE
21.7
X-MG 1
0.00
ωB97X-D
22.3
X-MG 4
CAM-B3LYP
0.00
23.3
X-MG 3
0.00
LC-ωPBE
29.3
X-MG 4
B3LYP
0.00
32.1
X-MG 3
CAM-B3LYP
0.00
35.4
X-MG 3
M05-2X
0.00
44.6
X-MG 3
B3LYP
0.00
46.3
X-MG 4
M05-2X
0.00
47.6
X-MG 3
0.00
ωB97X-D
49.1
X-MG 4
0.00
ωB97X-D
54.0
X-MG 2
LC-B97D
0.00
80.1
X-MG 1
COMPASS-27
0.00
96.2
X-MG 2
COMPASS-27
0.00
110.5
X-MG 3
COMPASS-27
0.00
129.4
X-MG 4
COMPASS-27
0.00
136.4
X-MG 1
LC-B97D
0.00
142.2
X-MG 4
LC-B97D
0.00
148.3
X-MG 3
LC-B97D
0.00
149.9
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Figure 5.8: Structural comparison of the CAM-B3LYP and LC-ωPBE energy-minimized
structures of X-MG. The arrows lead from the initial structures of X-MG 1 and X-MG 2
to their respective energy minimized structures. The energy minimization method used
appears below each arrow. Boltzmann factors (BF) show the relative thermodynamic
abundance of a model based on relative MP2/6-311++G(d,p) single-point energies.
Energies (in kJ) show the NBO E(2) energies for the indicated intermolecular
interactions.
Table 5.3 shows the single-point MP2 energies and Boltzmann factors (BF) for
the G-X monomer pair interactions. The G-X 4 and G-X 1 models, energy minimized
with LC-ωPBE account for 78% of the total BF, while the corresponding CAM-B3LYP
energy-minimized structures account for 20% of the total BF. These G-X models cannot
exhibit intermolecular interactions with π-electrons; therefore, these calculations
provided evidence that the CAM-B3LYP and LC-ωPBE consistently calculated the
lowest energy structures for both the hydrophilic-hydrophobic models (G-MG and XMG) and hydrophilic-hydrophilic models (G-X). Therefore, these results suggests the
either or both of these DFT methods could prove useful for the development of an
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amphiphilic force field for PCWs and for modeling a variety of (bio)organic
intermolecular molecular interactions.
Figures 5.9A and 5.9B show the CAM-B3LYP and LC-ωPBE energy-minimized
G-X 1 structures, respectively. Although these structures are similar, each exhibiting two
H-bonds, the LC-ωPBE structure also shows evidence of a CH-O interaction that
provides 4 kJ of stability to the structure. The LC-ωPBE G-X 1 structure (Figure 5.9B) is
≈12 kJ more stabilized by intermolecular interactions, E(2), than the corresponding
CAM-B3LYP structure. The MP2 single-point energy results for these models do not
agree with E(2), and only predict a <3 kJ energy difference between the structures (Table
5.3). One H-bond stabilized the G-X 4 structures (Figure 5.9); here E(2) (Figures 5.9C
and 5.9D) and the differences in the MP2 energies (Table 5.3) are only 4 kJ. However,
the overall disagreement between the MP2 single-point energies and the E(2) energies
suggest that the NBO energies do not well reflect the total energies of the monomer
interactions among G, X, and MG. However, the E(2) energies do provide qualitative
evidence for OH-π, CH-π, and CH-O interactions and H-bonds, and correctly predicted
their relative strengths.
The energy results in Tables 5.1-5.3 show that only the models energy minimized
with the LC-ωPBE

or CAM-B3LYP methods provided structures with significant

thermodynamic abundances (BF>0.01). In addition, the initial structure (Figures 5.4-5.6)
significantly affected the energy minimum for each model. Furthermore, the result show
that the energies calculated with the prevalent B3LYP method were of the same
magnitude of those calculated with the M05-2X and ωB97X-D functionals; therefore,
although B3LYP could be inappropriate for elucidating dispersion interactions, it
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performed similarly to models that do account for dispersion. Significantly, these results
show that the energies calculated with the LC-B97D method were comparable to those
calculated with the COMPASS-27 force field; these methods predicted the highest
energy, least favorable structures. Notably, if one chose a single, energetically
unfavorable initial structure, such as G-MG 3 and energy minimized that structure with
only LC-B97D, this calculation would produce a minimized structure with relatively high
energy that could adversely affect subsequent, larger-scale calculations and force field
parameterization. In general, the methods used to develop and parameterize dispersion
functions for DFT methods are dependent on the parameters chosen by the developer and
these methods can model intermolecular interactions with relative accuracy for test set
models.32-39,49-52 However, this work showed that the DFT methods perform can produce
energetically unfavorable results for models that differ from those found in the test sets.
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Table 5.3: Relative MP2/6-311++G(2d,p) single-point energies and Boltzmann factors
for the G-X interaction, sorted from lowest energy (most probable) to highest energy
(least probable) structure.
Model
Minimization method ΔE (kJ/mol)
BF
G-X 4
0.46
LC-ωPBE
0.0
G-X 1
0.32
LC-ωPBE
0.9
G-X 1
CAM-B3LYP
0.11
3.5
G-X 4
CAM-B3LYP
0.09
4.0
G-X 3
0.02
LC-ωPBE
8.1
G-X 3
CAM-B3LYP
0.00
12.4
G-X 2
0.00
LC-ωPBE
12.5
G-X 4
M05-2X
0.00
14.8
G-X 2
CAM-B3LYP
0.00
14.9
G-X 4
B3LYP
0.00
16.7
G-X 4
0.00
ωB97X-D
18.3
G-X 3
B3LYP
0.00
23.6
G-X 1
B3LYP
0.00
24.4
G-X 1
M05-2X
0.00
24.4
G-X 2
B3LYP
0.00
25.2
G-X 3
M05-2X
0.00
25.4
G-X 2
M05-2X
0.00
27.2
G-X 3
0.00
ωB97X-D
29.4
G-X 1
0.00
ωB97X-D
29.5
G-X 2
0.00
ωB97X-D
31.4
G-X 4
COMPASS-27
0.00
83.0
G-X 1
COMPASS-27
0.00
86.6
G-X 3
COMPASS-27
0.00
87.8
G-X 2
COMPASS-27
0.00
91.4
G-X 2
LC-B97D
0.00
105.2
G-X 3
LC-B97D
0.00
105.4
G-X 1
LC-B97D
0.00
129.1
G-X 4
LC-B97D
0.00
129.4
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Figure 5.9: Structural comparison of the CAM-B3LYP and LC-ωPBE energy-minimized
structures of G-X. The arrows lead from the initial structures of G-X 1 and G-X 4 to their
respective energy minimized structures. The energy minimization method used appears
below each arrow Boltzmann factors (BF) show the relative thermodynamic abundance
of a model based on relative MP2/6-311++G(d,p) single-point energies. Energies (in kJ)
show the NBO E(2) energies for the indicated intermolecular interactions.
5.5 Conclusion
This work evaluated the ability of six DFT methods and one force field to
calculate low-energy interactions between four interaction configurations of chemically
relevant monomer proxies of cellulose (G), hemicellulose (X), and lignin (MG). Analysis
of the results included only those models that contributed significant thermodynamic
weight to the model set, based on the respective Boltzmann factor (BF) of the model.
The results showed that the LC-ωPBE and CAM-B3LYP methods calculated
more thermodynamically favorable structures than the other methods did, based on
MP2/6-311++G(2d,p) single-point energy calculations (EMP2). As expected, NBO E(2)
energy calculations showed that the relative energies of the OH---H H-bonds were
stronger than those of the weaker OH-π, CH-π, and CH-O H-bonds. In addition, while
the EMP2 and E(2) results agreed well for the G-MG models, they did not agree for the X-
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MG or G-X models. However, the NBO E(2) energy results fit within the reported range
of energies for moderate- and weak-strength H-bonds and predicted their relative
strengths accurately;11 therefore, the NBO results did provide qualitative energy
differences between the moderate and weak H-bonds.
This work included only a small subset of DFT methods chosen from among the
myriad long-range correlation/dispersion corrected DFT methods available; therefore,
these results are not comprehensive; however these results provide evidence that from
among the evaluated methods, the LC-ωPBE and CAM-B3LYP DFT methods calculated
the lowest energy intermolecular interactions between the G-MG, X-MG, and G-X
monomer pairs. Significantly, this work showed that the choice of the energy
minimization method and the use of unfavorable initial structures could subsequently and
negatively affect force field parameterization.
Regarding the PCW, both the G-MG and X-MG calculation results suggest that
the G-MG 1 and G-MG 2 and the analogous X-MG 1 and X-MG 2 interactions are more
favorable than those calculated from the respective interactions of G- or X-MG 3 and Gor X-MG 4. According to these results, the stability of these interactions is due to
stabilizing H-bonds and supplemental CH-π or OH-π interactions; these stabilizing
intermolecular interactions could be common between polysaccharides and lignins in
plant cell walls. However, larger scale QM calculations that are comparable with
experimental data using the LC-ωPBE and CAM-B3LYP methods are necessary to
provide further evidence for these intermolecular interactions.
For the G-X models, the DFT methods predicted the prevalence of H-bonds and
in one instance, a CH-O interaction. The results for G-X did not predict favorable planar-
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hydrophobic interactions between the H-atoms of the pyranose rings. Significantly, the
LC-ωPBE and CAM-B3LYP method results predicted the lowest energy monomer-pair
interactions for G-MG, X-MG, and G-X. These results suggest that the LC-ωPBE and
CAM-B3LYP methods could be useful for modeling a variety of bio(organic)
intermolecular interactions. Larger scale calculations that are comparable with
experimental data are necessary to verify this possibility.
This preliminary study provides the impetus for similar studies with other
biomolecules and suggests that the LC-ωPBE and CAM-B3LYP methods could be useful
for larger-scale QM studies that could ultimately produce more accurate force field
parameters for CM methods. This work is ongoing.
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Chapter 6
Overall Conclusions and Further Work
Better understanding the formation and structure of lignin and its interactions with
other plant cell wall (PCW) polymers may provide further insight that is necessary to
extract lignin more efficiently during biofuel production. In addition, understanding how
lignin interacts with other PCW polymers would help to elucidate the complex
architecture of PCWs.
Part of this work took steps toward elucidating the structure of lignin by
developing density functional theory (DFT) methods to precisely calculate NMR
chemical shifts relative to experimental NMR data. The NMR methodology presented in
Chapter 2 showed that B3LYP/6-311++G(d,p) energy minimizations, followed by GIAO
NMR calculations using mPW1PW91/6-31G(d) provided results that correlated well with
experimental data for coniferyl alcohol and its observed dimers. Significantly, the
averaged calculated results for the Cα, Cβ, and Cγ nuclei for a β-O-4 linked coniferyl
alcohol correlated well with experimental data for lignin (Figure 6.1).1–3 The results for
those respective nuclei did not correlate as precisely with the experimental data for the
coniferyl alcohol-based β-5 and β-β linkages;1–3 additional model conformers could
lessen the discrepancies between the results and data. However, the results from these
calculations provide chemical shifts for the Cα, Cβ, and Cγ that allowed precise
assignments of the nuclear shifts relative to the data. The ability of the DFT method to
verify and clarify the experimentally assigned NMR chemical shifts for lignin is an
important step toward understanding the structure of lignin because NMR spectra for
lignins are complex and difficult to interpret.4 One goal of ongoing work is to improve
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the correlation between the NMR results and data for the Cα, Cβ, and Cγ nuclei for
coniferyl alcohol, sinapyl alcohol, and p-coumaryl alcohol-based lignins and for lignins
that contain all of those substituent monomers. This methodology could allow
experimentalists to characterize lignin samples more easily.

Figure 6.1: Calculated (calc) NMR chemical shifts for Cα, Cβ, and Cγ of threo- and
erythro-β-O-4 coniferyl alcohol linkages compared with experimental (exp) shifts for
lignin.
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Figure 6.2: Calculated (calc) NMR chemical shifts for Cα, Cβ, and Cγ of β-5 (left panel)
and β-β (right panel) coniferyl alcohol linkages compared with experimental (exp)
chemical shifts for lignin.
The work described in Chapters 3 and 5 of this dissertation showed that the choice
of a computational quantum mechanics (QM) method could affect the results obtained.
The results in Chapter 3 showed that the B3LYP/6-311++G(d,p) energy minimized 1methylimidazole (1-MI) model and corresponding hydrated structures of 1-MI provided
IR wavenumbers that were more consistent with the experimental data. Furthermore, the
B3LYP energy-minimized structures are lower energy and therefore more stable than
those obtained with MP2 or M05-2X, all with the same basis set. These results showed
that B3LYP could more accurately describe H-bonding between 1-MI and water than the
other two methods could. The results from Chapter 3 prompted the work presented in
Chapter 5, which showed that the LC-ωPBE method obtained structures at lower energy
minima for interacting monomer-proxy pairs of lignin, hemicellulose, and cellulose than
those obtained with the other DFT methods used for that work. These results suggest that
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the LC-ωPBE method could be more accurately describing the intermolecular
interactions between the monomers than the other methods are. Work is ongoing to
determine if the LC-ωPBE method can predict the interactions between oligomer (dimers
to hexamers) proxies of hemicellulose, cellulose, and lignin. The results from these
calculations could be comparable with experimental spectroscopy and calorimetry data
obtained using model compounds identical to those used for the calculations. Work is
ongoing to synthesize model compounds of hemicellulose to perform intermolecular
interaction experiments between those compounds and oligomers of lignin and cellulose.
The work discussed in Chapter 4 showed that DFT methods could predict
thermodynamic mechanisms that correlated with experimentally proposed mechanisms
for the formation of a non-cyclic α-linkage between two coniferyl alcohol monomers. In
addition, Fukui function results from this work show that that frontier molecular orbital
technique is a useful tool for explaining the reactivity of free radical species based on
their electron densities. The results from this work led to ongoing studies to determine the
thermodynamics and kinetics of lignin formation for larger lignin oligomers with
homogeneous and mixed proportions of coniferyl, sinapyl, and p-coumaryl alcohols.
These studies could provide evidence of whether any short range, predictable motifs are
present in lignins, or if lignin structures are indeed random. If motifs are present, then it
could be possible to develop enzymes that would degrade lignin more efficiently.
The application of DFT methods can improve the understanding of
environmental, geochemical, and biochemical processes and their intersections; however,
to obtain results that are consistent with experimental data, one must choose DFT
methods that calculate chemically realistic and precise results. Work is ongoing to apply
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the NMR calculation methods developed in these studies to interpret more complicated,
larger-scale lignin structures, to develop methods for more accurately calculating and
measuring intermolecular interactions, and to evaluate the many reaction mechanisms
postulated to occur during lignification. The work described in this dissertation
contributed to the knowledge about lignin formation and structure and this knowledge
could then lead to more effective biofuel production techniques.
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