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ABSTRACT

Solid-state and solution NMR techniques were used in order to study the
transformation of various functional groups present in lignin and cellulose when wood
is exposed to a wide range of pH’s and pulping reagents.

Solid-state proton spin-lattice relaxation times (T,;) allowed the determination of
the molecular mobilities of carbohydrates and lignin as a function of pH for black spruce
softwood. Similar measurements on isolated cellulose and cuoxam lignin were also
conducted. These studies showed that the mobilities of the polymeric constituents of
wood are affected by ionization processes occurring on the various functional groups
present in lignin and cellulose.

Quantitative *'P NMR spectroscopy was also used to derive the fundamental
thermodynamic parameters that are involved in the stereoselective degradation of the two
diastereomeric forms of the most abundant structural (arylglycerol-g3-aryl ether) units of
lignin under kraft pulping conditions. It was shown that the erythro isomers of the
arylglycerol-g-aryl ether units in softwood milled wood lignin cleave faster than their
threo counterparts. The general stability of the rhreo diastereomers toward kraft pulping
seems to be the manifestation of a considerably slower reaction of the pulping reagents
with the rhreo diastereomers of arylglycerol-3-aryl ethers. Quantitative P NMR was also
used for the identification and quantification of accumulated condensed diphenylmethane
(DPM) moieties during conventional kraft, extended modified continuous cooking
(EMCC®) and soda pulping processes.

A novel method that permits the quantitative detection and classification of various
carbonyls in lignin was also developed. The proposed selective fluoride-induced
trifluoromethylation method was optimized for a series of carbonyl-containing lignin-like
model compounds. This was followed by "F NMR spectral analyses of the resulting
fluorine derivatives allowing for thorough understanding of their structure/'’f NMR
chemical shift relationships. Our studies demonstrated that the proposed method is a new
analytical tool for the classification and quantification of various carbonyl groups that
may be present in soluble lignins.



RESUME

Des techniques RMN d’analyse 4 I’état solide et liquide ont été utilisées pour
étudier la transformation de divers groupements fonctionnels présents dans la lignine et
la cellulose lorsque le bois est exposé a divers degrés de pH et a divers réactifs pouf la
cuisson.

Des temps de relaxation spin-milieu de protons a 1’état solide (T,y) ont permis de
déterminer les mobilités moléculaires des hydrates de carbone et de la lignine en tant que
fonction du pH pour I’épinette noire. Des mesures similaires ont aussi été effectuées sur
de la lignine de cuoxam et de cellulose isolées. Ces études ont démontré que les
processus d’ionisation survenant avec les divers groupements fonctionnels présents dans
la lignine et la cellulose avaient un effet sur les mobilités des composants polymériques
du bois.

La spectroscopie quantitative RMN *'P a aussi été utilisée pour déterminer les
paramétres thermodynamiques fondamentaux impliqués dans la dégradation
stéréosélective des deux formes diasteréomériques des unités structurales (éther
arylglycérol-B-aryle) de lignine les plus abondantes dans des conditions de mise en pate
kraft. Il a été démontré que les isoméres érythro des unités d’éther aryiglycérol-g-aryle
dans la lignine de bois de résineux broyé se clivent plus rapidement que les thréo. La
stabilité générale des diastéréomeres thréo lors de la mise en pate kraft semble étre la
manifestation d’une réaction considérablement plus lente des réactifs dans la pate avec
les diastéréomeéres thréo des éthers arylglycérol-8-aryle. La RMN *'P quantitative a aussi
été utilisée pour identifier et quantifier les groupes de diphénylméthane (DPM) condensés
accumulés lors de la mise en pate kraft, la cuisson en continu modifiée prolongée
(EMCC"), et la mise en pite a la soude.

Une nouvelle méthode permettant la détection quantitative et la classification de
divers carbonyles dans la lignine a aussi ét¢ mise au point. La méthode de la
trifluorométhylation sélective provoquée par du fluor a été optimisée pour une série de
composés modeles de type lignine contenant des carbonyles. Cette analyse a été suivie
d’analyses spectrales RMN '°F des dérivés de fluor apparus, ce qui a permis de bien
comprendre les relations entre leur structure et le déplacement chimique en RMN F.

ii



Nos études ont démontré que la méthode proposée est un nouvel outil d’analyse pour la
classification et la quantification de divers groupes carbonyles qui pourraient étre présents

dans les lignines solubles.
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FOREWARD

. This thesis was prepared in a manuscript-based structure, as described in section
3 of the McGill University, Faculty of Graduate Studies and Research Guidelines for
Thesis Preparation, September 1994 revision. This section states:

Candidates have the option of including, as part of the thesis, the text of a
paper(s) submitted or to be submitted for publication. or the clearly-
duplicated text of a published paper(s). These text must be bound as an
integral part of the thesis.

If this option is chosen, connecting texts that provide logical bridges
between the different papers are mandatory. The thesis must be written in
such a way that is more than a mere collection of manuscripts; in other
words, results of a series of papers must be integrated.

The thesis must still conform to all other requirements of the "Guidelines for
Thesis Preparation” . The thesis must include: A Table of Contents, an
abstract in English and French, an introduction which clearly states the
rationale and objectives of the study, a comprehensive review of the
literature, a final conclusion and summary, and a thorough bibliography or
reference list.

Additional material must be provided where appropriate (e.g. in appendices)
and in sufficient detail to allow a clear and precise judgement to be made of
the importance and originality of the research reported in the thesis.

In the case of manuscripts co-authored by the candidate and others, the
candidate is required to make an explicit statement in the thesis as to who
contributed to such work and to what extent. Supervisors must attest to the
accuracy of such statements at the doctoral oral defence. Since the task of the
examiners is made more difficult in these cases, it is in the candidate’s
interest to make perfectly clear the responsibilities of all the authors of the
co-authored papers. Under no circumstances can a co-author of any
component of such a thesis serve as an examiner for that thesis.

This dissertation is presented in six chapters. Chapter ! is a general introduction
to the chemistry of lignin and its structural elucidation by application of NMR
spectroscopy other than the investigation reported herein. The intervening chapters

present the principle results of the research conducted. Each has been written in a paper



format, with an abstract, an introduction to the specific field discussed in the chapter, an
experimental section, results and discussion, conclusions, acknowiedgements when
appropriate, and references. Tables and figures have been interleaved as near as possible
to their mention in the text, mostly on separate pages.

The following publications contain material appearing in this thesis:

1. Ahvazi, B. C., and Argyropoulos, D. S., Quantitative trifluoromethylation of
carbonyl-containing lignin model compounds., J. Fluorine Chem., 78, 195-198,
1996.

2. Ahvazi, B. C., and Argyropoulos, D. S., "F nuclear magnetic resonance
spectroscopy for the elucidation of carbonyl groups in lignins: 1. Model
compounds., J. Agric. Food Chem., 44(8), 2167-2175, 1996.

3. Ahvazi, B. C., and Argyropoulos, D. S., Thermodynamic parameters governing
the stereoselective degradation of arylglycerol-3-aryl ether bonds in milled wood
lignin under kraft pulping conditions., Nord. Pulp Pap. Res. J., 12(4), 282-288,
1997.

4, Ahvazi, B. C., and Argyropoulos, D. S., Quantitative detection of carbonyl
groups in technical and native lignins using 'F NMR spectroscopy., The 9" Int.
Symp. Wood and Pulp. Chem., Montréal, Québec, Canada, 7-1 to 7-5, 1997.

5. Ahvazi, B. C., Pageau, G., and Argyropoulos, D. S., On the formation of
diphenylmethane structures in lignin under kraft, EMCC® and soda pulping
conditions., Accepted in Can. J. Chem., Feb. 1998.

6. Ahvazi, B. C., and Argyropoulos, D. S., Proton spin-lattice relaxation time
measurements of solid wood and its constituents as a function of pH., to be
submitted to Wood Sci. Technol., 1998.



7. Ahvazi, B. C., Crestini, C., and Argyropoulos, D. S., F nuclear magnetic
resonance spectroscopy for the quantitative detection and classification of carbonyl

groups in lignins., to be submitted to J. Agric. Food Chem., 1998.

CONTRIBUTIONS OF AUTHORS

Each of the above publications was written by the author of this dissertation under
the supervision of Dr. D. S. Argyropoulos; the only exception being publication #7. The
latter publication was written jointly with Dr. C. Crestini (visiting Postdoctoral Fellow)
and adapted for inclusion in this thesis. The contribution of Dr. D. S. Argyropoulos to
this thesis beyond the conception of the original objectives and the major experimental
routes to be applied, included continuous guidance and in depth discussions on problems
encountered. The contribution of Dr. Crestini to this effort was carrying out the 2D-
NMR spectra of Figure 6.7 and the selective Dakin and hydrosulphite reactions. The
contribution of Mr. G. Pageau in publication #5 was in developing a sampling protocol
under real industrial conditions.

The material in Chapter 2 is to be submitted as publication #6; Dr. F. Morin
contributed some of the T,y measurements reported in this chapter. Chapters 3 and 4
have been published as publications #3 and #S, respectively. Chapter 5 is an expanded
version of publications #1 and #2. Key results from Chapter 6 were reported in

publication #4, with complete results to be submitted as publication #7.
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Chapter 1
General Introduction

1.0. INTRODUCTION

Wood is a naturally occurring material familiar in at least some way to everyone.
Wood has always held a significant place within the human economy. It represents one
of the most important renewable natural resources, and its annual growth is sufficient to
satisfy many essential needs indefinitely into the future. Wood has served man as a
structural material for his buildings, furnishings, tools, weapons, and until recently as
his only readily available fuel'. Wood is obtained from three main parts of a tree, namely
the stem, the roots and the branches of the crown. Generally, trees belong to seed-
bearing plants (spermatophytes) subdivided into two broad categories of plants known
commercially as softwoods and hardwoods. Softwoods are tree species of a class of
plants called gymnosperms (seeds are borne naked), and hardwoods are woody,
dicotyledonous (two seed leaves) angiosperms (seeds are borne in a fruit structure). Both
softwoods and hardwoods contain various fibrous and nonfibrous cells’. They grow and

develop in various geometrical shapes and in different manners®.

1.1. The MACROSCOPIC STRUCTURE of WOOD

In order to obtain the proper spatial concept for the structure of wood the stem
from the trees must be considered. A log may be pictured with good approximation, as
a truncated cone through which three sections may be cut perpendicular to each other.
These are the transverse (T), or cross section, at right angles to the stem axis; the radial
section (R), parallel to the axis on a radius of the stem; and the tangential section,
parallel to the axis and perpendicular to the radius. Examination of three cutting planes
of a stem (Figure 1.1) suggests® the processes of formation of wood cells and their final
transformation into wood tissues. In Figure 1.1 the centrally located pith represent the
growth of the plant. Ten growth rings represent the growth of the plant in each year.
Each ring is composed of earlywood and latewood.
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Figure 1.1. Representation of a tree cross section cut to reveal the three major
structural planes of wood. This particular stem was cut in the spring of its
10" growing season’.

The rings accumulated during the course of years collectively constitute the wood or
xylem. To the outside of the wood lies the cambijum, inner bark (phloem), and outer
bark. Cambium is a very thin layer of living cells lying between wood (xylem) and inner
bark (phloem). It is in this layer that the vital actions of cell division and radial growth
of the tree proceed. Each cell formed through the division of a mother cell (in cambium),
after growth and development, becomes part of the wood xylem. The division of phloem
cells is less frequent than that of xylem cells and therefore they co not significantly
contribute to the total volume of wood. But they do become incorporated into the outer
bark, which acts as a protective shield and is important to the survival and growth of the
plant.



1.1.1. The cell wall

Plant cell walls are built up of cellulose microfibrils orientated at various
directions (Figure 1.2), and incrusted with a number of other compounds. They are
subdivided into primary walls and secondary walls according to the time of their
formation. The primary wall develops first and is often stretched during the
differentiation of the cell. It is the only wall found in some cells. The secondary wall is
laid down on the inside of the primary wall, usually after elongation of the cell has
ceased, and is a characteristic feature of almost all wood cells®.

The primary or outer wall of a wood cell consists of a thin network of cellulose
microfibrils, irregularly and loosely arranged and incrusted with hemi-cellulose, lignin,
and other compounds. The secondary wall is laid down inside the primary wall and in
most xylem® cells is considerably the thicker of the two. It can be subdivided into three
layers according to the orientation of the microfibrils within it. The layer nearest the
primary wall is termed the S1 layer and the microfibrils in it are orientated nearly
perpendicular to the long axis of the cell. The middle, or S2 layer is by far the thickest
and is built up of microfibrils running at a small angle to the long axis of the cell. The
S3 layer, lying nearest to the cell lumen, is a thin layer with the microfibrils again
orientated in a nearly transverse direction. There may by a gradual transition in
microfibril orientation from one layer to the next. The secondary wall is also incrusted
with hemicellulose, and deposits of lignin and other substances. The S3 layer may be
overlaid inside the cell lumen by a covering termed the warty layer®. This layer when
present, so named on account of its small protrusions, is laid down just prior to death of
the cell protoplast and covers the entire S3 layer, pit cavities and any other wall
scupturings.

Individual cells are joined together by intercellular material between their primary
walls. This middle lamella is an amorphous mass, rich in lignin and composed largely

of pectin substances. It is readily dissolved away by macerating solutions.
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Figure 1.2.  Schematic structural diagram’ of a typical softwood tracheid®. S1, outer

layer of the secondary wall; S2, middle layer of the secondary wall; S3,
innermost layer of the secondary wall.

1.1.2. Gymnosperm wood

The secondary xylem of the gymnosperms, commonly called softwood, is simpler
and more homogeneous than that of the angiosperms. The main differences between the
two types of wood are the presence of vessels in the angiosperms and their absence in
the gymnosperms (with the exception of one small order of plants) and the relatively
small amount of axial parenchyma found in the gymnosperms. The axial system of the
gymnospermous wood is compose almost entirely of tracheids though small amounts of
axial parenchyma are found in some species®. The tracheids are long cells with several
ray contacts and their ends overlapping each other. The cells are pitted in an opposite or

alternate pattern, principally on their radial walls, and these pits in members of the



Coniferales and some other genera are of the conifer bordered pit type where the pit
membranes possess tori. The pits are normally concentrated at the ends of the tracheids
and on those portions of the walls adjacent to rays. Resin canals occur in a number of
gymnosperms'®. Growth rings are usually prominent, the latewood tracheids developing
thicker walls with reduced bordered pits. The ray system conducts material horizontally
across the stem. It contains ray parenchyma and ray tracheids, the latter being
distinguished by their thicker walls, bordered pits and lack of a living protoplast at
maturity. In the majority of gymnosperms the rays are also uniseriated. Horizontal resin
canals may occur'!.

Although the tracheids fulfil the double function of support and conducting, and
the wood lacks the apparent sophistication of vessels with open perforations and other
modifications found in the angiosperms, the xylem of gymnosperms appears to be a
highly efficient system. The giant redwdods of North America (Sequioa sempervirens D.
Don.), for example, grow to more than 300 feet in height. The trunks of these giant
trees, therefore, act as water-conducting pathway for a remarkable distance when it is
remembered how comparatively small the cells of the xylem are. These trunks also hold

huge weights of branches and foliage against severe wind loads.

1.1.3. Angiosperm wood

Although some monocotyledonous plants (e.g. the palms) do show some
secondary growth, they do not possess a complete cylinder of vascular cambium and
hence their stems do not contain wood in the usual sense of the word. Many
dicotyledonous angiosperms, however, produce considerable amounts of secondary xylem
This wood, generally referred to as hardwood, is considerably more complex than that
found in the conifers since it contains a greater variety of cell types. Whereas in the
softwood the axial system is built up almost entirely of tracheids, hardwoods have
evolved two different cell types for conduction and support. Vessels, built up of
individual vessel members joined end to end, provide a very efficient pathway for the
ascent of sap up the tree. These vessels are variously distributed within the growth

rings'2.



The function of mechanical support in angiosperm wood is carried out by the
wood fibres. These extremely long cells with thick walls, arranged in various groupings
within the growth rings, act as reinforcing members within the axial system. Libriform
fibres are longer then fibre tracheids and have only simple pits. Fibre tracheids are
shorter and have reduced bordered pits. In some plants the fibres can occupy more than
half the volume of the wood and form the bulk of the fibrous mass obtained when the
wood is pulped. Axial parenchyma cells are more abundant in hardwoods than in
softwoods where they occur only rarely®.

It is generally accepted that vessel members and fibres in hardwoods have evolved
from tracheids, so that two separate cell types have become specialized to fulfil the two
functions undertaken by the tracheid in other plant. Primitive dicotyledonous woods
possess long vessel members with very oblique scalariform perforation plates while more
specialized woods contain short wide vessel members with transverse simple perforation
plates.

Rays occupy a higher proportion of the wood volume in angiosperms than in
gymnosperms. They are usually multiseriate and may contain both procumbent and

upright cells'*.

1.2. CHEMICAL COMPOSITIONS of WOOD

The chemical composition of wood is complex. The woody tissue is made up of
many components which are distributed non-uniformly as a result of its anatomical
structure, and not present in simple physical admixture. Consequently, the chemical
behaviour of wood cannot be deduced in detail from the properties of the component
substances.

The greater part of the wood substance is composed of materials of high
molecular weight, and wood has been aptly described as an interpenetrating system of
high molecular weight polymers. Although the separation and isolation of these polymers
without significant modification is a difficult task, the components that are generally

present in wood can be classified chemically in the following way.



1.2.1. Extractives

All wood species and other plant tissue contain small amounts, and in some cases
quite appreciable quantities, of substances in addition to cellulose, hemicelluloses, and
lignin. To distinguish them from the major cell wall components, these constituents are
known as the extraneous components. Many of these substances are extractable with
neutral organic solvents, and are referred to as extractives. The extractives can be
regarded as nonstructural wood components, constituting 4-10% of the dry weight of
normal wood species that grow in temperate climates. They could constitute as much as
20% of the wood of tropical species. The term extranecus components embraces a wide
range of chemicals and includes a very large number of individual extracellular and low-
molecular-weight compounds'®. However, no single species contains all the possible
compounds or even all the different classes of compounds.

The extractives occupy certain morphological sites in the wood structure. For
example, the resin acids are located in the resin canals, whereas the fats and waxes are
present in the ray parenchyma cells. Phenolic extractives are present mainly in the
heartwood and in bark. The extractives often play an important role in the utilization of
wood, and influence the physical properties of wood'®. Different types of extractives are
necessary to maintain the diversified biological functions of the tree. For example, fats
constitute the energy source of the wood cells, whereas lower terpenoids, resin acids, and
phenolic substances protect the wood against microbiological damage or insect attack.
Traces of certain metal ions are present usually as functional parts of the enzymes which
are needed as catalysts for biosynthesis.

1.2.2. Hemicelluloses

The cellulose and lignin of plant cell walls are closely interpenetrated by a
mixture of polysaccharides called hemicelluloses. Hemicelluloses belong to a group of
heterogeneous polysacchrides which are formed through biosynthetic routes different
from that of cellulose. In contrast to cellulose which is a homopolysaccharide,

hemicelluloses are heteropolysaccharides. The hemicelluloses are water-insoluble, alkali-

=



soluble substances which are more readily hydrolysed by acids to their monomeric
components consisting of D-glucose, D-mannose, D-galactose, D-xylose, L-arabinose,
and small amounts of L-rhamnose in addition to D-glucuronic acid, 4-O-methyl-D-

glucuronic acid, and D-galacturonic acid".

B-D-Xylose a-L-Arabinopyranose a-L-Rhamnose
COOH COOH COOH
(] oM [+]
oM oM
OCM, OH OoH
oM OoH
p-D-Glucuronic acid a-D-4-O-Methylglucuronic acid a-D-Galacturonic acid

Figure 1.3.  Monomeric components of hemicelluloses'”.

Generally, hemicelluloses are of much lower molecular weight than cellulose. Some
wood polysaccharides are extensively branched (Figure 1.4) and are readily soluble in
water. Most hemicelluloses have a degree of polymerization of only 200. Like cellulose
most hemicelluloses function as supporting material for the cell wall. They are intimately
associated with cellulose and appear to be a structural component of the plant. Some
hemicelluloses are present in abnormally large amounts when the plant is under stress.

For example, compression wood has a higher than normal galactose content and a higher
lignin content'?.
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Figure 1.4. Principal structure of galactoglucomannans. Sugar units: S-D-
glucopyranose (Glcp); 3-D-mannopyranose (Manp); 8-D-galactopyranose
(Glap). R=CH,CO or H. Below is the abbreviated formula showing the
proportions of the units (galactose-rich fraction)'.

1.2.3. Cellulose

Cellulose is the structural basis of the plant cells and hence it follows that it is the
most important natural substance produced by living organisms. It is distributed in all
plants from highly developed trees to primitive organisms such as sea-weeds, flagellates
and bacteria. _

Cellulose is the main constituent of wood. Approximately 40-45% of the dry
substance in most wood species is cellulose, located predominantly in the secondary cell
wall. Cellulose is a homopolysaccharide composed of 3-D-glucopyranose units which are
linked together by (1-~4)-glycosidic linkages (Figure 1.5)°. Two adjacent glucose units
are linked by elimination of one molecule of water between their hydroxyl groups at C1
and 4. The repeating unit of the cellulose chain is the cellobiose unit (Figure 1.5).
Though there are OH-groups at both ends of the cellulose chain, these OH-groups show



different behaviour. The C1-OH is an aldehyde group resulting from the ring formation
by an intramolecular hemiacetal linkage. That is why the OH-group at the Cl-end has
reducing properties, while the OH-group at the C4-end of the cellulose chain is an
alcoholic hydroxyl with no-reducing properties (Figure 1.5).

- Primary hydroxyl Secondary hydroxyl
|
H OH CH:OH CH,OH
o) o)
HO ) H H ! H A H
H OH H OH H oH
O H
HOH H H
Non-reducing Reducing
end group end group
e enmnneemnan Cellobiose units ............. "

Figure 1.5. Partial molecular structure of cellulose in the 1,4-8-D-glucopyranose
form®.

The number of glucose units in cellulose varies from 7,000 to 10,000. The
cellulose molecules are linked laterally by hydrogen bonds into linear bundles. The
extremely large number of hydrogen bonds results in a strong lateral association of the
linear cellulose molecules. This strong association and almost perfect alignment of the
cellulose molecules gives rise to crystallinity. X-ray measurements show that the
crystalline regions are interrupted every 600 A with non-crystalline (amorphous) regions.
Whether this is due to minor imperfections in the crystalline lattice or a real structural
entity is not completely clear. The most widely held concepts is the latter in which the
cellulose molecules are highly oriented (crystalline) for a distance of about 600 A, then
pass through an area of poor orientation (amorphous) and re-enter a crystalline region.
The pattern repeats throughout the length of the celiulose molecule.

10



The chemical formula for cellulose is (C4H,,Os),, Where n is the number of
repeating sugar units or the degree of polymerization. The value of n varies with the
different sources of cellulose and the treatment received. Most papermaking fibers have
a weight-averaged DP in the 600-1500 range.

Cellulose is insoluble in most solvents including strong alkali. It is difficult to
isolate it from wood in pure form because it is intimately associated with the lignin and

hemicelluloses.

1.2.4. Lignin

Next to cellulose lignin is the most abundant and important polymeric organic
substance in the plant kingdom. Lignin is a three-dimensional, highly branched, and
polyphenolic molecule of complex structure and of high molecular weight. Lignin is
frequently compared to an incrustant substance because it enjoys an essentially ubiquitous
distribution in fully mature wood tissue. It permeates both cell walls and intercellular
regions, or middle lamella, and renders wood a hard, rigid material able to withstand
considerable mechanical stress. The middle lamella region (Figure 1.2) is composed of
70-80% lignin by weight and is the cementing material that binds all wood cells together.
Although the middle lamella region has a very high lignin content, about 70% or more
of the total wood lignin is located in the cell walls themselves. The amount of lignin
present in different plants is quite variable?!?’.

Lignin is a mixture of macromolecules formed by an essentially random free-
radical polymerization of idealized phenylpropane monomer units and its average
structure is usually discussed in terms of its most pronounced repeat unit although its
structure in totality is of course extremely heterogeneous in nature?,

CHOH
CHR
| Where:
CHR; _
1 R = Another phenylpropane unit
P 2 R, = H, or OCH;, or OR
R, =H,orR
5 3 R, = OH,orR
Rj 4 R1
OR;
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Generally, there are three types of lignins. These are the Guaiacy! or (G) lignins, the

' Syringyl or (S) lignins and the para-hydroxypheny! or (H) lignins depending on the
substitution patterns on the phenylpropanoids.

tl:Hzou ?H:OH CH0H
CHR CHR CHR
CHR, CHR, (I:HR;,
CH;0 :Lr CH;0 i OCH,
OH OH OH
Guaiacyl(G) Syringyl(S) Para-Hydroxyphenyl (H)

Figure 1.6. The elementary phenylpropane building blocks of various lignins.

Softwoods contain almost exclusively (G) whereas hardwoods contain both (S) and
(G). Para-hydroxyphenyl or (H) are present in hardwoods and in vascular plants. For
the more complex hardwood lignins there are variations in the proportion of (S) to (G)
to (H) lignins even amongst the different cell wall layers. Because the guaiacyl unit has
a greater number of potential reactive sites, a higher degree of crosslinking exists.
Furthermore lignin formed primarily from guaiacyl has, on the average, a higher
molecular weight. A typical hardwood lignin is made up of an equal number of guaiacyl
and syringyl units, whereas in softwoods only guaiacyl units exist. Therefore, hardwood
lignins are more easily degréded than softwood lignins.

The building-up of the lignin macromolecules by the plant comprises complicated
biological, biochemical and chemical systems which have been extensively studied and
repeatedly reviewed*3$. Methods based on classical organic chemistry led to the
conclusion that lignin is built up of phenylpropane units. These units are joined together
with a variety of both C-O-C (ether) and C-C linkages. The ether linkages dominate;
approximately two thirds or more are of this type, and the rest are of the carbon-carbon
type. Detailed knowledge about the characteristics of these linkages is of great theoretical

° :



and practical interest and necessary for a thorough insight into the degradation reactions
of lignin in technical processes, such as pulping and bleaching. The dominating bond

types®>’ and their approximate proportions in lignin are shown in Table 1.1.

Table 1.1.  Types and frequencies of interunit linkages in lignin models (Number of
linkages per 100 C9-units)’.

Linkages Glasser, Glasser® Erickson et al.*® Nimz*"
8-0-4 49-51

o-0-4 b3S 6-8 } 65
B-5 16 9-15 6
g-1 9 2 15
5-5 9 9.5 2.3
4-0-5 3 35 1.5
B-8 2 2 5.5
8-> - - 2
aly-O-y 10 - -
a-f 11 - 2.5
B-6, 6-5 2

1.04, 1-5 (only 1-5) }4.55 -
Total 117 85.5-96 99.8

* THF: Tetrahydrofuran structure

Based on the information obtained from studies of biosynthesis as well as analysis
of the various linkages and functional groups, structural .formulas for lignin have been
constructed. The first lignin model was constructed by Freudenberg®®* for spruce lignin
represented 18 phenylpropane (C,) units. The formula has attained general acceptance
with an empirical formula of CgH, o0, ,,(OMe), o, as a section of the total molecule
which was assumed to be of more than 100 units in its native state. Adler’s formula® for
spruce lignin consisted of 16 prominent phenylpropane (C,) units and it represents only
a segment of the lignin macromolecule. The émpirical formula of softwood lignin was
proposed as CoH, 950, ,;(OMe), o3 by Sakakibara* in 1980. The demﬁption of softwood
lignin was demonstrated as a section of 28 C,-units with several alternative structural
elements. The most recent concept® comprises 94 units, corresponding to a total
molecular weight of more than 17000 in milled wood lignin from loblolly pine (Pinus

13



taeda) as shown in Figure 1.7.

Depite intensive studies and a large number of analytical data available today on
the composition of functional groups, this information can not be summarized in a simple
way because of large individual variations among the wood species. _

The intriguing macromolecular behaviour of lignin and its derivatives has yielded
to ever greater measures of explicability; the properties of lignin-based polymeric
materials have become amenable to modification over a considerable range, even in a
predictable fashion. Significant developments in both macromolecular behaviour and
property modification owe a great deal to the application of physico-chemical techniques
that have been made accessible through profound improvements in commercially
available instrumentation and related supplies. However, no method of isolating lignin
is known which does not, in some way, alter its chemical and physical structure, for
lignin in its natural state is believed to be a high polymer or even an infinitly cross-linked
gel". In connection with pulping and bleaching and new technologies of lignin utilization
the analytical characterization of lignins has become increasingly important. Sophisticated
analytical techniques have been developed for the determination of functional groups in
lignin. Although the chemical methods are still important, much new information has
emerged from the application of physical spectroscopic methods, especially NMR
spectroscopy.

Advancement depends in part on understanding the molecular origin of
macroscopic behaviour; it is here that numerous nuclear magnetic resonance (NMR)
techniques make notable contributions toward comprehending the various morphological
domains and the way in which it influences the overall macroscopic properties of the
polymer. Indeed, recently developed techniques give promise of an increasing role for
NMR. Since the various functional groups present in lignin greatly affect its reactivity,
reliable and quantitative functional group information is important.

The flexibility achieved in both solution and solid state nuclear magnetic
resonance spectroscopy by various spectroscopic techniques during the last 20 years has

been invaluable in documenting the macromolecular properties of lignin.
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Figure 1.7.  Softwood lignin model designed by computerized evaluation according to
Glasser and Glasser’.
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1.3. NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

Nuclear magnetic resonance spectroscopy (NMR) has progressed at a vigorous
pace since the introduction of the first commercial spectrometers in the early 1960s, in
part due to the introduction of superconducting magnets which can maintain stable fields
higher' than electromagnets. In parallel, microprocessor development for signal
acquisition and data manipulation, coupled with a deeper and evolving understanding of
magnetic resonance phenomena, have led to invaluable methods which spurred structural
determinations on numerous natural products and polymers®. The Fourier transform
method applied to *C NMR, in combination with other spectrometric measurements, has
increased our knowledge of the structure of organic molecules in general, and lignins in
particular.

NMR parameters such as chemical shifts (), coupling constants (J), relaxation
times, and signal intensities are closely related to electronic structure and chemical
environments of nuclei involved in the resonance phenomenon. NMR is an appropriate
tool for structural investigation: it reflects with precision chemical structures,
functionalities, and the nature of chemical bonding within the lignin macromolecule.
Lignin analyses using chemical methods often involve degradation of the polymer. These
methods suffer from the drawback that both the lignin and resulting degradation products
may undergo structural changes other than those generally associated with the procedure.
Furthermore, the isolation of degradation prodﬁcts is time-consuming and product yield
may be low. Thus, physical methods having as high a sensitivity as possible are
preferred.

1.3.1. Solid State NMR Spectroscopy

One of the most important chemical aspects of a solid is the structural
determination of its molecules. There are dynamic as well as static aspects of solid-state
structures and NMR may be used to study the motions of molecules in solids which may
be related to their mechanical and other physical properties. Solid state NMR can provide

chemical information on species which impossible to examine in solution. In addition,
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the compounds may dissociate in solution in a low energy process, yielding only-
exchange average solution NMR spectra but their structure may be well defined in the

solid state. The development of methodology to obtain high resolution spectra of solids

has greatly enhanced the range of potential NMR applications. Recently, techniques have

been developed which enable NMR spectra of moderate resolution to be obtained from

completely solid systems and these will undoubtedly prompt a resﬁrgence of chemical

interest in the solid state, particularly, for studies of low natural abundance nuclei such

as °C.

Under normal conditions used to obtain *C NMR spectra of liquids, a solid
sample would yield only an extremely broad featureless spectrum. A large contribution
to the broadening arises from static dipolar interactions. *C spectra of solids obtained
using high power proton irradiation (Dipolar Decoupling, DD) can have much of the
initial broadening removed, but still may have linewidths of 5-10 kHz or more. This
broadening is due to chemical shift anisotropy. The observed broad envelope is a result
of contributions from the many individual chemical shifts of nuclei in molecules oriented
differently within the sample. The anisotropy can be effectively removed if the sample
is spun rapidly at an angle of 54.7° (Magic Angle Spinning, MAS) with respect to the
external magnetic field.

Using the techniques of dipolar decoupling and magic angle spinning, it is
possible to produce spectra in solids having nearly the same resolution as in liquids.
However, the low natural abundance of '*C nuclei, and their longer spin-lattice relaxation
times (T,) in solids compared with liquids severely limits the signal-to-noise ratio that can
be obtained in a given time for a solid sample. This sensitivity problem can be overcome
using the technique of cross polarization (CP), which not only brings about an increase
in sensitivity, by allowing the magnetization from the abundant ‘H nuclear spins to be
transferred to the dilute *C nuclei, but also allows signal accumulation to be repeated at
intervals related to the shorter 'H relaxation times rather than the longer *C relaxation
times. It is also usual to perform the unrelated MAS experiment in conjunction with cross
polarization*. In fact, the first CP/MAS spectra published* included a spectrum of wood
in which both the cellulose and the lignin components could be clearly identified. Solid-
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state ®C CP/MAS NMR has the potential advantage of detecting all of the components
in a system in a non-invasive and completely non-destructive manner.

BC CP/MAS has been used to elucidate the chemical*, conformational*’, and
even the effect of moisture content*® of some insoluble polysaccharides and Chitins*®- %,
Similar techniques have been also implemented toward the study of lignins.

Maciel and coworkers®! have used solid-state *C CP/MAS NMR to characterize
lignins extracted by various procedures while Schaefer, Stejskal and co-workers™
monitored the chemical transformation of lignin by fungal catabolism (degradation).
However, these measurements are made on only one part of the total lignin and they are
subject to the additional complications of material loss and possible structural alterations
caused during the extraction process. The potential of the technique for the
characterization of intact lignins has not been fully exploited to date.

1.3.2. Solution NMR Spectroscopy

1.3.2.1. 'H NMR Spectroscopy

'H NMR spectroscopy has been used for the characterization and classification of
lignins and its structural determination. Most of the early work in this field was focused
on proton NMR spectroscopy™ **. The 100% natural abundance of the 'H nucleus,
resulting in high sensitivity during an NMR experiment, is among the advantages of
proton NMR spectroscopy. Ludwig reviewed the literature dealing with the 'H NMR
spectroscopy of lignins and a comprehensive 'H NMR study of lignins and lignin model
compounds. In this study, the lignins were analyzed as acetate derivatives using
deuteriochloroform as the solvent. The methodology developed by Ludwig et al.’*** has
been applied to numerous studies’®>?. Several 'H NMR studies of lignins have been
published in which conditions other than those used by Ludwig et al.* (acetate
derivatives, chloroform solutions) have been employed. Acetylation or other
derivatization procedures may cause unwanted chemical modification of the lignin

samples. This complication is avoided when underivatized lignins are examined*¢’.
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During the preferred method for 'H NMR analysis of lignins, the samples are examined
as acetate derivatives using chloroform as the solvent. In these respect, the conditions
used by Ludwig et al.®** have thus been retained. One advantage in doing this is that
a vast amount of the reported 'H NMR spectral data for lignins and lignin model
compounds remains relevant for reference purposes®®’, Nevertheless, there are some
essential limitations to 'H NMR spectroscopy of lignins. These include the rather limited
range of chemical shifts (12 ppm), extensive signal overlapping and proton coupling
effects. The technique is only suitable for the qualitative study of the proton distribution
on lignins, while carbon containing groups and labile proton functionalities (OH <
COOH < SH) remain beyond the capabilities of the technique.

Figure 1.8. 'H NMR (270 MHz) spectrum of acetylated milled wood lignin from black
spruce®.
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Table 1.2. 'H Chemical shifts and signal assignments for acetylated spruce

lignins®,

Signal No. & in ppm Assignments

1 9.84 Formyl protons in benzaldehyde units

2 9.64 Formyl protons in cinnamaldehyde units

3 7.53 Aromatic protons in benzaldehyde units

4 7.41 Aromatic protons in benzaldehyde units and vinyl
protons on the carbon atoms adjacent to aromatic rings
in cinnamaldehyde units

5 7.29 Chloroform (CDCl;)

6 6.93 Aromatic protons (certain vinyl protons)

7 6.06 H, in 8-0-4 structures (H, in §-1 structures, H; in
cinnamyl alcohol units)

8 5.49 H, in 8-5 structures (H, in non-cyclic benzyl aryl ether,
H; in 2-aryloxypropiophenones)

9 4.80° Inflection possibly due to H, in pinoresinol units and
H; in non-cyclic benzyl aryl ethers (threo forms).

10 4.65 H, in 8-O-4 structures (methylene protons in cinnamy!
alcohol units).

11 4.39 Hy in, primary 8-O-4 structures (erythro forms) and
-5 structures.

12 4.27 Hy in several structures

13 3.81 Protons in methoxyl groups

14 2.62 Benzylic protons in fS-8 structures of
secoisolariciresinol type, benzylic protons in 3-aryl-1-
propanol units.

15 2.28 Aromatic acetate

16 201 Aliphatic acetate

17 1.26 Hydrocarbon contaminant

* Values refer to the highest point of the peak.

® Inflection includes contributions from unidentified signals™,

1.3.2.2. ’C NMR Spectroscopy

Carbon-13 NMR spectrometry is one of the most powerful techniques available

for lignin analysis, in particular for determining minor structures not available by other

techniques. C NMR is a sensitive method for the qualitative structural analysis of

lignin®#®, It provides detailed structural information on nearly all types of carbons

including those present even in minor structures®*®. This is an important advantage

compared to most other methods, which provide information only on specific groups.
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The capacity for producing reliable quantitative analyses of functional groups in lignin
is another significant feature of *C NMR*? spectrometry. Methods using new pulse
strategies in NMR spectrometry have opened new frontiers in the understanding of lignin
structure. In the late 1970s, when *C NMR became available, about 40 signals could be
distinguished in "C NMR lignin spectra using broad band proton decoupling which
collapses "*C multiplets and produces one sharp signal for every chemically unique
carbon atom. Since carbon atoms from the backbone of organic molecules, *C NMR
signal locations depend much more on the structural environment and substitution patterns
than those in 'H NMR; the ">C spectrum contains more structural information over a
much wider chemical shift range. The *C NMR spectrum of lignin can be divided into
three main segments: the first (200 to 165 ppm) contains signals assigned to carbonyl
carbons; the second (165 to 100 ppm) is assigned to aromatic and olefinic carbons; and
the third (100 to 10 ppm) is assigned to aliphatic carbon atoms®.

Figure 1.9. C NMR (50.13 MHz) spectra of a: Aspen and b: Spruce milled wood
lignin®.

21



Table 1.3.  '*C Chemical shifts and signal assignments for spruce and aspen milled

wood lignins®.
Signal No. é in ppm/TMS Assignments®
1 210-200 non-conjugated C=0 in ketones
2 194 4-CHO in cinnamaldehyde®
3 191.6 a-CHO in benzaldehyde
4 171-173 C=0 in aliphatic R-COOR
5 165-167 aC=0 in Ar-COOH
6 162 C-4 in Ar-COOH
7 152.9 C-3/C-3’ in etherified 5-5 units
8 152.6 C-« in cinnamaldehyde
9 152.1 C-3/C-5 in etherified syringyl 8-0-4
10 149.1 C-3 in etherified guaiacyl units
11 147.4 C-4 in etherified guaiacyl units
12 147.1 C-3/C-5 in non-etherified syringy! 58-O-4
13 146.9 C-3 in non-etherified guaiacyl
14 145.3 C-4 in non-etherified guaiacyl §-0-4
15 143.4 C-4/C-4’ in etherified 5-5 units
6 138 C-1 in etherified syringyl 8-0-4
17 137.7 C-1 in syringyl 8-8
18 135.3 C-1 in etherified guaiacyl 5-04
19 id C-4 in etherified and non-etherified syringyl §-O-4
20 133 C-1 in non-etherified guaiacyl 8-0-4
21 1324 C-5/C-5’ in 5-5 units,C-1 non-etherified syringyl 3-O-4
22 131 C-2/C-6 in p-hyrdoxyphenyl benzoate units
23 128-130 -
24 128.3-129.3 C-a and C-8 in AR-CH=CH-CH,OH
25 126.3 C-8 in cinnamaldehyde
26 121.5 C-1 in p-hyrdoxyphenyl benzoate units
27 120.3 C-6 in etherified and non-etherified guaiacyl units
28 119.5 C-6 in etherified and non-etherified guaiacyl units
29 115.2 C-5 in etherified and non-etherified guaiacyl units
30 114.6 C-3/C-5 in p-hyrdoxyphenyl benzoate units
31 111.4 C-2 in guaiacy] units
32 110.9 C-2 in guaiacyl-guaiacyl stilbene units®
33 106.8-107 C-2/C-6 in syringyl with aC=0 or «C=C
34 104.5-106.8 C-2/C-6 in syringyl in general
35 103.6 C-2/C in 3-8
36 v 87.2 C-8 in syringyl §-O-4 threo
37 87.2 C-a in 8-5
38 86 C-g in syringyl 8-O-4 erythro
39 85.3 C-ain 8-8
40 84.5 C-g in guaiacyl 8-O-4 threo
41 83.5 C-8 in guaiacyl 5-0O-4 erythro
42 80-82 C-g and C-« in $-0-4/x-0-4 units
43 72.5 C-« in syringyl and guaiacyl 8-O-4 erythro
44 71.8 C-« in syringyl and guaiacy! 8-O-4 erythro
45 71.8 C-« in syringyl and guaiacy! 8-0O-4 threo
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Table 1.1. Continued

Signal No. é in ppm/TMS Assignments®

46 71.4 C-a in syringy! and guaiacyl 8-O-4 threo

47 71.2 C-vy in 8-8 units

48 63 C-v in §-5 and 8-0O4 with «C=0

49 61.7 C-v in cinnamyl alcohol units

50 60.2 C-v in syringyl and guaiacyl 8-O-4 erythro and threo
51 59.8 C-v in syringyl and guaiacyl 8-O-4 erythro and threo
52 55.7-55.9 Aromatic OCH, in syringyl and guaiacyl units

53 55.7-55.9 Aromatic OCH, in syringy! and guaiacy! units

54 53.7 C-8in 3-8

55 53.1 C-8in B8-5

56 - -

57 20-40 -CH, and CH, in saturated aliphatic chain

58 20 -CH; in acetyl groups

* Solvent: DMSO-d,
* Ar-CH=CH-COH
¢ Guaiacyl-CH =CH-Guaiacyl

In ®C NMR studies, matching the chemical shift values of lignin and model
compounds is done with spectra recorded under exactly the same conditions (solvent,
temperature, and setting of the TMS § value) to ensure valid assignments. Nevertheless,
the matching technique is not completely satisfactory because the chemical shift for a
specific carbon atom in a dimeric model compound is not exactly identical to those when
present in a polymer®,

The accuracy of assignments is also limited by availability of relevant model
compounds for spectral measurements and by spectrometer resolution. Because of the
structural heterogeneity and complexity of lignin, numerous signals are hidden in
shoulders and often overlooked. In time, this difficulty can be minimized through an
expanding data bank as more oligomeric lignin model compounds become available, by
applying labelling techniques to lignin synthesized in vitro, and by polymerization of
selectively *C-enriched coniferyl alcohol and lignin polymer (DHP) models®- %,
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1.3.2.3. *'P NMR Spectroscopy

The development of a novel NMR technique capable of determining and
classifying various functional groups for both soluble®'” and solid lignocellulosic
materials'® ' has been made possible by Argyropoulos et al.*'®. The methodology
involves the selective phosphorous-tagging of a variety of functional groups present in
lignin and carbohydrates, followed by solution and solid state *'P NMR spectroscopies.
Solution *'P NMR have been used to examine soluble lignin and carbohydrate samples
after phosphitylation with 2-chloro-1,3,2-dioxaphospholane. This is a novel and powerful
means to determine the three principal forms of phenolic hydroxyls present in lignins i.e.
p-hydroxyphenyl, guaiacyl, and syringyl structures. In addition, primary hydroxyls,
carboxylic acids, and the two diastereomeric forms of arylglycerol-8-aryl ether units (3-
0-4 structures) present in lignins can also be determined from a single 3P NMR ’
experiment. When applied to carbohydrates, the technique gave characteristic signals for
the alpha and beta anomers and the epimeric forms of monosaccharides. Completely
resolved *'P NMR spectra were also obtained when lignin-carbohydrate model
compounds were examined.

Another phosphitylation reagent namely, 2-chloro-4,4,5,5-tetramethyl-1,3,2-
dioxaphospholane, have been found particularly good at resolving this region at the
expense of fine resolution between the primary and secondary hydroxyls'®!®, The *'P
NMR signals received due to free phenolic hydroxyls belonging to guaiacyl, syringyl, p-
hydroxyphenyl units and most C-5 and C-6 related condensed phenolic forms are very
well resolved'”. In addition signals due to carboxylic acids are well separated from all
other signals, allowing direct access to this important information related to the

fundamental changes occurring within lignins during oxidative conditions'®.

1.3.2.4. Other NMR Methods

Other NMR techniques that have been used for the structural elucidation of
lignins, are acetylation, silylation, and fluorination aimed at derivatizing the labile
protons in lignins, followed by 'C, °Si, and ""F NMR spectroscopies, respectively.
Acetylation of lignins is relatively simple to achieve under well established and mild
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conditions. It have been used to estimate the total hydroxyl content in various lignin
preparations from proton and '*C NMR spectra. The PC NMR spectra may also reveal
other structural features of lignins. These spectra permit the distinction to be made
between aromatic and aliphatic hydroxyls, and may reveal the primary and secondary
character of aliphatic hydroxyls.

Efforts to overcome some of the limitations imposed by proton and '*C NMR
spectroscopies have prompted the examination of other NMR-active nuclei which when
covalently linked to lignin by appropriate derivatization procedures may provide
additional structural information for these heterogeneous biopolymers. Early attempts
examined the potential of silylation followed by silicon NMR for the determination of
hydroxyl groups in kraft lignin and related model compounds'® '®. The *Si NMR
spectra of silicon derivatives of lignins contain features that may distinguish between
aromatic and aliphatic hydroxyls and carboxylic protons. The method, however, requires
large sample concentrations and long instrument times. This is due to the relatively low
natural abundance of the silicon-29 nuclei (4.7 %), their low magnetic moment, and their
high relaxation time. In order to increase the sensitivity of the experiment, the INEPT
(Insensitive Nuclei Enhanced by Polarization Transfer)!!!"'!* pulse sequence is used, and
introduces a variety of uncertainties in quantitatively interpretating the spectra.

YF NMR have also been proposed as a mean of detecting different functional
groups in lignins'!* !5, The 100% natural abundance of the '*F nucleus, resulting in high
sensitivity during an NMR experiment, is among the advantages of fluorine NMR
spectroscopy. Although the potential of this technique has been applied for detection of
hydroxyl''* and carbonyl groups''®, the major limitation of this technique is incomplete

fluorine-derivatization of these functional groups in lignins.
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1.4. SCOPE and AIM of this THESIS

Although the structure of lignin is considered to be adequately defined, it is
certainly not perfectly refined. For this reason, it is imperative that analytical methods
suitable for the fine structural characterization of solid wood and soluble lignins be
developed.

The primary objective of the research presented in this thesis is focused on
developing and investigating the application of novel NMR spectroscopic techniques
toward studying and elucidating the role of different structural units in lignin.

Solid state '*C CP/MAS was employed to measure proton spin-lattice relaxation
times (T,;;) for several samples of softwood, lignin, and cellulosic materials as a function
of pH (Chapter 2). This was done to investigate the ionization of various functional
groups on the molecular mobilities of carbohydrates and lignin in order to arrive at a
better understanding of their molecular connectivities and their physico-chemical
properties in wood during various stages of pulping and bleaching processes.

During chemical pulping lignin in wood undergoes degradation reactions. It is
clear that in most cases lignin also undergoes condensation reactions, which work against
the degradation. In chapters 3 and 4 the application of quantitative >'P NMR spectroscopy
is implemented for determining the thermodynamic parameters governing the cleavage
of arylglycerol-3-aryl ether linkages of lignins and the formation of condensed structures
under kraft pulping conditions.

The carbonyl groups present in wood and pulps play an important role in
determining the reactivity of lignin structures toward the yellowing of paper and the
bleaching of pulp. The low contents of these groups in wood, in pulp and in paper have
made the elucidation of their role rather elusive. Therefore, the necessity to obtain
essential information toward understanding the reactivity of lignin structures during
yellowing and pulp bleaching, initiated efforts at developing a novel method for the fine
structural elucidation and quantification of the various carbonyl groups present in lignin.
The development of this technique is described in chapters 5 and 6.

Despite significant recent advancements in technical and instrumental fronts,
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lignin chemists are still challenged with the need to develop and apply improved
methodologies in search for solutions to both fundamental and applied lignin-related

problems.
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Chapter 2

Proton Spin-Lattice Relaxation Time Measurements of Solid Wood
and its Constituents as a Function of pH

2.0. ABSTRACT

By measuring the proton spin-lattice relaxation times (T,;;) in the solid-state, for
black spruce softwood, the molecular mobilities of carbohydrates and lignin have been
evaluated as a function of pH. Furthermore, in an effort to examine for possible
macromolecular connectivities between lignin and cellulose, similar measurements were
carried out on isolated cellulose and cuoxam lignin. These studies have shown that the
mobility of the polymeric constituents of wood is affected by the ionization of the
different functional groups, at different pH’s (2-13). The analyses of the proton spin-
lattice relaxation time data at constant humidity revealed that the maximum T,; for both
carbohydrates and lignin occurs at about neutrality while it was found to be depressed
at the two extremes of the pH range. By treating a wood sample with propylene oxide,
the esterification of the acid groups was affected, thus deactivating the ionization process
and their contribution to T,;;. The experimental T,; values for cellulose and lignin after
the esterification were significantly decreased at pH 6 confirming that their ionization
- plays a very significant role in determining chain mobility. To further substantiate our
findings, two additional sets of experiments were conducted which involved the
determination of T, values for isolated fully bleached cellulose and cuoxam lignin as a
function of pH. The measured T,; values as a function of pH when combined
mathematically were found to semiquantitatively describe the pH dependence of cellulose

and lignin present in solid wood in the pH range 5 to 10.
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2.1. INTRODUCTION

Pulping is essentially the process of fiberizing wood'. The bonds which hold
fibres together in wood must be broken to such an extent that individual fibres can be
liberated from the wood structure. Interfibre bonds can be weakened to the point of fibre
liberation using chemical, thermal and mechanical treatments. These treatments can be
applied individually or in combination to produce a pulp of desired yield and quality. In
all cases, an important step is the disruption of the ligpin present in the middle lamella.
This may be achieved by softening the lignin in the middle lamella, thermally and/or
mechanically, or by degrading the lignin chemically?.

The process by which lignin is broken down and dissolved during pulping is
referred to as delignification. The ultimate goal of various delignification processes is the
production of high yield pulp with superior physical and chemical properties. However,
the efficient production of bright and stronger pulp at lower cost is not an easy task. This
may involve a combination of various chemical and thermal treatments. For example, it
has been shown that chemical pretreatment is more effective than presteaming in
promoting interfiber bonding but less effective in preserving fiber length®.

A number of studies have shown that mild sulphite treatments with sodium acid
sulphite®, sodium bisulphite*, sodium sulphite-bisulphite’ and sodium sulphite® 7, do
indeed produce chemimechanical (CMP)*%, and chemithermomechanical (CTMP)*’,
pulps with strength properties superior to those of the corresponding refiner mechanical
(RMP) and thermomechanical (TMP) pulps. These sulphite treatments change the
polymeric properties of the wood biopolymers with concomitant increase in the strength
of CMP and CTMP pulps, produced from them. Sulphonation is known to cause
progressive and irreversible softening of the lignin and this effect has been held primarily
responsible for the strength increases exhibited by CMP and CTMP®. However, no
generally accepted relationship has been established between the polymeric properties of
treated softwoods and pulp strength.

An important aspect in the various pulp treatments is the role of pH. The process
of fibre softening by sulphonation at several pH values has been examined®'' and has

been attributed mainly due to the disruption of the surface charges of fibres and their
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affinity toward various chemical additives during pulping, bleaching and paper-making
processes'2. Proper pH control during the various stages of mechanical pulp production
is an important issue since the chemical properties of papers are significantly affected by
process history and the type and amount of the non-fibrous additives.

Understanding the molecular origin of the macroscopic behaviour of such pulps
may lead the way to further advances in both process and properties of such materials.
It is here that solid-state nuclear magnetic resonance techniques could make notable
contributions toward comprehending the various morphological domains and the way in
which they influence the overall macroscopic properties of the different biopolymers
present in wood pulps. Indeed, recently developed techniques give promise to an
increasing role for NMR.

The introduction of cross-polarization' (CP) and magic angle spinning'* (MAS)
were brought together by Schaefer and Stejskal'® in carbon-13 CP/MAS NMR
spectroscopy. These techniques paved the way for obtaining high resolution spectra of
solid wood samples with well resolved signals for cellulose'®'8, hemicellulose and
lignin'*?', for different wood samples®?,

The observations made in these studies contributed a considerable body of
knowledge on a variety of issues. For example, the analyses of *C CP/MAS spectra have
clearly demonstrated that the grinding of wood has no influence on the crystallinity of
cellulose, whereas ball milling converts “crystalline” cellulose to its amorphous form?.
On another front, Maciel et al.? ¥ have succeeded in assigning the most prominent
signals of CP/MAS spectral of various lignins specific functional groups.

Interest in NMR relaxation parameters has shown a dramatic increase in the past
20 years. This interest has developed for a number of reasons, probably the most
important being that it is essential for one to have a knowledge of nuclear relaxation rates
in order to use efficiently a pulse Fourier transform NMR spectrometer. Furthermore,
it is relatively easy to measure NMR relaxation parameters using such a spectrometer.
The ease with which relaxation parameters can be measured has enabled spectroscopists
to demonstrate and, to some extent, rediscover that these parameters are capable of

providing important dynamic information such as (i) molecular rotational and angular-
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momentum correlation times, 7, and 7., respectively, (ii) translational diffusion constants,
and (iii) inter- and intramolecular exchange rates. The dependence of some relaxation
parameters on nuclear-nuclear separations (bond lengths) allows one to use these
parameters to assist in the determination of molecular structure.

The most commonly measured NMR relaxation parameters are the spin-lattice
relaxation time T,, the spin-spin relaxation T,, the spin-lattice relaxétion time in the
rotating frame T,,, and the nuclear Overhauser enhancement factor. The longitudinal
(spin-lattice) relaxation time represents a measure of the time required for energy to pass
from the spin system to other degrees of freedom. The transverse (spin-spin) relaxation
time refers to thermal equilibrium within the spin system itself. According to the theory
of nuclear magnetic relaxation of Solomon?, T, and T, are functions of a correlation time
7.. The correlation time is the time a molecule takes to turn through a radian or to move
through a distance comparable to its own dimensions. The main advantage of these
spectroscopic techniques is that it provides a detailed analysis of molecular motion at
molecular level.

In recent years considerable effort has been devoted to the study of
macromolecular dynamics as determined from nuclear magnetic relaxation parameters for
probing molecular motion®*? and miscibility* 3 of polymeric blends. The examination
of epoxy polymers®*?’, polyesters® ¥4 polycarbonates* “, polyphenylenes®,
polyphenylene oxides?®, polyphenylene sulfones?, polyphenylene sulfides®®, polystyrene®:
2 polyimides”? and heteroaromatic polymers* are just a few examples of such
applications.

The advent of these applications has provided a novel approach toward
investigating the polymeric components of solid wood'* 2+ % %2 in a nondestructive
manner. Techniques such as proton and carbon spin-lattice (T, T,c), spin-spin (T,) and
spin-lattice in a rotating frame (T, ), relaxation measurements were implemented for
elucidating microstructural details of lignin-carbohydrate linkages®' ‘% which were
otherwise impossible with solution NMR spectroscopy. Consequently, solid-state NMR
techniques have opened up new avenues for studying the various morphological and
structural features of wood.
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2.1.1. Effect of Moisture on Spin-Lattice Relaxation Parameters of Wood
Wood normally contains water. The amount of water can reach levels such that
it dominates the proton NMR signal. Early NMR studies conducted on water in wood**

5 and in cellulosic gels®

*% reported a multi-exponential behaviour of relaxation times.
These studies concluded that such behaviour of relaxation was due to part of the water
being intimately associated to the cell wall components, while another part was present
in the cell lumen and free to diffuse. The presence of water is known to plasticize wood
components™’. Plasticization increases the mobility of the wood polymers and
consequently may reduce the cross polarization (CP) efficiency at room temperature®.
Newman® %!, Willis and Herring® have noted that spin relaxation parameters may be
affected by the amount of water present on a wood sample. In addition, Newman®' has
shown that T, values were much longer for dry wood than for wet wood. On the other
hand, Willis and Herring® reported that moisture is known to enhance signal to noise and
improve the resolution of a *C CP/MAS NMR spectrum in comparison to a dry sample.
They concluded® that hydration has an effect on both the carbohydrate and the lignin
components of wood. However, the effect of hydration for aliphatic carbons of the
carbohydrates and lignin is more augmented than the aromatic carbons of lignin present
within a solid wood sample.

The actual chemical shift values also give indications regarding the effect of water
on cellulose®. By increasing the moisture of cellulose from 0.5 to 16% the principle
signals of cellulose shift a few ppm to higher field. A similar, but much smaller shift was
also observed for cellulose acetate. The spin-lattice relaxation time (T,) for C1, C2, C3,
and C4 diminish with increased moisture contents. However, for the case of C6 there is
no significant change. For cellulose acetate, qualitatively a similar behaviour was
observed*®. '

An important recommendation®® therefore emerges on reporting proton spin

relaxation times i.e. the water content of the sample in question needs to be specified.
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2.1.2. Effect of Paramagnetic Metals on Spin-Lattice Relaxation Parameters of
Wood

Another factor which may seriously affect the magnitude of proton T, values in
wood and pulp samples is the presence of paramagnetic impurities® such as Fe, Mg, Cu,
Mn, etc. The influence of paramagnetic impurities on nuclear relaxation takes place via
interactions with the fluctuating magnetic fields. The interaction of the unpaired spins of
paramagnetic impurities with the protons of carbohydrates and lignin can cause
fluctuation of the magnetic intensity. Any fluctuation of magnetic intensity at a nucleus
can cause spin transition if it has components of a suitable frequency. Since the magnetic
moment of the electron is much larger (650 times) than that of the nucleus, even small
traces of paramagnetic species in the sample can dramatically reduce the measured
relaxation times. Before measuring relaxation times care must be taken to remove these
impurities from wood or pulps since wood is known to contain a number of such
paramagnetic centers®®,

In actual fact the dependency of proton spin-lattice relaxation times for lignin and
carbohydrates as a function of total ionic contents, for a series of sulphonated pulp
samples were measured and quantified by Argyropoulos and Morin®. They observed that
after removal of the paramagnetic metal ion impurities from wood and pulp samples, the

proton T, values were significantly decreased.

2.1.3. Effect of Static Magnetic Field on Spin-Lattice Relaxation Parameters of
Wood

The field of a spectrometer can also affect the relaxation parameters of many
nuclei in a complex way (apart from modifications resulting from changing the second
order nature of the spectrum), once the extreme narrowing limit is exceeded. This occurs
once the Larmor frequency of the nucleus being detected, or any nucleus to which it is
spin coupled, e.g. 'H, approaches or exceeds the reciprocal of the molecular correlation
time. Under these conditions, which are increasingly encountered as magnet fields
increase, relaxation characteristics change, the NOE decreases, and can even invert in

sign®, T, will exceed T, and consequently the efficiency of NMR decreases.

43



Argyropoulos et al.®2 have measured the proton spin-lattice relaxation parameters
of the two principle biopolymers of wood at different magnetic fields (at 100 and 300
MHz). They concluded that a three fold increase in the static magnetic field caused an
increase in the T, values. However, the difference in proton spin-lattice relaxation time

values for both carbohydrates and lignin within the two fields, remains the same.

2.1.4. Effect of Temperature on Spin-Lattice Relaxation Parameters of Wood

Temperature can also influence the magnitude of spin relaxation measurements.
Several studies have shown that the T, minimum is close to room temperature, while at
above and below room temperature T,y values raised® ©, Nevertheless, if the spin-lattice
relaxation time is studied as a function of temperature, a T, minimum occurs for each
temperature where a particular process (e.g., side group motion) has w7, ~ 1%.

In light of the above considerable efforts to avoid any unqualified contributions
to the spin-lattice relaxation times were made during our measurements.

In this chapter we document our measurements of proton spin-lattice relaxation
times for wood, isolated cellulose and lignin as a function of pH. This was done in an
effort to obtain further information into the structure of wood and the effect of pH on it.
The derived information is discussed in terms of the macromolecular connectivities that
exist between cellulose and lignin in wood and the effect of ionization of the various

functional groups on its physico-chemical properties.



2.2. EXPERIMENTAL
2.2.1. Materials and Methods

2.2.1.1. Preparation

A trunk section of a black spruce (Picea mariana) tree was pulverized into
sawdust. The sawdust was suspended in acetone three times to eliminate the water. Only
the sample was then allowed to dry under ambient conditions and finally subjected to
Wiley-milling to 20 mesh.

Cellulose

The cellulosic material was provided by Dr. T. Scallan of PAPRICAN. The
cellulose (Q90) was commercially prepared i.e., from fully bleached black spruce kraft
pulp. The letter "Q" is an abbreviation for the Quevillon mill in northern Québec, and

the number "90" is the brightness of the sample.

Cuoxam Lignin

In an attempt to isolate intact lignin, wood meal from a selected spruce log was
extracted for 48 hours with hot benzene-alcohol (1:1). The wood meal was then
degummed by treating it twice with 5% sodium hydroxide for 24 hours and washing it
successively with water, dilute acetic acid, and again with water. To remove the easily
hydrolysed carbohydrates, such as pentosans and hemicelluloses, the wood meal was
refluxed for 1-2 hours with 1% sulfuric acid, washed, and dried in the air. The wood
meal thus prepared was then shaken for 12 hours with Schweizer’s reagent
[Cu(NH,),]J(OH),, using 750 mL for S0 g wood meal. The lignin was separated by
centrifuging and washed in the centrifuge jar successively with Schweizer’s reagent,
concentrated ammonia, water, and dilute sulfuric acid (1% w/v, 2L). It was then filtered
and washed with water. The hydrolysis with 1% sulfuric acid and the extraction with
cuprammonium hydroxide were repeated five times. The isolated insoluble lignin was a
light yellow-brown powder. The lignin thus obtained is referred to in the literature as

"Freudenberg”, "cuproxam”, or "cuoxam" lignin®.
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Preparation of buffer solutions and sample treatments

A wide range of buffer solutions at pH values 2, 4, 6, 8, 10, 11, and 13 was
used. All buffer solutions were purchased form Fisher Ltd. with the exception of buffer
solution 13 which was prepared by mixing 25 mL of 0.2 molar KCI with 66 mL of 0.2
molar NaOH®*.

2.02 g of softwood, cellulose and 0.9 g of cuoxam lignin were suspended in the
50 mL and 22.3 mL of the desired buffer solution, at room temperature under constant
stirring for 24 hours. The samples were then filtered and thoroughly washed with
deionized water. The samples were then dried at room temperature and kept in a
desiccator under reduced pressure for a period of three weeks. This was followed by

conditioning them at 45 +5% humidity prior to any spin relaxation measurements.

Sample conditioning and moisture control

All samples were kept in a desiccator under reduced pressure for a period of one
week in the presence of drierite (calcium sulfate, anhydrous). All the samples were then
exposed to 45% humidity next to 100 mL of a solution with aqueous tension of 10.69.
This solution was prepared according to Lange’s Handbook of Chemistry where all
concentrations are expressed as percentages of anhydrous solute by weight®’. The dry
samples were kept in the desiccator next to the solution for a period of three weeks prior

to any measurements. Each sample was weighed before and after each measurement.

2.2.1.2. Reactions

The removal of paramagnetic metal ion impurities from cuoxam lignin, cellulose (Q90),
and softwood samples

Approximately 3 g (on oven dry basis) of wood dust were dispersed in 300 mL
of a 0.2% (w/v) diethylenetriaminepentaacetic acid (DTPA) solution prepared in
deionized water. The dispersion was then stirred at 60 °C for 1 hour. The filtered dust
was then washed with deionized water and dispersed in 600 mL of a solution of sulphuric
acid (1.1 mL/L) where it was kept under mild agitation at room temperature for 2 hours.
- Finally, the sample was filtered and washed three times with deionized water. This
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procedure was used for all the samples examined in this work. The only exception was
cuoxam lignin where sulphuric acid was replaced with 0.2% (v/v) nitric acid aimed at

removing copper ions more effectively.

Determination of carbohydrate composition of extractive-free samples

The isolated filtrates from sawdust, cellulose (Q90), and cuxoam lignin after being
suspended in the wide range of buffer solutions, were isolated and analyzed for the
presence of various sugars and in particular, arabinose, xylose, galactose, and glucose
by mean of gas chromatography. This was carried out for all treated samples. The only
sugar detected was xylan for the treatment of black spruce softwood dust at pH 13 as a
concentration of 116 mg/L.

Esterification of carboxylic acid groups in softwood sample with propylene oxide'®
The acid groups of approximately 2-3 g (oven dry weight) of the sawdust sample
were first exchanged to their acidic forms by suspending the sample at 1% consistency
in 0.1 N HCI solution under gentle agitation for 1.0 hour. The sample was filtered and
the procedure repeated. After thorough washing with deionized water, the sample was
dispersed in 400 mL of a 37%-by-weight solution of propylene oxide in water®®, and
allowed to react for 7 days at room temperature. Excess propylene oxide was removed

by washing the sample with deionized water.

2.2.1.3. Instrumentation
BCP MAS NMR and proton T, measurements

All samples were conditioned at 45+5% relative humidity prior to any
measurements, so as the effect of moisture content on the measured parameters was
eliminated. Proton spin-lattice relaxation time measurements were carried out via carbon.
On a Chemagnetics M-100 spectrometer operating at a *C frequency of 25.12 MHz. All
CP/MAS experiments were performed with a spinning rate of 4 kHz, a contact time of
1 ms and proton #/2 pulses of 4.5-5.0 us duration.

The proton spin-lattice relaxation times were measured from the "C cross-
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polarized spectra immediately after the application of a x-7-7/2 pulse sequence to the
proton spins. The T, data was fitted to the following three parameter equation:

M, = M, = [1- (1+a) exp(~t/Ty) 2.1

T

where T is the proton spin-lattice relaxation time M, .., is the equilibrium magnetization
and « is the inversion efficiency of the proton = pulse. For perfect inversion a=1.0; the
values of « ranged between 0.80 and 0.90 s. In all relaxation experiments, recycle times
of at least 5 x T,- were used, typically with 9 different 7 values. In order to reduce errors
due to instrument drift (variations in amplifier output etc.), the order of the 7 values was
scrambled. In addition, the data were collected in blocks, i.e., 1000 transients with the
first 7 value, then 1000 with the second and so on through to the last value. The
experiment then returned to the beginning of the list and 1000 more transients were
added to the corresponding data set previously accumulated. The list was run through in
this manner until an adequate signal to noise ratio was reached (usually 4000-8000
transients in total for each 7 value). Spectra were obtained on 7 different 7 values prior
to the application of equation 2.1. The proton spin-lattice relaxation values for
carbohydrates and lignin were derived by measuring the intensity of the signals at 72.4
and 148.2 ppm respectively® %, Similar measurements were also carried out for isolated
cellulose (Q90) and cuoxam lignin.
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2.3. RESULTS and DISCUSSION

Prior to the proton spin-lattice measurements (T;;), all samples were treated under
similar protocols. These measures were followed to avoid any unqualified contribution
to T, which involved the removal of paramagnetic impurities and regulating the amount
of moisture. Table 2.1 shows the metal ion profile before and after their removal by
thorough chelating and acid washing. This procedure was very effective in removing

and/or reducing their concentration significantly.

Table 2.1. Paramagnetic metal ion contents measured by atomic absorption before and
after washing of softwood sawdust, cellulose and lignin.

Sample Before washing (ppm) After washing (ppm)
Fe Mn Cu Fe Mn Cu
Soﬁwodd 123 142 3.3 87 <DL. 14
Cellulose 84 6.5 1.1 44 <DL. 09
Cuoxam lignin 996 5.0 405 <D.L. <DL. 9.0

D.L. = Detectiom limit

The presence of water in a wood sample or its exposure to ambient moisture can
also affect the T,;; measurements. High moisture content contributes to the mobility of
the polymer chains, resulting in lower T, values®. Under these conditions, the proton
spin-lattice measurements (T,y) of the two biopolymers of softwood were investigated.
More specifically, a series of softwood samples  were suspended in various buffer
solutions ranging from acidic (pH 2) to alkaline (pH 13). Table 2.2 shows the magnitude
of T,; values for the carbohydrates and lignin polymers present in softwood.

These data were then employed to examine the relaxation behaviour of
carbohydrates and lignin as a function of pH. Figure 2.1 demonstrates that the pH
treatment of softwood over a wide range has significantly affected the mobilities of these
biopolymers as reflected in their T,y values. As the pH was varied from acidic to near

neutrality (2 - 6), the T,y values of both carbohydrates and lignin increased. Under
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alkaline conditions the opposite was apparent. As the pH changed from near neutrality
toward alkalinity (6 —» 13), the T, values decreased. The maximum T,,, values were
obtained at about neutrality, i.e. pH 6. However, a striking feature of these data is that
the T,y values of these biopolymers qualitatively follow each other as a function of pH.
This trend is similar to that reported by Argyropoulos et al.® %2 and may be indicative

of the presence of molecular connectivities between the lignin and carbohydrates.

Table 2.2. Spin-lattice relaxation time for cellulose and lignin signal for softwood
sawdust as a function of pH.

Entry pH Spin-lattice relaxation time (T |y4) (ms)

Cellulose" Lignin®
I 2 39316 377+ 20
I 4 412+ 4 391 +£26
I 6 777+ 19 661 £43
v 8 576 £ 15 51546
A% 10 482 + 36 476 = 26
VI 11 285+ 5 317+ 13
VII 13 299+ 12 296 + 22

(1} Measured via the C-13 signal at 72.4 ppm
@) Measured via the C-13 signal at 148.2 ppm

The observed variation in the T,; values as a function of pH could be attributed
to the modification of the macromolecular structure of the wood components. Large
variations in pH may affect the functional groups of the individual wood components by
inducing diople-dipole, ion-dipole, or hydrogen-bonding interactions. The formation of
hydrogen bonds by free OH groups®, ionization of various functional groups attached to
the macromolecular network™ and the formation of ionic aggregates®® ™' can all alter the
physical and dynamic mechanical properties’ of wood and their proton spin relaxation
values. Lindberg et al.” have actually documented the variation of spin-lattice relaxation
values for a number of chemically modified wood samples. Their measurements provided
information regarding small changes in the composition of carbohydrates and lignin as

caused by various chemical agents. However, the most significant account on the effect
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of pH on wood pulps was presented by Lindstrom and Carlsson™. They clearly showed
that the swelling of wood pulps is maximum at about neutrality and is depressed at low
and high pH values similar to the trends reported in Figure 2.3. Considering the
Donnan’ 7 theory, the relaxation behaviour of carbohydrates and lignin as a function of
pH, one may attempt to rationalize the ionization process for these biopolymers as
follows: Under acidic conditions the extent of ionization of the various functional groups
is low. However, as the pH shifts toward néutrality the extent of hydrogen bonding
increases, resulting in higher T,y values. As the pH shifts further to alkaline values, the
opposite occurs, i.e. the ionization increases causing repulsive forces to set in, between
the polymer chains (this effect is highest at pH values > than 10). Electrostatic repulsive
forces may cause rupture of hydrogen bonds increasing the mobility of the polymeric

chains, resulting in faster relaxation and consequently lower T, values.
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Figure 2.1. The dependence of proton spin-lattice relaxation times for lignin (@) and
carbohydrates (W) in softwood sawdust as a function of pH.
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Acidic groups such as carboxyl, phenolic and even enolic hydroxy! groups present
within the lignocellulosic matrix can be ionized at pH values greater than 10”". Primary
and secondary carbohydrate hydroxyl groups™ may only partially ionize in alkaline
solutions due to their weakly acidic nature™®,

As previously mentioned, the longest T, values for carbohydrates and lignin were
observed at pH 6. At this pH, the difference in T,y values between these two polymeric
components of wood were augmented. A number of literature accounts have provided
further support on the significance of pH near neutrality for chemically modified wood
samples. Rowell et al.* have reported that the acetyl groups of acetylated wood is most
stable at pH 6 while Farrer and Neale® have considered the carboxylic acid groups to be
the active species affecting swelling near neutrality. The contribution of carboxylic acid
groups toward dynamic relaxation was examined by Nakano as a function of pH’s. They
concluded that the side-chains of succinylated wood ionize in solutions above pH 5%. For
these reasons, during this effort greater attention was paid on the role of carboxylic acid
groups at pH 6. By treating a wood sample with propylene oxide®, the esterification of
the acid groups was affected; thus deactivating the ionization process and their
contributions to T,y. In addition, the carboxylic protons were displaced with longer
propylene groups. Both of these are expected to increase the mobility of the polymer
chains allowing for faster relaxation. Indeed the experimental T,;; values for cellulose and
lignin after the esterification were significantly decreased at pH 6. Table 2.3 and Figure
2.2 shows the magnitude of these relaxation times and compares them at pH 6 before and
after esterification.

In an effort to ascertain and further substantiate our T,; measurements, four
samples of softwood sawdust were exposed at various pH’s and their T,; values were
measured at 45% moisture. This set of experiments assured that the reproducibility of
our data was adequate for the purposes of this work. The aforementioned reproducibility

data is presented in Table 2.4 showing an excellent agreement to that of Table 2.2.
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Table 2.3. Spin-lattice relaxation time data for cellulose and lignin signals for softwood

S

awdust at pH 6 before and after esterification of carboxylic acids.

Entry pH Spin-lattice relaxation time (T 1) (ms)
Cellulose Lignin
I 6 777 £ 19 661 £43

*Measurements after esterification
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Table 2.4. Evaluation of spin-lattice relaxation time for cellulose and lignin in softwood
sawdust as a function of pH, at 45% relative humidity.

Entry pH Spin-lattice relaxation time (T 14) (ms)
Cellulosé"” Lignir”
I 2 391 6 366+ 17
Il 4 404+ 6 393 +22
v 13 300+ 4 300+ 31

(1) Measured via C-13 signal at 72.4 ppm
() Measured via C-13 signal at 148.2 ppm

In an effort to further substantiate and comprehend our findings, two additional
sets of experiments were conducted. These involved the determination of T,y values of
isolated fully bleached cellulose and cuoxam lignin as a function of pH. These
measurements were carried out in exact analogy to the experimental protocols followed
for softwood sawdust. These studies were so designed as to provide the contributions of
the individual components to the overall relaxation behaviour of softwood®”%.

2.3.1. Celtulose (Q90)

In natre, cellulose exists as microfibrils of varying dimensions® *. These are
aggregates of parallel chains of cellulose macromolecules which are held together by
hydrogen bonding. However, as in all crystalline polymers, there are amorphous regions
within cellulose. These regions occur when the chains are not oriented parallel to each
other.

Horii et al.” have shown that carbon-13 spin-lattice relaxation times (T,c) are
longer for crystalline than non-crystalline cellulose. In the crystalline regions of cellulose
the chains are held together by cellulose-cellulose hydrogen bonds. This interchain
bonding would result in rigidity of the crystalline regions which would not permit partial
rotation of the anhydrocellulose rings without breaking hydrogen bonds. However, in the
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amorphous regions of the polymer, the decreased packing density of the chains probably
permits the cellulose rings to undergo partial rotation®.

Other observations on various material characteristics of cellulose hydrogels, such
as dynamic mechanical®, mechanical and swelling”"'®, thermoelasticity”® and swelling
kinetics'® have been studied by means of NMR and Raman spectroscopy. However, the
effect of ionization on T,, for cellulose as a function of pH has not been examined
before.

The surface charge of cellulose arises from the dissociation of acidic group and
this depends on pH'®. At high pH’s, the acidic groups exist in their dissociated salt form
and the surface charge is substantially negative, whereas at low pH’s, the acid groups
exist in a largely undissociated form and the surface charge is closer to zero (the
isoelectric point) or it may eﬂren become slightly positive.

. The proton spin-lattice relaxation times for a series of cellulose samples (Q90)
were measured as a function of pH. These data are depicted in Figure 2.3 indicating that
the T,; values increased as the pH was changed from acidic to neutral, reaching its
maxima at pH 6. Above this pH the T, was reduced up to pH 10, then increased again
for pH 11 and 13. The T,y relaxation behaviour of isolated cellulose is very similar to
the corresponding carbohydrate measurements for softwood. The only significant
difference was observed beyond pH 10. The T,; values of cellulose were found to be
higher by 400 and 500 ms at pH 11 and 13 respectively when compared to the T,y
measurements of the carbohydrate component in softwood.

Neale™#®! considered the hydroxyl groups as very weak acids capable of forming
sodium salts. Because of the very low dissociation constants of the hydroxyl groups,
conversion to the sodium salt and subsequent swelling by necessity occurs at very high
alkalinities. For example, he calculated an ionization constant of Ka=1.84x10" (pKa=
13.74 at 25 °C) assuming that only one hydroxyl group per anhydroglucose unit is
ionized, below 20% NaOH. In this case Ka represents the sum of the ionization constants
for three hydroxyls per anhydroglucose unit. Neale”®' also concluded that the glucose
units in cellulose behave like weak acids with an approximate pKa value of 13.7. An

approximation of pKa values for a number of functional groups associated in cellulosic
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materials have been reported'®- 1%,

Table 2.5. Spin-lattice relaxation time for isolated cellulose (Q90) and cuoxam lignin
as a function of pH.

Entry pH Spin-lattice relaxation time (T |H) (ms)
Cellulose (Q90)" Cuoxam Lignin®
I 2 700 + 13 31515
Il 4 84115 328 +£25
I11 6 849 +29 35312
v 8 781+ 9 366+ 4
\Y 10 688+ 5 375+ 7
VI 11 693 £24 346 £ 19
Vil 13 791 £ 14 23214

(1) Measured via C-13 signal at 72.4 ppm
) Measured via C-13 signal at 148.2 ppm
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Figure 2.3. The dependence of proton spin-lattice relaxation times for isolated cellulose
(W) as a function of pH.
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Carboxylic acid groups which are present in the pectic components and in 4-O-methyl-
glucuronic acid units of xylan hemicelluloses, have an approximate pKa value of 4.5
(Ka=3.16x10"%)'%, Furthermore, the dissociation constants of the primary and secondary
hydroxyl groups of carbohydrates were found to be 0.93x10'* and 0.025x10*
respectively'®. Considering these data an attempt was made to rationalize the impact of
ionization of the different functional groups of cellulose on the behaviour of T, as a
function of pH. Figure 2.4 shows the calculated degrees of ionization as a function of pH
for the different functional groups of cellulose. Therefore, it is not surprising to see that
the T, values in Figure 2.4 increased since the ionization of most cellulosic functional
groups occurs at pH 11 and above. It is noteworthy to mention at this point, that after
treatmeﬁt of cellulose at pH 13, (66 mL 0.2M NaOH and 25 mL of 0.2M KCl) the
resulting material turned to light-yellow in colour and hardened. This physical change
was manifested in the increased T,y values for samples exposed at this pH (Figure 2.3).
The possibility of conversion of cellulose I to cellulose II under highly alkaline conditions
(>3M), was also considered. However, the '*C CP/MAS spectral analysis of cellulose
exposed at this pH did not exhibit any additional C1 signal due to mercerization.
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Figure 2.4. Percent ionization for cellulose (W), glucose in cellulose (¢),
primary (O) and secondary hydroxy! (@) groups in cellulose.
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2.3.2. Cuoxam Lignin
Unlike cellulose, the T,; plots for cuoxam lignin as a function of pH did not
behave in qualitative similarity to the corresponding measurements for lignin in softwood
(Figure 2.5). These measurements showed that the T ; values increased from pH 2 to a
maximum value at pH 10. After this pH, the mobility of lignin was found to increase
dtamatically as evidenced by the reduced T,y values. This is to be expected since the
| alkaline treatment of lignin is known to soften its macromolecular structure even allowing

its dissolution.
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Figure 2.5. The dependence of proton spin-lattice relaxation times for isolated lignin
(@) as a function of pH.

Lignin is known to behave as a spherical, amorphous macromolecule®: 7% of
a polydisperse molecular weight distribution. The swelling behaviour of these materials
was found to be similar to that of polyelectrolyte networks!'®. Flory'!! has suggested that -

crosslikned polyelectrolytes swell at elevated pH'’s due to the effect of ionization on
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conformation. The ionization effect is attributed to the presence of carboxylic acid groups
which are known to form intermolecular hydrogen bonds within the lignin network
structure''® via the abundant free phenolic hydroxyl groups''?. Consequently, the extent
of ionization of these two functional groups and their contribution to T, at various pH's
were examined. On the basis of approximate pKa values for carboxylic acids
(pKa=4.5)' and free phenolic hydroxyl groups (pKa=10.21)'" the percent ionization
of these groups were calculated as a function of pH (Figure 2.6).
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Figure 2.6. Percent ionization of carboxylic acids (O), and free phenolic hydroxyls
(<) groups in lignin.

These calculations show that the carboxylic acid groups were nearly fully ionized
at pH 6. However, the free phenolic hydroxy! groups began to ionize at pH 10 (40%).
At this point, the T, values started to decrease. As the ionization of these groups
proceeded to maximum (pH 11 and 13), the mobility of the lignin macromolecular

network increased significantly contributing to its alkaline softening.
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2.3.3. Correlation of the Cellulose and Lignin T,,; Measurements with those of Wood

In an effort to obtain a better insight on the significance of our measurements so
far and to examine for possible molecular connectivities between lignin and carbohydrates
in wood, the T, data for cellulose (Q90) and cuoxam lignin as a function of pH were
compared to the corresponding measurements for wood (Figure 2.7). To facilitate
comparison of these data to those of softwood (Figure 2.1), they were plotted on the

same scale.
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Figure 2.7.  Proton spin-lattice relaxation times for isolated cellulose (l) and cuoxam
lignin (@) and as a function of pH.

These data shows that the magnitude of the T, values for isolated cellulose were
higher to that obtained for the carbohydrate signals in wood. Nonetheless, the trend of
their relaxation behaviour seems to be very similar to that of the carbohydrates in wood.
On the other hand, the T, values for cuoxam lignin was relatively close to those

measured in softwood with the exception of pH’s 6, 8, and 10. However, compared to
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softwood, the relaxation trends as a function of pH were found to be quite different.

The comparison of the overall relaxation data has lead to another significant
observation. Contrary to the overall relaxation trends observed for lignin and
carbohydrates in softwood, the relaxation behaviour of cellulose did not follow by that
of lignin. The main reason for such discrepancy between the two sets of data is likely
attributed to the lack of molecular connectivities and the absence of hemicelluloses that
may associate (i.e. lignin carbohydrate complexes)''*!!* these two polymers in wood.
Supporting evidence for such observation was obtained by examining their relaxation
behaviour with those of softwood, especially beyond pH 10.

The comparison of these plots shows that the T,y trends for the two isolated
polymers behave differently (Figure 2.7) while in the case of softwood, the lignin and
carbohydrates appeared to be intimately associated with each other (Figure 2.1) since
their T, values followed each other as a function of pH.

Further in our analysis, the overall average rate of T,, for these independent

studies was calculated in accordance to equation 2.2 and plotted in Figure 2.8.

1 _ ,We.Fr. Wt.Fr.
(T—)o..u = (—'i.—)cmun ( T ) Lignin [2.2]
1H 1H 1H
where; T4 0.A.R= Overall average rate of proton spin-lattice relaxation time

T,y Cellulose = Spin-lattice relaxation time of cellulose; Wt. Fr.= weight fraction = 0.7
T,y Lignin = Spin-lattice relaxation time of lignin; Wt. Fr. = weight fraction = 0.3

The simulated plot of the isolated materials shows an increase in T, from acidic
pH’s reaching a maximum near neutrality and a decreasing trend under alkaline
conditions. These data indicate that under acidic conditions the molecular rigidity
increases while the mobility of these macromolecules increases under alkaline conditions.
The measured T, values as a function of pH when combined mathematically were found

to semiquantitatively describe the pH dependence of cellulose and lignin present in solid
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wood in the pH range 5 to 10.
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Figure 2.8. The simulated behaviour of overall proton spin-lattice relaxation times ( ¢ )
for cuoxam lignin and carbohydrates as a function of pH.
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2.4. CONCLUSIONS

Solid-state proton spin-lattice relaxation measurements for carbohydrates and
lignin at room temperature and constant moisture over a wide range of pH’s were
examined. These studies indicated that ionization of various functional groups can
influence the mobility of these biopolymers and consequently their physico-chemical
properties. The analyses of the T, data showed that as the pH increased from acidic to
near neutrality (2 - 6), the T, values of carbohydrates and lignin increased, reaching
a maximum at pH 6. However, as the pH changed from near neutrality toward alkalinity
(6 — 13), the T,y values decreased, promoting the softening of these biopolymers under

alkaline conditions.

Having explored the effect of pH on the macromolecular properties of the
constituents of wood, we now turn our attention to explore the stereoselective degradation
of the arylglycerol-3-aryl ether structures in lignin under kraft pulping conditions. As
opposed to the solid-state NMR work carried out in Chapter 2, Chapter 3 used
quantitative solution *'P NMR to probe the sought structural changes in lignin.
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Chapter 3

Determination of Thermodynamic Parameters Governing the
Stereoselective Degradation of Arylglycerol-8-aryl Ether Bonds in
Milled Wood Lignin Under Kraft Pulping Conditions

3.0. ABSTRACT
During this investigation, softwood (picea mariana) milled wood lignin was

subjected to kraft pulping conditions at the temperature range 100-160 °C, for variable
lengths of time. After quantitative isolation of the treated lignins, they were subjected to
3'P NMR analyses which allowed the absolute rates of scission of the erythro and threo
diastereomers of the arylglycerol-8-ary! ether structures present in lignin to be derived.
The plots of the kinetic data revealed that two kinetic regimes operate i.e. an initial fast
phase that is followed by another slower phase. In agreement with previous accounts, the
rate constants for these scission reactions were found to follow a pseudo-first-order rate
law, during both phases. Rate constant data obtained during this effort, invariably
indicated that the erythro isomers of the 8-O-4 units of softwood milled wood lignin
cleave faster than their threo counterparts during both phases. At elevated temperatures
(160 °C) the difference was found to be augmented. The general stability of the threo
diastereomers toward kraft pulping seems to be the manifestation of a considerably
slower reaction of the pulping reagents with the threo diastereomers of the 3-aryl ethers.
Arrhenius and Erying plots of these data supplied the complete profile of thermodynamic

parameters governing this commercially important ether scission reaction.
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3.1. INTRODUCTION

The degradation of lignin under kraft pulping conditions is known to be related
to its reactivity' 2, rather than its accessibility’ to the pulping reagents. The faster
delignification rate of hardwoods compared to softwoods lends support to such
observations. This is the case not only because hardwoods are of lower lignin content but
also due to the presence of the syringyl units in lignin®. More specifically, the structural
elements of the lignin in hardwoods are composed of different proportions of syringyl
and guaiacyl units®, while those in softwoods are exclusively composed of guaiacy! units.
Consequently, such a variation in the arylglycerol-3-aryl ether (3-0-4) structures, which
account for more than 40% of the repeating units in lignin* 6, plays an important role
toward controlling its reactivity during kraft pulping.

In order to avoid excessive carbohydrate degradation, commercial kraft pulping
protocols are typically terminated at a lignin content of 4-5% for softwoods and 3% for
hardwoods. Structural studies of the residual lignin remaining with the fibre at this stage
have shown that significant amounts of arylglycerol-g-aryl ether structures’™ ® are still
present. Lignin-carbohydrate linkages®'2, lignin condensation reactions'*!, aryl group
migration reactions'® 7, and stereochemical and thermodynamic considerations affecting
the stability of the 8-O-4 bonds'® ' '® are all factors that need to be explored in detail if
we are to arrive at a comprehensive description of the chemistry of the process.

The presence of two asymmetric carbon centres within the aryiglycerol-8-aryl
ether moieties in lignin, allows for the existence of erythro and threo diastereoisomers.
Softwood lignins have been shown to contain equal amounts of erythro and threo
diastereomers'®2, while the erythro diastereomers predominate in hardwood lignins. The
reason for the predominance of the erythro diastereomers in hardwoods has been
rationalized on the basis of the extensive content of syringyl units in such species which
exist preferentially in their erythro forms' 2%, Consequently, the efficiency of a
delignification reaction is governed by the chemical and stereochemical considerations

that affect the scission of the predominant arylglycerol-3-aryl ether (3-0-4) structures of
lignin.
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The erythro and threo forms of the arylglycerol-3-aryl ether structures of lignin
and several model compounds have been investigated by using a variety of techniques,
such as X-ray crystallography?, ozonation’ ?- %, and a variety of one- and two-
dimensional nuclear magnetic resonance spectroscopic methods'? %0- 22.29.30_

In particular, ozonation has been proved®' to be a powerful means to obtain
reliable values of eryrhro/threo ratios for insoluble samples such as wood meal, puips,
or Klason lignins. Unlike other oxidative degradation methods used in lignin chemistry,
such as nitrobenzene and permanganate oxidations, which shorten the lignin side chain
to an aldehyde or a carboxylic acid group, ozonation provides a significant amount of
information about the side chain structures® of lignin. Extensive ozonation of lignin
destroys its aromatic moieties, but preserves the side chains in the form of identifiable
mono- and dicarboxcylic acids. More specifically, the side chains of the arylglycerol-3-
aryl ether moieties, after saponification with aqueous alkali, can be recovered and
quantified in the form of erythronic and threonic acids according to the reaction sequence
of Figure 3.1, Using this technique Taneda et al.” have monitored the relative changes
of the erythro/threo ratios of residual lignin at different extents of lignin degradation
under kraft pulping conditions. They reported that the threo isomers can exist longer
during the delignification treatment.

This method has been used successfully for the determination of erythro/threo
ratios of a variety of lignocellulosic materials and lignins of different botanical origin
(Table 3.1)*-%, '

Proton-NMR spectroscopy has also been used for the determination of the
distribution of the eryrhro and threo diastereomers in 3-O-4 structures. Ralph and Helm*
have demonstrated that such a method can be applied with precision on a series of lignin
model compounds, while, Hauteville et al.” used proton NMR spectroscopy to examine
the stereochemical features of 3-O-4 structures of spruce and birch lignins. The latter
investigators reported that the eryrhro/threo ratio of these structures in spruce lignin exist
in equal amounts, while the erythro diastereomers predominated in birch lignin.

Robert et al.? have paved the way in using *C NMR spectroscopy for the same
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Arylglycerol-f-arylether

Figure 3.1.
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Reaction sequences operating during the ozonation of arylglycerol-8-0-4 structures. The amounts of erythronic
and threonic acids provide valuable information on the abundance of the two diastereomers in the sample.
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Table 3.1.  Erythro/threo ratios for various isolated and in situ lignins determined by

ozonation®.
Substrate Ozonation time (min) E/T ratio
Lignins
Kraft lignin 6 0.75
Klason lignin Tsuga heterophylla 18 0.76
Klason lignin Populus deltoides 18 0.78
Soda lignin P. deltoides 6 1.94
Native spruce Lignin 6 : 0.79
Native spruce Lignin 18 0.88
Native spruce Lignin 40 0.82
MWL Corchorus capsularis fiber 6 2.18
MWL C. capsularis wood 6 1.84
C.capsularis fiber lignin (enzymatic) 6 2.00
C.capsularis wood lignin (enzymatic) 6 2.06
Wood meals
Norway spruce 40 1.05
Norway spruce (ozon. in gl. acetic acid) 40 1.03
Tsuga heterophylla 30 1.02
Tsuga heterophylla 40 1.27
Tsuga heterophylla 60 1.01
Tsuga hetcrophylla (compression wood) 40 1.36
Pseudotsuga menziesii 40 1.01
Populus deltoides 20 2.72
Populus deltoides 40 3.03
Arbutus menziesii tension sapwood 40 3.69
Liquidambar styracifiua 40 2.86
Eucalyptus gummifera 40 2.60
E. grandis 40 2.45
Corchorus capsularis fiber 40 2.41
C. capsularis wood 40 2.02
Grasses
Bagasse 40 1.92
Wheat straw 40 1.88
Wheat straw (saponified) 40 1.94
Pulps
Soda pulp (cottonwood) 40 3.05
Bagasse pulp (1st stage delignif.) 40 1.94
Wheat straw pulp (1st stage delignif.) 40 2.25
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purpose. This was accomplished by examining several lignin model compounds and the
two-dimensional (INADEQUATE) spectra of aspen milled wood lignin. Nimz et al."? also
used “C NMR spectroscopy to probe the same stereochemical details in beech lignins.
Their results implied that in beech lignin the erythro 8-O-syringyl ethers are by far more
predominant. Kringstad and Mork™, also using ’C NMR spectroscopy, reported that the
dissolved kraft lignin from spruce wood contained higher amounts of threo than erythro
units.

In recent years a new form of spectroscopy has emerged that allows, amongst
others, the quantitative routine determination of the absolute amounts of the erythro and
threo units in soluble lignin preparations***. This is achieved by the quantitative
phosphitylation of all -OH groups in lignin followed by quantitative *'P acquisition.

The overall phosphitylation reaction of labile protons used is depicted as follows:

P71 Pyrdineicocs P
R-OH + CI—P —_— R-0—P + HCI
\ 25°C \
o0— o—
Where R = Residues of Phenols, Alcohols

Aldehydes, Sugars, Carboxylic Acids
and other hydroxyl containing lignin moieties

Figure 3.2.  The derivatization reaction of 1, 3, 2-dioxaphospholanyl chloride (I) with
compounds containing labile hydrogens.

Quantitative *'P NMR offers this facility with significant advantages over 'H and
13C NMR spectroscopies, including excellent signal dispersion, rapid acquisition protocols
and most significantly, precise quantitative information due to the use of internal
standards**. This novel and quantitative tool has been employed for the quantitative
determination of lignin functional groups®, i.e. the three principal forms of phenolic
hydroxyl groups, p-hydroxyphenyl, guaiacyl, and syringyl, primary hydroxyls, carboxylic
acids, and the two diastereomeric forms of arylglycerol-3-arylether units. All these
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moieties present in lignins can be determined from a single quantitative *'P NMR
experiment after derivatization with appropriate phosphitylating reagents.

A typical quantitative *'P NMR spectrum and signal assignment of softwood
milled wood lignin phosphitylated with (I) is shown in Figure 3.3;

— HO with neighbouring :C=O

Primary -OH

Syringyl ~-OH

Guaiacyl -OH

Erythro

Aldehydes
Carbohydrates

L SN B N RN DR DL DA DL DL LA |

137 136 135 134 133 132 131 130 129 128 127 126

3p (ppm)

Figure 3.3. Quantitative *'P NMR spectrum and signal assignment of birch dioxane
lignin after derivatization with ().

The signals due to the erythro and threo forms of the 3-O-4 units for isolated
softwood and hardwood lignins* and model compounds* have been carefully assigned.
Further evidence substantiating these assignments was sought by specifically alkylating®’
these positions in lignin. More specifically, the methylation of the alpha hydroxyl groups
in 8-O-4 structures (proposed by Adler et al.** ) caused the complete elimination of two
3P NMR signals at 135.0 and 134.2 ppm attributed to the erythro and threo
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configurations of tﬁe arylglycerol-3-arylether structures respectively.

A number of applications of this technique toward studying specific details of
lignin structure have appeared in the recent literature. Jiang and Argyropoulos* have
used this form of spectroscopy to study the stereospecificity of the degradation of the -
0-4 bonds, while Froass et al.*? used the technique to unravel salient features of the
degradation of 3-O-4 bonds under conventional and modified pulping protocols. This
methodology was used extensively by Saake et al.** to determine the eryrhro to threo
ratios for a series of synthetic lignins as a function of their molar mass.

The numerous advantages offered by quantitative *'P NMR have paved the way
toward detailed enquiries, which involve large arrays of repetitive kinetic experiments.
As such, the kinetics of scission of $-O-4 bonds under commercial kraft pulping
conditions can now be investigated by using milled wood lignin and this novel form of
spectroscopy. More specifically, in this effort we will discuss our measurements of the
absolute rates of scission of the erythro and threo diastereomers of the 8-O-4 structures
in milled wood lignin, as a function of time and temperature. These studies allowed the
determination of the fundamental thermodynamic parameters governing the stereoselective

degradation of these highly abundant structural elements in lignin.
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3.2. EXPERIMENTAL
3.2.1. Materials and Methods

3.2.1.1. Preparation
Isolation of Milled Wood Lignin

The extraction and purification of milled wood lignin was carried out according
to the Bjorkman method*. Initially 150-200 g of wood chips were pulverized to 100
mesh and then subjected to ball milling (3 weeks) using a porcelain ball mill. The wood
meal was then dispersed in 3L of dioxane containing 4.0% water. The suspension was
stirred with a magnetic bar for 3 weeks. The wood meal was then separated and
discarded from the dioxane solution by centrifugation. The dioxane solution was
evaporated under reduced pressure. The resulting residue was dissolved in acetic acid (20
mL per gram of lignin) containing 10% water. This solution was then added to water
(250 mL per gram of lignin) while stirring. This material was then washed by
centrifugation with occasional shaking of the vessel to distribute the lignin. After
evaporating the water with a stream of air, the isolated residue was dissolved in (2:1 v/v)
1,2-dichloroethane/ethanol (20 mL per gram of lignin). This solution was added dropwise
to diethyl ether (250 mL per gram of lignin). The material was then centrifuged and
washed after decanting the ether. This step was repeated 2-3 times in which, each
washing was allowed to stand overnight. The final products were washed once with
hexane and the precipitate was first dried in air and then over drierite in vacuo. The
elemental analysis of the resulting material was carbon 60.86%, hydrogen 5.71%, and
methoxyl 15.45%.

3.2.1.2. Reactions
Treatment of Milled Wood Lignin Under Kraft Pulping Conditions

Initially, a white liquor solution was prepared containing 5.43 g of sodium
hydroxide (NaOH as Na,0O) and 1.6 g of sodium sulphide (Na,S as Na,O) per 100 mL
deionized water with active alkali and sulfidity of 70.38 g/L and 22.92%, respectively.

This solution was then mixed with an equal volume of pure dioxane. During a typical
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experiment, the softwood milled wood lignin (0.1 g) was dissolved in 1.33 g of the
above solution (approximately simulating a liquor/wood ratio of 4/1). The reaction was
carried out in a 10 mL stainless steel bomb whose air was displaced by nitrogen. The
kraft cooking was simulated by heating and occasionally shaking the bomb in an oil bath
preheated to the desired temperature for a specific time. At the end of the reaction
period, the bomb was cooled with cold water and its contents were acidified to pH 2
using dilute hydrochloric acid (0.2M HCI). The precipitate was allowed to settle
overnight. It was then collected by centrifugation and washed with acidified water to
remove the inorganic salts. The precipitated degraded lignin was then freeze dried and
brought to constant weight at room temperature under reduced pressure. This material
accounted for approximately 80% of the total weight.

However, in an effort to isolate the rest 20%, the solution containing the water
soluble low molecular weight lignin, resulting from the first aqueous acidic precipitation,
was allowed to dry at room temperature. The remaining low molecular weight lignin was
extracted by the addition of 10-15 mL of high purity tetrahydrofuran. This was followed
by evaporation of the solvent to a fine viscous residue, and dropwise addition to 20 mL
of diethyl ether.

This step was repeated 2-3 times allowing the collection of more lignin, free from
inorganic salts. Finally, the diethyl ether was evaporated and the remaining lignin was
freeze dried. These samples after being brought to constant weight under reduced
pressure accounted for almost 16% of the starting lignin. The two sets of the degraded
lignin samples collected, were then mixed thoroughly prior to subsequent analyses and
accurately weighted. The *'P NMR data collected was converted from mol/g to mol/L
by using the relation below:

[Functional group determined by >'P NMR (mollg)] X [Amount of isolated lignin (2)]
[Volume of initial cooking liquor (L))

83



3.2.1.3. Instrumentation
Quantitative *'P NMR Spectroscopy

1,3,2 dioxaphospholanyl chloride was used as the phosphitylation reagent.
Approximately 30.0 mg of dry lignin was weighed into a 2 mL volumetric flask. Then,
800uL of a solvent mixture containing pyridine and CDCl, at a volume ratio of 1.6/1
were added. The mixture was stirred with a magnetic bar until the lignin was fully
dissolved. Following the addition of 100 uL of a solution containing both bisphenol-A
as the internal standard, and chromium acetylacetonate as the relaxation reagent were
added. Finally, 100uL of 1,3,2 dioxaphospholanyl chloride were added and the flask was
sealed and shaken to ensure thorough mixing. The *'P NMR spectra were obtained by
using inverse gated decoupling on a Varian XL-300 FT-NMR spectrometer operating at
121.5 MHz. The internal deuterium lock was provided by the deuterium atoms present
in the deuterated chloroform, used as the solvent. The external standard was 85% H,PO,.
All downfield shifts from H,PO, were considered positive. A sweep width of 10000 Hz
was observed and spectra were accumulated with a time delay of 10 sec between
successive pulses. Pulse width corresponding to a 45° flip angle and a line broadening
of 2 Hz was used for acquiring the processing of the spectra. For the 45° flip angle a
series of experiments showed that there was no further increase in signal intensity after
a 7 sec pulse delay was applied. All chemical shifts reported are relative to the dimeric

model compound with water which has been observed to give a sharp *'P signal at 121.1

ppm38 .



3.3. RESULTS and DISCUSSION

During this investigation softwood (picea mariana) milled wood lignin was
subjected to kraft pulping conditions at a temperature range varying from 100-160 °C,
for variable lengths of time. Each isothermal set of measurements involved eight samples
of milled wood lignin being exposed at the set temperature for variable lengths of time.
Since the rate of most chemical reactions increase as the temperature rises, the actual
reaction times were shortened as the temperature was increased. This was done in order
to avoid excessive lignin degradation at the high end of the temperature range. Efforts
at quantitatively isolating the lignin after the reaction were also made in order to ensure
that most of the degraded low molecular weight fragments were included in the
quantitative 3'P NMR analyses that followed. Care was also exercised to integrate all
NMR spectra acquired at precisely identical chemical shift ranges (126-138 ppm) so that
the derived information will be free of artifacts introduced from such variations.

The kinetic data describing the actual consumption of both stereoisomers for the
arylglycerol-g3-aryl ethers in milled wood lignin under kraft pulping conditions is
tabulated in Table 3.2. The isothermal kinetic data (at 100 °C) has been plotted in Figure
3.4. A closer examination of these plots reveals that for the actual process of scission of
these ether bonds two kinetic regimes operate. An initial fast phase that is followed by
another slower phase. We have termed these two phases as “initial” and “bulk” in
accordance with the terminology used to describe the kinetics of pulping processes.

These data were then fitted to different Kinetic expressions in order to determine
the sought rate constants. As such, the rate constants (k) for the reaction describing the
cleavage of arylglycerol-B-aryl ether linkages during both stages were found (on the basis
of correlation coefficients) to follow a pseudo-first-order rate law, in agreement with the

accounts of Gierer and Ljunggren®.
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Table 3.2.  Kinetic data obtained by quantitative *'P NMR spectroscopy for the concentration
of erythro and threo units as a function of different treatment intensities.

Temp. °C Reaction time ., Erythro x 10* .1,  Threo x 10° ,, E/T ratio
25 ——— 8.79 8.66 1.02
120 8.09 8.16 0.99
150 7.46 7.80 0.96
100 15 7.00 7.16 0.98
30 6.18 6.81 0.91
45 5.48 6.44 0.85
60 4.77 6.11 0.78
75 443 6.03 0.73
150 4.37 6.05 0.72
225 4.30 6.07 0.71
300 4.22 6.10 0.69
120 10 5.95 6.82 0.87
20 5.11 6.29 0.81
30 4.40 5.78 0.76
40 3.81 5.29 0.72
60 3.61 5.20 0.69
120 3.43 5.14 0.67
180 3.25 5.08 0.64
240 3.09 5.00 0.62
140 5 5.69 6.20 0.92
10 4.95 5.80 0.85
20 3.90 4.90 0.80
30 3.13 4.08 0.7
45 3.02 4.30 0.70
90 2.55 3.99 0.64
135 2.27 3.55 0.64
180 1.94 3.26 0.59
160 5 3.39 5.37 0.63
10 2.67 4.44 0.60
15 2.15 3.68 0.58
20 1.82 3.26 0.56
30 1.59 2.50 0.63
60 1.14 1.86 0.61
90 0.77 1.39 0.55
120 0.49 0.96 0.51
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Figure 3.4. The plot of concentration vs. time describing the degradation of
erythro(@®) and threo(W) isomers, and the overall arylglycerol-3-ether(+)
structures in milled wood lignin under homogeneous kraft pulping
conditions at 100°C.

Subsequently, by plotting In k versus 1/T, the energy of activation was calculated on the
basis of the Arrhenius equation [3.1].

-E
( a

—3 3.1)
k=Ae X

where:

A= Pre-exponential factor
E,= Activation energy
R= Gas constant

This equation relates the rate constant k of a chemical reaction to the absolute
temperature T (in K). It describes the behaviour of a vast number of chemical reactions

amazingly well, particularly over a fairly small temperature range, but in some instances
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over as large a range as 100 degrees* ¢’. Thus the plot of In k vs T is linear, with slope
-E_/R and intercept InA. '

A similar relationship is also derived by the absolute reaction rate theory, which
is used almost exclusively toward understanding, the kinetics of reactions in solution®s.
The activated complex in the transition state is reached by reactants in the initial state as
the highest point of the most favourable reaction path on the potential energy surface.

The formation of the activated complex may be regarded as an equilibrium
process involving an "almost" normal molecule (almost, since it is short by one mode of
vibrational energy). The free energy of activation AG'™ can therefore be defined as in
normal thermodynamics,

1 1 1 1 [3.2]
AGT =-RT InKT = AHT - TAST
leading to
1 1 1
xT -AGT, T -AHT AST. B3
k=—e¢e = — eX €
th(RT) hP(RT)XP(R)
where:

AH'"= Enthalpy of activation
AS'T= Entropy of activation
x= Boltzmann's constant

h= Planck’s Constant

Equation [3.3] dictates that a plot of In(k/T) against 1/T is linear, with a slope, -
AH"™/R and an intercept (In x’A + AS'T/R)=(23.8 + AS'T/R). This is sometimes
referred to as the Eyring relationship. When applied, both Arrhenius and Eyring plots
are known to give very similar results.

Most investigators are content to use the best linear plots of Ink or in(k/T) vs T

in estimating E, or AH'T values, and to assume that these are constant over a narrow
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temperature range®.

These equations were thus employed for obtaining the energy of activation,
enthalpy, entropy, and Gibbs free energy of activation for the reaction pathways of the
erythro and threo cleavage of the arylglycerol-3-aryl ether structures present in softwood
milled wood lignin during both initial and bulk phase.
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Figure 3.5.  Arrhenius(W) and Eryring (@) plots for the determination of the energy
of activation, enthalpy of activation, and entropy of activation governing
the cleavage of erythro (E) and threo(T) isomers and the overall
arylglycerol-8-aryl ether structures (B) in milled wood lignin under
homogeneous kraft pulping conditions during the bulk phase.

Experiments with both phenolic and non-phenolic 3-aryl ether model compounds
have shown how lignin structures may fragment in alkali, with the subsequent generation
of new phenolic hydroxyl groups®. For example, in Figure 3.6, the non-phenolic 3-aryl
ether structure (IA) undergoes hydrolysis in alkali if it contains a free a- or y- hydroxyl
groups (R=0CH,), or if the a position bears a carbonyl group®'. The mechanism of this
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Figure 3.6. The various reactions that are thought to occur in phenolic (B:bottom) and

non-phenolic (A:top) lignin arylglycerol-8-aryl ether units under kraft
pulping conditions®,



cleavage® * is thought to include a nucleophilic attack of the neighbouring hydroxyl
group on the 8 carbon.This results in the formation of an epoxide (IIA) and liberation
of a phenoxide ion (IIIA). This mechanism is supported by the observation that
compound (IA) can be made stable to alkaline hydrolysis by methylation of the « and v
hydroxyis so that the epoxide can no longer be formed.

The phenolic $-ether structure (IB, R=0H) also undergoes alkaline hydrolysis,
involving a somewhat more complex set of reactions **36, Initially the quinonemethide
(IIB) is thought to be formed, which subsequently eliminate formaldehyde yielding the
comparatively stable enol ary! ether structure (IIIB). Cleavage of the 8-ary! ether takes
place only as a side reaction, yielding guaiacol (VIB) and the epoxide (VB).

In the light of the above description of events, that have been documented to
occur under kraft pulping conditions®, we are now to examine certain aspects of our data
in order to further comprehend its significance.

Brunow et al.”” who have examined the pH dependency of water addition to
quinonemethides (structure IIB, Figure 3.6) for various arylglycerol-8-aryl ether lignin
model compounds, have concluded that the distribution of the erythro and threo
diastereomers in such compounds depends upon the kinetics of this addition. In actual
fact, acidified water addition to such quinonemethides caused the predominancy of
erythro isomers over it's threo counterparts. As such, it was thought appropriate to
examine if such an occurrence is applicable under the conditions of the present
experiments for softwood lignin. More specifically, since at the end of the various kinetic
kraft pulping experiments, the pH of the degraded milled wood lignin was above 11.5-
12.0, the question is whether or not acidification of this mixture could increase the
formation of the erythro isomer, and if such predominancy would occur, how could this
have affected our kinetic measurements?

In an effort to address the above concerns, experiments were carried out in
duplicate. Two samples of milled wood lignin were treated at room temperature for a
period of 2 and 2.5 hours with the same reagents that were used during the actual kinetic
measurements. The alkaline mixtures were then acidified with 0.2 M HCl to a pH value

of 2. The resulting suspensions were then kept for a period of 27 hours simulating the
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actual isolation conditions used during our kinetic work providing enough time for
possible reaction involving alterations between the two diastereomers.The isolated
products were then subjected to quantitative 'P NMR spectroscopy and the erythro and
threo contents of the 5-0O-4 units were measured.

The erythro to threo ratio of the softwood milled wood lignin used in this effort
was determined to be equal to one (Table 3.2). Similar values have also been reported
by Taneda et al.*®, Jiang and Argyropoulos*, Froass et al. *> and other investigators'®¢2,
Our analyses showed no indication, of even a minor increase, in the erythro diastereomer
over it’s threo counterpart. In fact, the erythro/threo ratio was determined to be slightly
lower than unity. Not surprisingly, the data of Table 3.2 suggests that this treatment
caused partial cleavage of the ether bonds in lignin since lignin has been shown to
undergo a series of minor reactions in the presence of white liquor at room temperature®*
%, Contrary to our working hypothesis, the erythro diastereomers of the 3-O-4 units were
found to cleave somewhat more than their threo counterparts during this treatment. This
caused the E/T ratio to become slightly lower than unity.

The rate constants data of Table 3.3 invariably indicates that the eryrhro isomers
of the overall 3-O-4 units of softwood milled wood lignin cleave faster than their rhreo
counterparts during both the initial and the bulk phase. These data also reveals that at
elevated temperatures the difference is augmented. For example at 160 °C the rate
constant for the cleavage of the erythro isomer increases by almost a factor of 1.2,
resulting in significantly lower E/T values (Table 3.2). Miksche® who studied the
degradation kinetics of a veratrylglycerol-g-guaiacyl ether model compound under
alkaline pulping conditions has shown that the 8-aryl ether bond of the erythro isomer
is cleaved approximately four times faster than the threo isomer. A similar result has also
been reported by Obst®. As such, the rate data set obtained for softwood milled wood
lignin under homogeneous kraft pulping conditions should not be surprising.

On a different front Jiang and Argyropoulos*’ who monitored the stereoselective
degradation of 3-O-4 structures in model compounds, milled wood lignin and residual
and dissolved kraft lignins have reported that the erythro isomers are less stable than their
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Table 3.3. Kinetic data describing the degradation of the erythro and threo isomers and the overall
arylglycerol- B-aryl ether units in milled wood lignin under homogeneous kraft pulping

conditions.
Temp.’C Rate Constant (k x 105) s-! Correlation coefficient
Initial Bulk Initial Bulk
100 Erythro isomer 14.1+£0.3 036+0.0 0.999 0.994
Threo isomer 59+0.0 0.08+0.0 0.999 0.982
Overall g-0-4 9.7+ 0.1 0.10+0.0 0.999 0.996
120 Erythro isomer 24.7+£0.2 143+ 0.0 0.999 0.999
Threo isomer 142+ 0.2 0.36 0.0 0.999 0.999
Overall B-0O-4 18.8+0.0 0.79+0.0 0.999 0.999
140 Erythro isomer 396+1.2 5.38+03 0.998 0.995
Threo isomer 28.1+1.0 3.50+0.2 0.998 0.994
Overall g-0O-4 33.3+0.1 424+ 0.0 0.999 0.999
160 Erythro isomer 69.1 £4.0 21.7+£1.0 0.993 0.996
Threo isomer 56440 17.5+0.7 0.990 0.997
Overall p-0-4 61.1+£4.0 19.0+ 0.8 0.992 0.997
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threo counterparts under kraft pulping conditions. In addition, Taneda et al.*® who have
used ozonolysis to determine the erythro/threo ratios in a series of residual kraft lignins,
have attributed their findings of consecutively lower ratios (as a function of degree of
delignification) to the lower reactivity of the threo isomer of the non-phenolic 8-O-4
lignin structures. Taneda et al.*® postulated that the actual reactivities of the eryrhro and
threo diastereomers, toward scission of the arylglycerol-g-arylether bond, is governed by
steric factors. An examination of the two possible conformations of the 3-aryl ether
structures reveals that the formation of the epoxide intermediate is less favoured in the
case of the erythro diastereomer (Figure 3.5).

Therefore, the rate data of Table 3.3 is further substantiated with literature efforts
on model compounds, isolated lignins and actual dissolved and residual lignin analyses.
The general stability of the threo diastereomers toward kraft pulping seems to be the
manifestation of a considerably slower reaction of the pulping reagents with the threo

diastereomers of the §-aryl ethers.

, GHOH , CHiOH
HeE<0 He6=0
B Bi
He&<OH geH, HO=C<H dCH,
OCHy OCH,
N\
Erythro Form Threo Form
CH,OH CH,OH
HO H HO ! os
H 0.G H 0.6
Ty H

Figure 3.7. The possible conformations of arylglycerol-3-aryl ether structures®®.
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Table 3.4. Activation energies, enthalpies, entropies, and Gibbs free energies governing the degradation of the erythro and threo
isomers and the overall arylglycerol- B-aryl ether structures in milled wood lignin under homogeneous kraft pulping

conditions.
Degradation phase From Arrhenius plot From Erying plot Gibbs free energy
L 3 L

Ea wmor!  "R2 AH jymot’! ASK-Imor!  “R2 AG wimor'!
Erythro isomer 352+ 1.3 0.997 31.8x1.3 -2353+0.7 0.997 1020+ 1.0
Threo isomer 50.2x1.0 0.999 468+ 1.0 -202.1+ 0.6 0.999 107.1+ 1.0
Overall §-O-4 409+ 0.9 0.999 37.5+ 09 -223.1+0.5 0.999 1040+ 1.0
Erythro isomer 91.5+3.0 0.998 88.2+3.0 -1153+1.6 0.998 1226+ 3.0
Threo isomer 1223+ 89 0.990 119.0 £ 9.0 -46.0+ 5.0 0.989 133.0+9.0
Overall -0-4 117.5+24 0.999 1142+£25 -552+14 0.999 130.7 £ 2.5

*R2 = Correlation coefficient
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The Arrhenius plot of the data describing the initial phase (Table 3.3) indicates
that the cleavage of the erythro isomers required lower activation energy compared to
their threo counterparts. The difference between these activation energies was found to
be equal to 15+1.6 kJmol. Miksche’s® kinetic studies have also shown that the erythro
form of a arylglycerol-3-(2-methoxyphenyl)-ether model compound is about 2.1 kcal
(8.8kJmol) more stable than its threo counterpart. The qualitative proximity of the two
sets of data is actually notable when one considers that Miksche® examined model
compounds while this effort is focused on actual isolated lignin. The Arrhenius plot
(Figure 3.5) for the accumulated data during the bulk phase (Table 3.3) showed that the
erythro isomers required higher activation energy to be cleaved than their threo
counterparts. The difference between these activation energies was found to be equal to
30.8+9.4 kJmol.

In an effort to rationalize for the observed two kinetic phases the data of Figure
3.2 was examined as follows. The actual reduction in the concentration of 3-aryl ether
(specially for experiments conducted at lower temperatures) at the end of the initial phase
was correlated to the total amount of guaiacyl phenolic units present in the original milled
wood lignin. For example, at the end of the initial phase and for the isothermal data set
obtained at 100 °C the amount of S-aryl ethers were reduced by 5.9x102 mol/L. By
considering that the total amount of guaiacyl phenolic hydroxyl groups, determined on
the original milled wood lignin sample, was 8.8x10° mol/L, then one realizes that during
the initial phase, the f-aryl ethers bearing free phenolic groups would preferentially
cleave, followed by those whose phenolic groups are etherified®.

Obviously, in the data of Figure 3.2, the distinction between the etherified and
the non-etherified 8-aryl ethers that can be made for the data set obtained at 100 'C,
becomes less accessible at higher temperatures. During the bulk phase of each isothermal
kinetic run, non-phenolic 8-aryl ethers, and newly formed phenolic groups associated
with - and (3-aryl ether structures undergo further degradation®. Miksche has shown that
model compounds possessing phenolic hydroxyl groups react at different rates depending

on their substitution patterns and stereochemistry®>. For example under alkaline
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conditions, the formation of a quinonemethide from a model compound possessing a -
primary hydroxyl group i.e. 1A-(erythro) and 1B-(threo) proceeds approximately twice
as fast as the formation of quinonemethide from a compound whose - carbon does not

posses a hydroxyl group i.e. 2A-(erythro) and 2B-(threo) (Figure 3.8).

" "

H—?—OH H—?-H

H-?—O H—Clt -0

R-C-R R-C-R

OCH; OCH,
OCH, OCH,
OH OH

1A: R=H, R'=0H (erythro) 2A: R=H, R'=0H (erythro)
18: R=0H, R'=H (threo) 2B: R=0H, R'=H (threo)

Figure 3.8. Arylglyceroi-3-aryl ether model compounds containing free phenolic
hydroxyl groups examined by Miksche®.

It is not, therefore, surprising that during the bulk phase, any residual non-
etherified §-aryl ethers may also cleave slower than those cleaved during the initial phase
compared to the cleavage of etherified S-aryl units during the initial phase®.

The calculated values for the enthalpy, entropy and Gibbs free energy governing
the scission of the two diastereomers of the arylglycerol-8-arylether structures of lignin,
were found to be relatively close (Table 3.4). The Gibbs free energies for the scission
of both diastereomers were found to be somewhat higher for the threo isomers during the
initial phase. The positive sign of the Gibbs free energies, determined for both stages,
implies that the cleavage of the 8-O-4 moieties in lignin is a non-spontaneous process at
room temperature. The entropy signs describing the scission of both isomers were found
to be negative. This is a common characteristic in reactions involving polymers as
reactants®. The enthalpy of activation for the cleavage of the erythro and threo isomers

were found to be positive, pointing to the endothermic nature of the reaction during both
stages.
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Figure 3.9.  Quantitative >'P NMR spectra of erythrol/threo ratios of milled wood lignins at various times and temperatures
under homogeneous kraft pulping conditions.(A: Starting material at 25°C, B: 225 min at 100°C, C: 180 min
at 120°C, D: 90 min at 140°C, E: 90 min at 160°C).
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3.4. CONCLUSIONS

The Kkinetics of the stereoselective degradation of arylglycerol-3-aryl ether linkages
present in softwood milled wood lignin were investigated by using quantitative *'P NMR
spectroscopy. The overall reaction involving the cleavage of these structures followed a
pseudo-first order rate law. The E/T ratio of the starting milled wood lignin was found
to be 1.02 and decreased to 0.51 after 2 hours of cooking at 160 °C. The activation
energy of the erythro isomer was found to be always lower than its counterpart for both

the initial and the bulk phases of delignification.

Having explored the stereoselective degradation of the arylglycerol-3-aryl ether
bonds using quantitative solution *'P NMR, we then turn our attention at better defining
the formation of condensed structures during kraft pulping. While in Chapter 3, we
followed an ether scission reaction, in chapter 4 we are following a carbon-carbon bond

formation as a side-reaction.
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Chapter 4

On the Formation of Diphenylmethane Structures in Lignin Under
Kraft, EMCC’ and Soda Pulping Conditions

4.0. ABSTRACT

This chapter describes our efforts focused at defining the formation of
diphenylmethane moieties in lignin during conventional kraft and soda pulping conditions.
This objective was realized by confirming initially the assignment of a 3!P NMR signal
as being due exclusively to the presence of phosphitylated diphenylmethane (DPM)
phenolic hydroxy! groups. More specifically, softwood milled wood lignin (picea
marianna) was subjected to kraft pulping conditions in the presence and absence of
varying amounts of formaldehyde. After quantitative recovery of the lignin, the 3'P NMR
spectra were recorded and the spectra revealed selective signal growth in the region
confined between 142.8-144.3 ppm, in accordance with previous model compound work
and detailed calculations based on the Hammett principles. To further substantiate our
conclusions we also carried out two series of isothermal (120 °C) kraft and soda pulping
experiments followed by quantitative determinations of the DPM moieties and correlated
our findings with the differences in chemistry known to occur between the two processes.
Finally, diphenylmethane phenolic moieties were determined in isolated residual lignins
from two western hemlock kraft pulp samples produced via an EMCC® mill protocol and
a laboratory batch digester, respectively. These structures prevailed amongst the
condensed phenolic units of the conventional pulp, providing additional evidence
supporting the fact that modern modified pulping technologies alter the structure of
residual kraft lignin beneficially.
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4.1. INTRODUCTION

While the ether bonds of lignin cleave efficiently under alkaline pulping
conditions, the formation of condensed structures decreases its reactivity and diminishes
the solubility of the residual lignin'. This phenomenon seriously interferes with the
complete removal of lignin and the rate of delignification, especially during the final
stages of most pulping processes.

During the past several years a number of modifications have been proposed for
the conventional kraft pulping process aimed at enhancing delignification®*. Rapid
displacement heating (RDH)** and modified continuous cooking (MCC)'®" are two
examples of these processes. In addition, the use of pulping additives such as
polysulfide'*'¢ and anthraquinone'*'® have also been advocated.

Amongst the reactions that are known to interfere with the process of alkaline
delignification are those involving the formation of carbon-carbon bonds. Formaldehyde
is known to be liberated'® as early as 100 °C, as a result of C, elimination from
phenylcoumaran®® 2! and from guaiacylglycerol-B-aryl ether structures, both abundant in
native lignin®?, The released formaldehyde is known to cause the substitution of
hydroxymethyl groups at positions ortho to the phenolate moieties”?. This potentially
represents a very important reaction since one-third of the phenolic nuclei in softwood
kraft lignin® and about one-half of the phenolic and non-phenolic units in softwood
milled wood lignin contain free C5 positions>. The methylolated phenols may undergo
further reaction to yield diphenylmethane moieties' 2?7,

Ry

m@
R CH0 Ry oH Ry Ri
(OH") “+HY) -H20
—_— —_ - . @
Re  HLO e HCO CH,0H HCO HCO
o oH OH

OH

Ry
HCO

OH
Figure 4.1. Formation of a typical diphenylmethane moiety’.
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A number of these structures (I-IV) have been suggested®®?!. Another
condensation reaction caused by the liberation of formaldehyde during alkaline hydrolysis
is Tollen’s reaction'. This reaction involves the substitution of hydroxymethyl groups at

side-chain positions provided activating carbonyl groups are present!: .

OCH,
s
HCO
I
CH,OH
|-° OCH,
g
H,CO
v

Figure 4.2. Chemical structure of different diphenylmethane moieties in lignin.

Although several studies by Chiang and Funaoka®3 have claimed to show
convincing qualitative and quantitative evidence for the presence of diphenylmethanes in
residual kraft lignin, a number of questions in relation to the method of detection have
recently surfaced®. Since the development of 3P NMR spectroscopy*** for probing
lignin structure, the technique has been successfully implemented for the absolute
determination of the various phenolic and non-phenolic structures in several native and
technical lignins*!. The availability of a phosphitylating reagent*® that permits excellent
resolution, and the quantitative spectroscopic detection of several phenolic moieties with
varying substitution patterns*, provides an excellent opportunity for systematically

exploring the complex reactions that occur in lignin during alkaline pulping. For
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example, such an effort has already lead to the definition of the fundamental
thermodynamic parameters that govern the stereoselective degradation of the arylglycerol-
f-aryl ether bonds in milled wood lignin under kraft pulping conditions?.

As mills move toward elemental chlorine free bleaching (ECF) the negative
impact of condensed lignin structures on final pulp brightness ceiling provides additional
incentives to minimize condensation reactions from occurring in the digester and during
oxygen delignification. The precise identification of such structures and their formation
kinetics could be a major step forward toward understanding and minimizing their
detrimental effects.

In this paper we aim to describe our efforts that are focused at defining the
formation of diphenylmethane moieties in lignin during conventional kraft and soda
pulping conditions. This objective was realized by initially confirming the assignment of
a P NMR signal as being due exclusively to the presence of phosphitylated
diphenylmethane phenolic hydroxyl groups. The overall phosphitylation reaction of labile

protons is depicted as follow;

O-A--..,
R-OH + CI—p P;::'I"" + HCI
\o_ls 3

Figure 4.3. The derivatization reaction of 2-chloro-4,4,5,5-tetramethyl-1,3,2-
dioxaphospholane with compounds containing labile hydrogens.

We then accumulated kinetic data for the formation of these species under soda and kraft

“pulping conditions and correlated this information to known chemistry.
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4.2. EXPERIMENTAL
4.2.1. Materials and Method

4.2.1.1. Preparation
Isolation of Milled Wood Lignin

The extraction and purification of milled wood lignin was carried out according
to the Bjérkman method*. Initially 150-200 g of wood chips were pulverized to 100
mesh and then subjected to ball milling (3 weeks) using a porcelain ball mill. The wood
meal was then dispersed in 3L of dioxane containing 4.0% water. The suspension was
stirred with a magnetic bar for 3 weeks. The wood meal was then separated and
discarded from the dioxane solution by centrifugation. The dioxane solution was
evaporated under reduced pressure. The resulting residue was dissolved in acetic acid (20
mL per gram of lignin) containing 10% water. This solution was then added to water
(250 mL per gram of lignin) while stirring. This material was then washed by
centrifugation with occasional shaking of the vessel to distribute the lignin. After
evaporating the water with a stream of air, the isolated residue was dissolved in (2:1 v/v)
1,2-dichloroethane/ethanol (20 mL per gram of lignin). This solution was added dropwise
to diethyl ether (250 mL per gram of lignin). The material was then centrifuged and
washed after decanting the ether. This step was repeated 2-3 times in which, each
washing was allowed to stand overnight. The final products were washed once with
hexane and the precipitate was first dried in air and then over drierite in vacuo. The
elemental analysis of the resulting material was carbon 60.86%, hydrogen 5.71%, and
methoxyl 15.45%.

Preparation of Kraft Pulps and Residual lignin Isolation

A conventional western hemlock kraft pulp was prepared at Paprican in a
laboratory batch digester using conditions described previously*®. The western hemlock
EMCC" (extended modified continuous cooking) pulp was supplied by a Canadian mill.
The isolation of residual lignin was carried out from pre-extracted pulp meal following
a procedure*® described previously.
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4.2.1.2. Reactions
Treatment of milled wood lignin under homogeneous kraft or soda pulping conditions
Initially, a white liquor solution was prepared containing 7.0 g of sodium
hydroxide (0.175 mole NaOH) and 6.2 g of sodium sulphide (0.026 mole Na,S.9H,0)
per 100 mL deionized water. For the case of the soda “cooks” the molar amount of
sodium sulphide (Na,S.9H,0) used for the kraft pulping experiments was substituted with
sodium hydroxide dissolved in 200 mL of deionized water and dioxane (1:1 v/v). This
solution was then mixed with an equal volume of dioxane. During a typical experiment,
0.1 g of softwood milled wood lignin prepared according to the Bjorkman procedure*”
48 and having the following elemental composition: 60.86% carbon, 5.71% hydrogen, and
15.45% methoxy, was used. This lignin was dissolved in 1.33 g of the previously
described white liquor (the ratio of liquor:lignin was 4:1). The reaction was carried out
in a 10 mL stainless steel bomb whose air was displaced by nitrogen. The kraft cooking
was simulated by heating and occasionally shaking the bomb in an oil bath preheated to
the desired temperature and for specific time intervals. At the end of the reaction period,
the bomb was cooled with cold water and its contents were acidified to pH 2 using dilute
hydrochloric acid (0.2M HCI). The precipitate was allowed to settle overnight. It was
then collected by centrifugation and washed with acidic water to remove the inorganic
salts. The precipitated degraded lignin was then freeze dried and brought to constant
weight at room temperature under reduced pressure. This material accounted for
approximately 80% of the initial weight of lignin used. In an effort to isolate the
remaining 20%, the solution containing the water soluble low molecular weight lignin
resulting from the first aqueous acidic precipitation was allowed to dry at room
temperature. The remaining low molecular weight lignin was extracted by addition of 10-
15 mL high-grade tetrahydrofuran. This was followed by evaporation of the solvent to
a fine viscous residue, and dropwise addition to 20 mL of diethyl ether. This step was
repeated 2-3 times allowing the collection of more lignin, free from inorganic salts.
Finally, the diethyl ether was evaporated and the remaining lignin was fre;eze dried. The
samples, after being brought to constant weight under reduced pressure, accounted for

almost 16% of the starting lignin. The two sets of degraded lignin samples collected,
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were then mixed thoroughly prior to subsequent analyses.

Addition of formaldehyde to milled wood lignin followed by homogeneous kraft pulping

100 mg of milled wood lignin were placed in a 10 mL stainless steel bomb. The
lignin was then dissolved by the addition of 1.33 g of white liquor solution, prepared by
dissolving 7.0 g of sodium hydroxide (NaOH) and 6.2 g of sodium sulphide (Na,S.9H,0)
in 200 ml. solution of deionized water and absolute dioxane (1:1 v/v). Two separate sets
of experiments were carried out 120 °C in which the amount of formaldehyde added was
varied. For the first series of experiments 11.1 xL of a 30% formaldehyde solution,
accounting for 50% of the total 3-aryl ether bonds, was added to each sample, while for
the second series, 22.2 uL (representing 100% of the total $-aryl ether bonds) were
added. After replacing the air with nitrogen, each bomb was sealed. Four reaction bombs
(each containing the above mixture) were then placed in a preheated oil bath and after
occasional shaking they were removed after 1, 2, 3, and 4 hours of treatment. The
isolation and purification procedure were conducted in a manner identical to those

discussed in the previous section.

4.2.1.3. Instrumentation
Quantitative 'P NMR spectroscopy
Thederivatizingreagent2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane was
synthesized* and used as the phosphitylation reagent. Approximately 30 mg of dry lignin
was added to 800 uL of a solvent mixture containing pyridine and CDCI, at a volume
ratio of 1.6/1. The mixture was stirred with a magnetic bar until the lignin was fully
dissolved. This was followed by the addition of 100 L of a solution containing both (11
mg/mL) cyclohexanol, used as the internal standard, and (5 mg/mL) chromium
acetylacetonate, used as the relaxation reagent. Finally, 100 xL of 2-chloro-4.,4,5,5-
tetramethyl-1,3,2-dioxaphospholane, was added and the flask was sealed and shaken to
ensure thorough mixing. The *P NMR spectra were obtained by using inverse gated
decoupling on a Varian XL-300 FT-NMR spectrometer at 121.5 MHz. The obtained

spectra were integrated 3 times in separate occasions and the resulting data were
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averaged out as reported here. Further details dealing with acquisition and spectral
. processing have been described elsewhere> 4,
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4.3. RESULTS AND DISCUSSION

In our earlier work the phosphorus NMR spectra of solubilized kraft lignin
contained, amongst others, a signal centered around 143.5 ppm®. On the basis of model
compound work and calculations based on the Hammett principles®, this signal was
tentatively assigned to be due to diarylmethane structures possessing free phenolic
hydroxyl groups®. In an effort to confirm the validity of our earlier work, the interaction
of milled wood lignin with formaldehyde under kraft pulping conditions was clarified by
conducting experiments in which different amounts of formaldehyde were introduced in
the reaction mixture prior to the cook. More specifically, two different sets of
experi:hents were carried out with four samples of milled wood lignins being subjected
to kraft pulping at 120 °C with the addition of formaldehyde accounting for 50 and 100%
~ of the total aryl ether units of lignin, respectively®. After quantitative recovery of the
lignin, the 3'P NMR spectra were recorded and the spectra critically examined. Figure
4.4 shows a representative series of such spectra.

A comparison of the *P NMR spectra of milled wood lignin (A) to those treated
under kraft pulping conditions without (B) and with (C & D) the addition of
formaldehyde, reveals substantial signal growth (Table 4.1) at around 143.5 ppm. Indeed
the area under the broad signal (142.8-144.3 ppm), labelled DPM, was increased in
spectra C and D where significant amounts of formaldehyde have been added (Table
4.1). In addition, one observes that the spectra of the samples in which formaldehyde has
been added display a new signal at 147.01 ppm which appears in the aliphatic OH
region. In accordance with the chemistry of the formaldehyde/phenol interaction, that is
known to occur under alkaline conditions'® %, it is very likely that this signal is due to
the aliphatic primary hydroxyl group of methylolated aromatic rings.

When the *'P NMR signal in the region 142.8-144.3 ppm, was integrated, the
determination of the actual concentrations of diphenylmethane structures in milled wood
lignin in the presence and absence of formaldehyde under kraft pulping conditions as a
function of reaction time at 120 °C was made possible (Table 4.1)..

The quantitative data thus collected revealed that under isothermal conditions (120
°C) the addition of formaldehyde to the kraft reaction medium causes the build up of
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DPM structures within lignin, while in the absence of externally added formaldehyde,
these structures predominate after three to four hours of reaction. It is also interesting
to note that when a large excess of formaldehyde was added (amounting to 100% of the
total aryl ethers) the amount of DPM structures reached a value of 0.4 mmoles/g within
60 minutes at 120 °C remaining approximately constant beyond this point.

Table 4.1.  Showing the actual amounts of DPM® structures present in MWL® before
and after the addition of formaldehyde® under homogeneous kraft pulping

conditions®.
Reaction Time (min) DPM x 10* (mol/g)
Control Kraft 50%° 100%®

60 0.83 1.60 4.0
120 1.41 2.20 4.2
180 241 3.00 4.4
240 - 410 4.10 4.6

(0)) Diphenylmethane structures

) Milled wood lignin (softwood, Picea mariana)

3) Amount of formaldehyde added, expressed as %of the total amount of aryl ethers present in MWL

C)] The temperature of the kraft pulping experiment was set at 120 °C

In an effort to further substantiate our conclusions we then carried out two series
of isothermal (120 °C) kraft and soda pulping experiments followed by quantitative
determinations of the DPM moieties and correlated our findings with the differences in
chemistry known to occur between the two processes.

The data of Table 4.2 clearly demonstrates that the formation of diphenylmethane
moieties is a considerably more facile reaction under soda pulping conditions than under
kraft pulping conditions. Sulphide ions present in kraft liquors are responsible for
promoting and accelerating lignin fragmentation reactions as well as suppressing
undesirable condensation reactions' 5 53,

The presence of sulfide ions within sulfate liquors has been suggested to preclude
the liberation of formaldehyde from the lignin biopolymer'®. Alternatively, the absence
of sulfide, i.e. soda pulping, allows the intermediate quinonemethides (Figure 4.5) to lose

formaldehyde, causing the formation of undesirable alkaline stable enol ethers' 5.
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Figure 4.4. Quantitative *'P NMR spectra of milled wood lignin before and after being subjected to isothermal (120 °C,
3 h) homogeneous kraft pulping conditions; (A) blank, (B) control kraft pulping, (C) with the addition of 11xL
and (D) 22uL formaldehyde corresponding to 50% and 100% of the aryl ether structures in lignin.

116



Table 4.2.  Showing the actual amounts of DPM" structures present in MWL® under
homogeneous kraft and soda® pulping conditions®.

Reaction Time (min) DPM x 10* (mol/g)
Kraft pulping Soda pulping
60 0.83 1.60
. 120 1.41 2.20
180 241 3.10
240 4.10 4.30
) Diphenylmethane structures.
@) Milled wood lignin (softwood, Picea mariana).
()] Amount of sodium sulphide was replaced with sodium hydroxide.
(C)) The temperature of the pulping experiments was set at 120 °C.

The rate data of Table 4.2 clearly demonstrates the efficiency of formation of
diphenylmethanes under soda pulping conditions especially early in the process.
Therefore, it is not surprising that bleaching a soda-AQ pulp is more difficult compared
to a kraft pulp of a similar kappa number®.

Amongst the various principles that operate during modified pulping, the control
of alkalinity is of prime importance. Maintaining hydroxide concentration at a uniformly
low level offers distinct advantages as far as carbohydrate degradation is concerned. In
this context, maintaining a uniformly low alkalinity may also have an impact on the
actual amount of diphenyimethane structures that form within the residual kraft lignin.
For this reason residual lignin was isolated from two hemlock kraft pulp samples (kappa
number 26.0) produced via an EMCC® mill protocol and a laboratory batch digester,
respectively. The data of Table 4.3 is in accord with the previous observations. While
in the conventional kraft pulp the overall amount of C-5 substituted phenolic
environments is higher by 11%, the diarylmethane structures prevail amongst them by
37%. This data coupled with the earlier account of Froass et al.“* provides convincing
evidence supporting the fact that modern modified cooking technologies alter the structure
of lignin beneficially.

The region of the 3'P NMR spectra assigned to the overall condensed phenolic
units (140.2-144.3 ppm), in addition to the diphenylmethane moieties, also includes
phenolic hydroxy! groups belonging to 4-O-5’ and 5,5’ structures.
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Figure 4.5. The cleavage of 8-aryl ether bonds in kraft and soda pulping™*.
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More specifically, on the basis of model compound work and detailed calculations
these structures have been assigned to the signals ranging between 142.8-141.7 ppm and
141.7-140.2 ppm respectively** (Figure 4.4). This assignment was also confirmed by
the efforts of Smit and co-workers*. In 1995, Brunow's group announced the discovery
of the dienzodioxocin bonding patterns as being prevalent in softwoods lignins®®: ¥’. This
involves the formation of «, 8 ethers on the same 5-5' biphenyl structure. The new
moiety when subjected to soda pulping conditions was shown to release significant
amounts of structures bearing 5,5’ biphenolic hydroxyl groups®. Therefore, under kraft
pulping conditions it is likely that similar reactions will occur releasing 5,5’ biphenolic
hydroxyl groups. The data of Figure 4.6 shows that indeed such structures are released
in very significant amounts after 4 hours at 120 °C (about 1.5 mmole/g are formed
within milled wood lignin). As anticipated, the presence of formaldehyde does not seem
to affect the rate of formation of 5,5’ biphenolic hydroxyl groups or the concentration
of dibenzyl ether (4-O-5') structures.

Table 4.3.  Showing the actual distribution of condensed and diphenylmethane
structures present in conventional and EMCC® kraft pulps of similar kappa

number.
Pulp sample identity Total Concentration x 10° (mol/g)
Condensed units' DPM units®
Conventional kraft (k=26.8)* 17.0 3.0
EMCC® kraft (k=26.0)° 15.0 2.0
(1) Total condensed phenolic structures.
) Diphenylmethane phenolic OH structures.

3) Kappa number.

Finally, the formation of diphenylmethane structures under kraft and soda pulping
conditions were found to follow pseudo-first-order kinetics with rate constants 14.8 x10° -
+ 2.2 x 107s! and 9.2 x 10 + 8.8 x 107s!, respectively.
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Figure 4.6.
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Kinetic data showing the development of the actual amounts of 4-O-5', 5,5’ biphenolic and diphenylmethane
phenolic hydroxyl structures on softwood milled wood lignin under homogeneous kraft pulping conditions at
120 °C in the presence and absence of formaldehyde. The amount of formaldehyde added is expressed as %of
the total amount of aryl ethers present in MWL.
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4.4. CONCLUSIONS

By using quantitative 3'P NMR spectroscopy it is possible to identify, quantify and
follow the formation of phenolic hydroxyl groups that belong to diphenylmethane units
under kraft and soda pulping conditions. These units exhibit a *'P chemical shift signal
that is confined between 142.8 to 144.3 ppm. Data derived during the course of this
work implied that diphenylmethanes are formed in higher quantities during a conventional

pulping as opposed to its EMCC® counterpart, at the same kappa number.

Having explored the formation of condensed structures in kraft lignin, which
seriously affect its subsequent reactivity, we now turn our attention at another functional
group which when present on the lignins side-chain dramatically affects its reactivity; this
is the carbonyl group. Chapter 5, using model compounds explores the fundamentals of
a novel NMR-based technique for the detection of minute amounts of carbonyl groups

in lignin.
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Chapter §

YF Nuclear Magnetic Resonance (NMR) Spectroscopy for the
Elucidation of Carbonyl Groups in Lignin Model Compounds

5.0. ABSTRACT

A new method for the detection of different classes of carbonyl groups in a series
of carbonyl-containing lignin-like model compounds has been developed. The method is
based on the selective fluoride-induced trifluoromethylation of carbonyl groups with
trifluoromethyltrimethylsilane (TMS-CF,) in the presence of tetramethylammonium
fluoride (TMAF), followed by hydrolysis with aqueous HF or TMAF in the case of
quinones. In this study a series of ketones, aldehydes, quinones, and dimeric-lignin
model compounds, were quantitatively trifluoromethylated followed by '°F NMR spectral
analyses of the resulting fluorine-containing derivatives, allowing for a thorough
understanding of their structure/'’F chemical shift relationships. These studies have
shown that the F-NMR chemical shifts of the trifluoromethyl groups vary significantly
and consistently for various classes of carbonyl groups which may be present in complex
lignocellulosic materials. These studies are to form the basis for the development of a
novel and sensitive method that can be used to obtain guantitative information on the

various carbenyl groups present in such materials.
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5.1. INTRODUCTION

The carbonyl groups present in wood and pulps play an important role in
determining the reactivity of lignin structures toward the yellowing of paper and the
bleaching of pulp'+. The low contents of these groups in wood, in pulp and in paper have
made the elucidation of their role rather elusive. Detecting and determining these groups
will pave the way toward arriving at new conclusions in relation to a variety of pressing
issues as far as the yellowing of paper and the bleaching of chemical and mechanical
pulps are concerned. Therefore, the necessity to obtain essential information toward
understanding the reactivity of lignin structures during yellowing and inhibition, initiated
efforts at developing a novel method for the fine structural elucidation and quantification
of the various carbonyl groups present in lignin.

The presence of carbonyl groups in lignin was first postulated by Klason® as early
as 1922. However, Adler et al.>® and Pew® were the first to obtain reliable direct
evidence for the presence of conjugated carbonyl groups, in particular coniferyl aldehyde-
type structures in spruce lignin. In 1979, further investigations by Geiger and Fuggerer'
resulted in the detection of cinnamaldehyde-type structures of conjugated carbonyls in
milled wood lignin. Additional experimentation suggested the presence of other types of
conjugated and possibly non-conjugated carbonyls (a-carbonyl) structures [Figure 5.1(a,
b)] in lignin. These structures, including trace amounts of quinone ketals' *? [Figure
5.1(d)] have been recognized to be a portion of the total carbonyl content present in
milled wood lignins. However, different lignin isolations may contain a variety of other
possible carbonyl containing structures. For instance, technical lignins and in particular,
alkali lignins, contain appreciable amounts of «-carbonyl groups in addition to
benzaldehydes- and o-quinones. Nevertheless, investigations in this area have continued
to grow aimed at the identification of these groups and elucidating their role in lignin
reactivity. Recent studies by Panchapakesan'® provided evidence and new information on
such deactivating groups in lignin.

These studies have shown that the presence of carbonyl groups in lignins, in
particular those present as o- and p-quinonoids, quinonemethides, and other extended

conjugate enone systems, are not only contributors to the color observed in lignified plant
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tissues'# !, but also sensitizers in the photo-yellowing of lignocellulosics' 7. Oxidation
of lignins with reagents such as molecular oxygen, hydrogen peroxide, and chlorine may
further increase their carbonyl content's. The o- and p-quinone structures so generated
in residual lignins of pulps may further alter the color of the pulps and promote their
capacity to be photosensitized' ¥*.

CHOH CH,OH
¢H-0-R CH-0-R
=0 é= CHO i
OCH, OCH, OCH, o
e Qe O G
(a) (b) (c) d)

Figure 5.1. Structures of lignin moieties with carbonyl groups.

Two methods have been proposed for the determination of the carbonyl content
in lignin preparations. These methods are based on the oximation’>?' and reduction® of
the carbonyl groups in lignins.

The first method involves the reaction of carbonyl groups with hydroxylamine
hydrochloride at room temperature. This is a relatively simple procedure, since
hydroxylamine hydrochloride reacts with almost all types of carbonyl groups, including
those of diketones? and o- and p-quinones. In general, the carbonyl group of an aldehyde
or ketone condenses with hydroxylamine hydrochloride, forming an oxime with the

liberation of hydrochloric acid:

\ \
,C=0 + NHpOH-HCI ——= C==NOH + H0 + HCI [5.1]

Using this procedure, the total carbonyl content of a lignin preparation can be

conveniently determined by titration of the liberated hydrochloric acid, since one
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carbonyl group quantitatively liberates one mol of hydrochloric acid.
Alternatively, the total carbonyl content of a lignin preparation can be determined
by reduction with either sodium or potassium borohydride.

\
4>c=o + NaBHy + 3H0 — = 4 |CHOH + NaHpBOg 15.2]

NaBHg + HySO4 + 3H)0 ——» NaHSO4 + H3BO3 + 4Hp [5.3]

Carbonyl groups in a lignin preparation are reduced with an excess of sodium
borohydride in an alkaline solution [Equation 5.2]. After the reaction, the excess sodium
borohydride is decomposed by the addition of a solution of dilute sulfuric acid [Equation
5.3]. The volume of molecular hydrogen liberated is then measured volumetrically. The
same experiment is repeated in the absence of the lignin sample (blank test). Since each
mole of hydrogen consumed corresponds to a mole of carbony! group, the total carbonyl
content in lignin is determined from the difference in the volumes of hydrogen liberated
in the presence and absence of lignin.

According to these methods, the total amount of carbonyl groups in Bjérkman
lignin has been found to vary between 0.22-0.24 mol CO/OCH, via oximation and 0.41-
0.44 mol CO/OCH,; via reduction, respectively. The discrepancies between these methods
have been rationalized by Gierer and Séderberg®. They suggested that the reaction of the
carbonyl groups in lignin and hydroxylamine hydrochloride is incomplete, while their
reduction by borohydride goes to completion. For example, certain «-aryl-ketones were
found to react very slowly?® with hydroxylamine hydrochloride but rapidly with
borohydride. They also imply that a certain fraction of the carbonyl groups in lignin is
present in a "masked" form, e.g., as hemiacetals, which are unreactive towards
hydroxylamine but reducible by borohydride.

Despite the knowledge aimed at understanding and elucidating the role of the
carbonyl groups in lignins, there are still no fundamental techniques available for
classifying these groups. The objective of this study is to identify and determine all

distinct classes of carbonyl groups in lignin by implementing an innovative method.
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The strategy followed toward the development of such a method was as follows:
various carbonyl groups present in lignins and several model compounds were to be
quantitatively derivatized with a reagent which readily reacts with carbonyls and which
contains an NMR sensitive heteroatom. Next, the structure/chemical shift relations must
be evaluated in order to allow for the precise qualification of the different classes of
carbonyls in complex mixtures. Therefore, according to these criteria, Ruppert’s reagent
[trifluoromethyltrimethylsilane (TMS-CF;)] was chosen for the selective and quantitative
fluoride-induced trifluoromethylation of carbonyl groups. This was followed by '*F NMR
spectroscopy aimed at probing the resulting fluorine-containing derivatives.

The '°F nucleus has several advantages over other NMR-active nuclei:

i) F and 'H are the easiest isotopes to study since both have 100% natural
abundance causing them to have greater receptivity than any other nuclei.

ii)  The 'F nucleus is of a low spin lattice relaxation time, and it’s sensitivity
is greater than "C and ¥Si.

iii) '“F and 'H have spins of ome half which means zero quadrupolar
moments, resulting in sharp, narrow line widths, and well resolved NMR
signals.

These factors make '"F NMR a superior tool over other NMR nuclei. Accordingly, '°F
NMR was selected as the most appropriate instrument for the analysis of carbonyl groups
in lignins.

The introduction of trifluoromethyl groups into organic molecules and
macromolecules has been the subject of significant interest by both synthetic and
medicinal chemists?®. These compounds have been examined for their potential as
biologically active drugs and agrochemicals®®. Trifluoromethyl-substituted compounds
often exhibit significant effects in their physical and chemical properties. This is mainly

due to the following considerations:

i) Fluorine and hydrogen atoms are comparable in size. Their van der
Waal’s radii are 1.35 and 1.20 A respectively, making a molecule and its
fluoro analogues almost indistinguishable to a guest molecule.
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i) The C-F bond energy is about 485 kJ/mol. Such high bond energies leads
to increased thermal stability of fluoro analogues.

ii)  Fluorine-containing molecules often show different chemical properties.
These differences are attributed to the high electronegativity of fluorine.

Table 5.1. Properties of some common elements. *

Element Covalent =~ van der Waals C-X bond Electronegativity ©
radius (A) radius (A) energy (kcal/mol)
| 133 25 57.4 25
Br 114 195 65.9 2.8
Cl 0.99 18 78.5 31
F 0.64 1.35 105.5 4.0
H 0.30 1.20 98.9 <0.5
c 0.77 2.0° 83.1 26

® Values from Pauling (1967), and Holland 1 al. (1964)
b Single bond covalent radii for iodine, bromine, chlorine, fluorine, hydrogen, and carbon, taken from Pauling (1967)

¢ Electronegativities based on the Pauling scale ( Pauling 1967)

d van der Waals radius of CHj is given

In 1989 Prakash and co-workers*” reported the efficient and selective fluoride-
induced trifluoromethylation of carbonyl compounds with trifluoromethyltrimethylsilane
(TMS-CF,)®. The work of this group has been focused at developing new synthetic
methods for introducing perfluqroalkyl groups into different classes of carbonyl
compounds by using efficient nucleophilic trifluoromethylating agents. Various carbonyl
containing compounds when reacted with (TMS-CF;) in the presence of a catalytic
amount of fetra-n-butylammonium fluoride (TBAF) have been shown to undergo such
reaction. This reaction works equally well for different classes of carbonyl groups, such
as aldehydes, ketones, enones, carboxylic acid, and even ketoesters®® without being
affected by moisture.
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Table 5.2. NMR properties of some common magnetic nuclei.

Natural *

Nucleus  Spin Y A e Sc:’nsitivity c S&;m;:ge ::::;::2:
Relative Absolute (ppm)d

1H 172 26725  99.98 1 1 10 (CHy)Si
2H 1 4117 15x10%  96x10° 2x10° 10 (CO)S
3¢ 12 6726 1.4 15x107  2x10* 340  (CHySI
15N -2 -27111 04 10x10° 3x10% 620 NHy(l)
170 -5i2 -3627 37x10° 29x102 3ax10" 850 H0
19F 172 25167 100 0.83 0.83 700 CClyF
3P 12 10829 100 66x10% 7x10? 960 ?::/g.

% vValues from Gerig (1978)

b Relative sensitivity based on constant number of each nuclide

€ Absolute sensitivity based on natural abundance of each nuclide

4 Values from Gerig (1978). and Jardezky & Roberts (1981)

In this work a series of organic compounds containing different classes of

carbonyl groups were subjected to the proposed chemical reaction and their carbonyl

groups were converted to their trifluoro analogues according to the following schematic

reaction mechanism.

Finally, the resulting fluorine-containing derivatives were examined by “F NMR

spectroscopy. As a result, numerous signals, due to the different classes of carbonyl
groups, were detected and studied. '
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R1
TBAF
\CQO + F3C—SKCHs)s " R+—C—R2 + (CH3hSi—F
Rz/
CF;
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C=0 + F3C—SKCH3)y —» Ri—C—R2 + Ri—C—R:z

Ry’

CF; CF3
¢
Ri+— C—R: l HCI/ H20
CF;3
OH

|
Ri—C—Rz + (CH;3}Si—0—SKCHs)y
CF,

19F NMR SpecttoscopyJ

Figure 5.2. The mechanistic reaction pathway for trifluoromethylation of carbonyl
groups®’.
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5.1.1. The Chemistry of Carbonyl Compounds

The carbon-oxygen double bond of carbonyl groups is similar in many respects
to the carbon-carbon double bond of alkenes (Figure 5.3). The carbonyl carbon atom is
sp’ hybridized and forms three sigma (8) bonds. The fourth valence electron remains in
a carbon p orbital and forms a pi () bond to oxygen by overlapping with an oxygen p
orbital. The oxygen atom also has two non-bonding pairs of electrons, which occupy its
remaining two orbitals. Thus, the carbonyl carbon and the three atoms attached to it, lie
in the same plane. The bond angles between the three attached atoms are approximately
120°, making a trigonal coplanar structure (Figure 5.4). The carbon-oxygen double bond
is both shorter (1.22 A versus 1.43 A) and stronger [175 kcal/mol (732 kJ/mol) versus
92 kcal/mol (385 kJ/mol)] than a normal carbon-oxygen single bond.

Carbonyl group Alkene

Figure 5.3. Electronic structure of the carbonyl group.
Carbon-oxygen double bonds are polarizéd because of the high electronegativity

of oxygen relative to carbon. Hence, all types of carbonyl compounds have substantial
dipole moments.
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Figure 5.4. Geometric structure of the carbonyl group.

The most important consequence of carbonyl-group polarization is the chemical
reactivity of the carbon-oxygen double bond. Since the carbonyl carbon carries a partial
positive charge, it is an electrophilic site and is attacked by nucleophiles. Conversely, the

carbonyl oxygen carries a partial negative charge and is a nucleophilic site.

’
7, + -

. c cII
Electrophilic carbon reacts ‘C== Q Nucleophilic oxygen reacts
with bases and nucleophiles / with acids and electrophiles
Hybrid

This charge distribution arises from two effects: the inductive effect of the
electronegative oxygen and the resonance contribution of the second structure shown
below. |

N\ . \ . G G
C=0: e +C—O: - or ==0

/ / ” /
Hybrid

Resonance of hybrid structures for the carbonyl group
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One highly characteristic reaction of aldehydes and ketones is the nucleophilic
addition to the carbon-oxygen double bond. Aldehydes and ketones are especially
susceptible to nucleophilic addition because of the structural features mentioned above.
The trigonal coplanar arrangement of groups around the carbonyl carbon implies that the
carbonyl carbon is relatively open to attack from above or below. The positive charge
on the carbonyl carbon suggests that it is especially susceptible to attack by a
nucleophile. The negative charge on the carbonyl oxygen indicates that nucleophilic
addition is susceptible to acid catalysis. The nucleophilic addition to the carbon-oxygen
double bond can be visualized as taking place in two general path ways; as illustrated in
Figure 5.5.

5.1.1.1. For particularly strong nucleophiles

The nucleophile uses its electron pairs to form a bond to the carbonyl carbon. As
this happens, an electron pair from the carbon-oxygen = bond shifts out to the carbonyl
oxygen and the hybridization state of the carbon changes from sp? to sp’. The important
feature of this step is the ability of the carbonyl oxygen to accommodate the electron pair
of the carbon-oxygen double bond. In the second step, the oxygen associates with an
electrophile (usually a proton). This happens because the oxygen is now much more
basic; it carries a full negative charge, and it resembles the oxygen of an alkoxide ion.
(In some reactions the oxygen of the carbonyl group actually becomes the oxygen of an

alkoxide ion.)

5.1.1.2. An acid-catalyzed mechanism

This mechanism operates when carbonyl compounds are treated with reagents that
are strong acids but weak nucleophiles. In the first step the acid attacks an electron pair
of the carbonyl oxygen: the resulting protonated carbonyl compound is highly reactive
toward nucleophilic attack at the carbonyl carbon (in a second step) because of the

contribution made by the second resonance structure below:
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The general nucleophilic addition to the carbon-oxygen double bond can be illustrated as
follows:

v
P

:0:" 0
! Sl
R;,/ “Nu R;,/ “NiuH,
|- l
i I
€ c. * HO
RR' / \NI.I R/ \R'
(a) (b)

Figure 5.5. The addition of a nucleophile to a ketone or aldehyde.

Typically, trifluoromethylation of carbonyl groups follows the (a) reaction pathway with
the trifluoromethyl group acting as a nucleophile, bearing substantial negative charge.
The intermediate trifluoromethylated siloxy compound is then hydrolyzed to the
corresponding alcohol with aqueous hydrochloric acid (1M HCI).
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5.1.2. Fluorine-19 NMR Spectroscopy

In recent years, there has been much progress in lignin structure determination
using NMR spectroscopy. ,

'H would seem to be the nucleus of choice because of its high sensitivity to
detection and its natural presence in lignin. However, '"H-NMR studies of lignins involves
acetylation or other derivatization procedures which cause unwanted chemical
modification of the lignin samples.

Another difficulty with using 'H-NMR is the relatively narrow spectral dispersion
of chemical shifts, typically 10-12 ppm in the absence of paramagnetic species. The
slower tumbling associated with larger macromolecules causes broad NMR linewidths
and a loss of both signal intensity and spectral resolution.

BC-NMR is a sensitive method for the qualitative structural analysis of lignin. It
provides detailed structural information on nearly all types of carbons including those in
minor structures. However, the capacity for producing reliable quantitative analysis of
carbonyl groups in lignin is limited by its inability to differentiate the presence of
different classes of carbonyls.

Studies of carbonyl groups in lignin by 'H and *C-NMR have been limited due
to those problems™®.

As an alternative to 'H and '*C, other NMR detectable nuclei may be used to
obtain structural details for large macromolecular complexes. For example, P NMR
spectroscopy has been used successfully for the quantitative determination of different
classes of hydroxyl groups in lignins®!,

An NMR observable nucleus should ideally allow: a high sensitivity of detection
that is comparable to 'H, a large chemical shift range like that of *P or "0, and the
ability to incorporate the label into biomolecules for NMR observations. Table 1.2 shows
that the fluorine-19 nucleus offers high sensitivity and a large chemical shift dispersion.
Its sensitivity is only 17% lower than proton and, fluorine, in all its chemical forms gives
rise to a spectral dispersion of more than 700 ppm*. While *C, “N, 70, and 'P also
provide wide chemical shift ranges, their lower natural abundance or gyromagnetic ratios

cause their sensitivity of detection to be inferior to F. The detection of these other
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nuclei can be improved by (expensive) isotopic enrichment, increased sample
concentrations, or indirect detection.

There are several limitations associated with the use of 'F-NMR for obtaining
structural information. First, one must prove that the fluorine substitution does not alter
the structure and function of the system in which it is incorporated. Second, 'F-NMR
does not provide complete structural information in the way that 'H-NMR and x-ray
crystallography can. Rather, only limited information can be obtained concerning fluorine
environment within a macromolecule. Finally, there is no quantitative method for
interpreting fluorine chemical shifts unambiguously in terms of structural details.
Although this problem is to a large extent associated with all NMR observable nuclei,
much progress has been made in identifying shielding contributions that affect fluorine
chemical shifts.

5.1.2.1. Fluorine Shielding Constant

Since nuclear shielding constants are not measurable directly, it is necessary to
measure shielding’®*’, o, relative to some reference resonance, a;; the differences are
known as chemical shifts, é:

8 = oy - o [5.4]

0 is negative if the reference compound is less shielded than the sample. Both internal
and external referencing are used with different reference compounds. Trifluoroacetic
acid (TFA) has been used extensively, particularly as external reference. However, TFA
is not satisfactory for correlating chemical shift measurements due to the bulk
susceptibility corrections that must be applied. Because of the magnitude of '°F shifts,
these corrections are not very important. Several other reference standards are often
used® (Table 5.3).

The most common reference compound is CFCl,. Evaluating o requires some
detailed knowiedge of the excitgd-state wave functions of the molecule, which is rarely

available. Following an oversimplified picture it is possible and useful to write o as a
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sum of local effects and long-range or molecular effects (Equation 5.5).
o = oflocal) + o,(local) + ¢, + o, + o, + o, [55]

Where; O, = neighbour anisotropy effect
0,= ring current effect
0.= electric field effect
0,= solvent effect

This scheme is arbitrary but useful. o, (local) and g, (local) are the diamagnetic
and paramagnetic local terms of Ramsey’s equation for nuclear shielding due to electrons
closely associated with the nucleus. The chemical shift of the fluorine nucleus is
dominated by g, (local). For instance the '°F resonance of F, occurs about 625 ppm to
low field of that for HF. The difference in o, can be estimated to be about 20 ppm. g,
is zero for spherically symmetric species such as an atom or an ion, like F', whereas it
is appreciable for an asymmetric distribution of p electrons such as covalently bonded
fluorine. The discrepancy between experimental and calculated values is due to the partial
ionic character of the bond in F, which reduces o, considerably from its calculated value.
o, is related to the anisotropy in the diamagnetic susceptibilities, Ax, of a certain group
of electrons. The magnitude of this contribution depends only on the magnitude of Ax
and the geometry of the moiecule.

This means that o,, should be equal for the '°F and 'H resonances, and typically
of the order of 1 ppm. The magnitude of o, and its effect on nuclear shielding should
again be independent of the nucleus and hence the magnitude of this term should be
typically about 1ppm. The o, term is related to the intramolecular electric fields arising
from charges remote from the shielded nucleus. The o, term for the fluorine resonance
is more important than ¢, and g,, and can be considered to be made up of three
contributions. When the fluorine is in an axially symmetric environment the first
contribution to ¢. may simply be related to drift of electrons along the bond direction,
and the second contribution to the distortion of the electronic charge distribution in a
direction perpendicular to the bond direction. The third contribution is due to time
dependent electric dipoles mutually induced between bonds in the molecule and the bond
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to the shielded nucleus. Such dipoles give a nonzero average value of E?, written <E?>.

o, = -AE, - BE* - B(E? [5.6]
3PI
(E?) = —6‘1-' [5.7]
T R

This is the so called van der Waals contribution, g, for which P, and I; are the
polarizability and first ionization potential of the electron group (bond). Experimental
estimates of the constants A, B, and B” have shown that they are quite large for fluorine
and that A is negative. Typical values are A=about -10x10*2e.u.s., B=B, 20+40x10"®
e.u.s. ¢, contains contributions of the same type as o,, o,, and o,, but they are of

intermolecular origin.

5.1.2.2. Fluorine Coupling Constants

F chemical shifts are extended over a much wider ppm range than that found
with the 'H. The intrinsic sensitivity of a given nucleus to its environment is determined
by the density, distribution, and symmetry of the orbital electrons surrounding -the
nucleus. In hydrogen, only the s-electron exerts an orbital magnetic field at the nucleus.
However, in covalently bound fluorine, with a valency shell containing unequal
populations in its three 2 p-orbitals, the fluorine chemical shift tensor is quite large and
orientation sensitive*'*2, As a result, the F-NMR observed peak positions are highly
dependent on the micro-environment of the fluorine nucleus.

Spin coupling between nuclei is mediated by shared electrons involved in chemical
bonding. Table 5.4 shows the magnitudes of coupling constants for F-F and F-H spin-
spin interactions. The geminal coupling constants for H-F (40-80 Hz) or F-F (150-300
Hz) are larger than those for H-H (12-15 Hz).

5.1.2.3. Relaxation and “F-NMR Linewidths
The mechanism of relaxation derives from the action of local fluctuating fields on
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nuclear magnetic moment. There are three relaxation pathways associated with a '°F
nucleus placed inside a molecule. The first is dipolar coupling between "F and its
neighboring spins (i.e 'H). A second pathway is that of chemical shift anistropy (CSA)
where both the overall and the internal motions of a fluoro-substituted macromolecule
contribute to the averaging of the orientation-dependent chemical shift. A third
mechanism arises from spin-rotation, where a fluctuating field is produced by the
rotational motion of a molecule’s electron cloud. Spin rotation contributes to relaxation
only for small symmetric molecules, and has minimal contribution in larger
macromolecules***5,

While the large anisotropy of the '°F chemical shift has the advantage of providing
a wide spectral distribution for ’F-NMR peaks, it has one important drawback. At higher
fields, the observed line broadening (1/x T,) increases with the squared frequency of
resonance. As a result, the increase in resolution that one expects in going to higher
fields (which scales linearly with w) is offset by CSA relaxation*. Narrower 'F-NMR
linewidths have been observed at lower fields from alkaline phosphatase and

dihydrofolate reductase.

Table 5.3. Some F-19 NMR reference standards 3°.

Compound Oppm)”
CFCl, 0.00
CF,COOH (int.) -76.55
CF,COOH (ext.) -78.90
CF4CCl, -82.20
CFCl,.CFCl, -67.80
CF,CI.CCly -65.10
C.Fs -135.15
CeF12 -133.23
CeFs -164.90

* Shifts upfield from CFCl, are negative.
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Table 5.4. Fluorine coupling constants. *

Group H-F coupling Group H-F coupling
constant (Hz) constant (Hz)
~ M ~ .-

c - C -
P 44-81 N 150 - 300
CH—C! - CH—C -
- ~ 7-31 - ~ 7-31

CH—C—C ~0 CF—C—C 0-18
~ ~N ~
~ M ~ ~F
c—¢C - c—=¢C -
- ~e 72-81 - ~¢ 7-87
c=¢C 1-8 c=—=¢C 109 - 131
W~ F P NF
N ~ NG ~
C=—=C - c=¢C ~20
_ ~r 12-40 - ~¢
H F
F F
6-10 0-7
H F
6-9 0-15
F F
H F
F F

: data from Freeny (1967)
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Table 5.5. Contributions of dipolar interactions and chemical shift anisotropy to fluorine

relaxation.
Dipolar Interaction * Chemical Shift Anisotropy °
E:;l'::v“lz‘t;s i magneti felds <300 MHz and magnetie hetds 2300 MHz
1 3r,r '
H Yﬂ'z"z’l(“?,—‘ 212y YhI,8H,
r 12 r12
vaihzfz(lfl)[—l-l “(@,-w,) 6 252, N>
T 12 E"’lax(l*-s—)’(wl)
! - ACHIL R
1
-. Vv, + DI “0) | 2
T, 1 s 01851+ )4I0)
+—=J%(0,~0) +J}(©,) 40 3
z o, +3(0)]
+§-J'(m2)+§.lz(ml+mz)]
-_I(‘D),d T, 21,
isotropic 1+ m"tf.) a +021:i)

s Two non-identical spin interaction between spins | and 2 with respective gyromagnetic ratiog
[ in hamiltonians (H) refer to the spin z component angular momentum operator and otherwise refers
to the spin angular momentum. The vector distance separation is given by r, and the in the spectral
density functions J@) is the rotational correlation time constant.

b The 8 and 1 are the anisotropy and asymmetry of the fluorine chemical shift tensor

¢ From Hull & Sykes (1947); Hardin & Horowitz (1987); and Gerig (1989)

d The spectral density functions for other motions are described by Hardin & Horowitz (1987)
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§5.2. EXPERIMENTAL
§.2.1. Materials and Methods

5.2.1.1. Reactions
Acetylation of Lignin Model Compounds

Carbonyl containing compound (~ 200 mg) was acetylated with 2-4 mL of acetic
anhydride/pyridine (1:1, v/v) at room temperature overnight in a 100-mL flask. Ethanol
(50 mL) was added, and, after 30 min, the solvents were removed by film evaporation.
Repeated addition and removal (film evaporation) of ethanol (five to ten times) resulted
in the removal of acetic acid and pyridine from the sample. The acetate was dried in

vacuo over KOH and P,0O; or purified as described below prior to drying.

Trifluoromethylation Procedure

Carbonyl containing model compound (10 mmol) was dissolved in 3 mL of high
purity tetrahydrofuran (THF). To this solution an excess (15 mmol) of
trifluoromethyltrimethylsilane (TMS-CF;) was added. The mixture was then treated with
a catalytic amount (20 mg) of tetramethylammonium fluoride (TMAF) under constant
stirring at 0°C for 0.5 hours. It was then brought to room temperature and continued to
completion (TLC). The intermediate siloxy adducts were hydrolysed by the addition of
aqueous hydrofluoric acid (10% HF). Finally, the hydrolysed mixture was extracted with
chloroform (3x15 mL) and dried over anhydrous magnesium sulphate. The hydrolysis of
all the quinones were accomplished by replacing HF with TMAF. The isolated products
were characterized by '°F, 'H NMR and GC-MS.

5.2.1.2. Instrumentation
F NMR Spectroscopy

All spectra were recorded on a Varian Unity 500 FT-NMR spectrometer at an
operational frequency of 470.3 MHz. The model compound derivatives were dissolved
in deuterated chloroform (10-20 mg/1.0 mL CDCL,) using fluorotrichloromethane

(CFCl,) as internal reference. The measurements were carried out in a 5 mm tube at
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room temperature. The acquisition time of 0.64 sec was used followed by the relaxation
delay of 2 sec. The number of scans acquired was 8 per measurement. Pulse widths
corresponding to a 45° flip angle and a line broadening of 1 Hz was used during

acquisition and processing of the spectra.

!H NMR Spectroscopy

The NMR spectra were recorded at a proton operating frequency of 200.1, 299.9
and 499.8 MHz on Varian XL-200 FT-NMR, Varian XL-300 FT-NMR and Varian unity
500 spectrometer respectively. The model compounds containing carbonyl groups and
their derivatives were dissolved in deuterated chloroform (30 mg/1.0 mL CDCL,) using
tetramethylsilane (TMS) as internal reference. The measurements were carried out in a
5 mm tube at room temperature. No relaxation delay was used. The acquisition time for
Varian XL-200 FT-NMR, Varian XL-300 FT-NMR and Varian unity 500 spectrometer
were 3.752, 2.496, and 1.892 sec respectively. The number of scans for the acquisition
of the 'H NMR signals were 128.

I3C NMR Spectroscopy

The model compounds containing carbonyl groups and their derivatives were
dissolved in deuterated chloroform (30 mg/1.0 mL CDCL,) and quantitative *C NMR
spectra were obtained on both Varian XL-300 FT-NMR and Varian Unity 500
spectrometer operating at 75.4 and 125.7 MHz respectively. The internal reference was
tetramethylsilane (TMS). The measurements were carried out in a 5 mm tube at room
temperature with heteronuclear-decoupling. No relaxation delay was used. The
acquisition time on Varian XL-300 FT-NMR and Varian Unity 500 spectrometer were
0.970 and 1.083 sec respectively. The number of scans ranged between 65000 to 80000.

3'p NMR Spectroscopy

The *'P NMR spectra were obtained by using inverse gated decouling on a Varian
XL-300 FT-NMR spectrometer at 121.5 MHz. The internal deuterium lock was provided
by the deuterium atoms present in the deuterated chloroform, used as the solvent. The
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external standard was 85% H,PO,. All downfield shifts from H,PO, were considered
positive. A sweep width of 10000 Hz was observed and spectra were accumulated with
a time delay of 10s between successive pulses. Pulse width corresponding to a 45° flip
angle and a line broadening of 2 Hz was used for the processing of the spectra. For the
45° flip angle a series of experiment showed that there was no further increase in signal
intensity after a 7s pulse delay was applied. All chemical shifts reported are relative to
the dimeric model compound with water which has been observed to give a sharp 3'P
signal at 121.1 ppm*"%,

Gas Chromatography/Mass Spectrometry

GC-MS analyses were carried out a Hewlett Packard 5972 mass spectrometer
interfaced to a Hewlett Packard 5890A gas chromatograph with a 30m x 0.25mm packed
silica capillary column. The injection port temperature was 280 °C and the oven
temperature was varied from 100 °C to 250 °C, with a gradient of 5 °C/min. The CF;-

containing lignin model compounds were analyzed after silylation.

5.2.2.3. Characterization of trifluoromethylated compounds

1.  'HNMR (CDCL)XTMS) & 1.77 (s, 3H); 2.60 (s, 1H); 7.37-7.46 (m, 3H); 7.56-7.61 (m,
2H) ppm. “F NMR (CDCL,)(CFCl,) 6: -81.35 (s) ppm. MS m/z 190 (M*), 151, 127,
121, 105, 91, 77, 51. Anal. Caled for C;H,F,0: C, 56.84; H, 4.77; F, 29.97. Found:
C, 56.92; H, 4.69; F, 29.92. 96% yield.

2. 'H NMR (CDCLXTMS) &: 1.74 (s, 3H); 2.35 (s, 1H); 5.67 (s, {H); 6.829 (d, 2H,
J=8.78 Hz); 7.432 (d, 2H, J=8.58 Hz) ppm. "F NMR (CDCL)}CFCl;) 5: -81.76 (s)
ppm. MS m/z 206 (M*), 188, 167, 149, 137, 119, 107, 91. Anal. Calcd for CH,F;0,:
C, 52.43; H, 4.40; F, 27.65. Found: C, 52.48; H, 4:49; F, 27.67. 98% yield.

3. 'H NMR (CDCIL,)(TMS) é: 1.74 (s, 3H); 2.90 (s, 1H); 3.879 (d, 3H, J=6.64 Hz); 5.84
(s, 1H); 6.86-7.13 (m, 3H) ppm. "F NMR (CDCl,;)(CFCl,) é: -81.60 (s) ppm. MS m/2
236 (M*), 197, 167, 151, 124. 110, 69, 51. Anal. Calcd for C,;H,,F;0;: C, 50.85; H,
4.69; F, 24.13. Found: C, 50.91; H, 4.68; F, 24.19. 96% yield.
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10.

11.

'H NMR (CDCLXTMS) é: 1.73 (s, 3H); 2.54 (s, 1H); 3.879 (d, 6H, J=10.26 Hz); 6.78
(s, 2H); 7.22 (s, 1H) ppm. F NMR (CDCL,)(CFCl,) 5: -81.47 (s) ppm. MS m/z 266
M*), 227, 197, 181, 155, 123, 93, 69. Anal. Calcd for C,H,F;0,: C, 49.63; H, 4.92;
F, 21.41. Found: C, 49.69; H, 4.85; F, 21.35. 95% yield.

'H NMR (CDCL,)(TMS) é: 1.73 (s, 3H); 2.72 (s, 1H); 3.841 (d, 6H, J=2.16 Hz); 6.825
(d, 1H, J=8.48 Hz); 7.03-7.11 (m, 2H) ppm. '""F NMR (CDCL)(CFCl,) 5: -81.56 (s)
ppm. MS m/z 250 (M*), 211, 181, 139, 124, 107, 95, 77. Anal. Caled for C,,H,;F,0;:
C, 52.80; H, 5.24; F, 22.78. Found: C, 52.85; H, 5.28; F, 22.80. 95% yield.

'H NMR (CDCL,)(TMS) &: 2.93 (s, 1H); 7.34-7.38 (m, 6H); 7.47-7.52 (m, 4H) ppm.
SE NMR (CDCL,)(CFCL) &: -74.79 (s) ppm. MS m/z 252 (M*), 233, 213, 183, 165,
127. 105, 77. Anal. Caled for C,H,F,0,: C, 66.67; H, 4.40; F, 22.60. Found: C,
66.71; H, 4.32; F, 22.66. 94% yield.

'H NMR (CDCL,)(TMS) &: 3.22 (s, 1H); 3.84 (s, 6H); 6.87-7.03 (m, 4H); 7.03-7.47 (m,
4H) ppm. “F NMR (CDCL)(CFCIy) &: -75.11 (s) ppm. MS m/z 312 (M*), 273, 243,
212, 168, 135, 108, 77. Anal. Calcd for C,H,;F,0,: C, 61.54; H, 4.84; F, 18.25.
Found: C, 61.56; H, 4.88; F, 18.17. 96% yield.

'H NMR (CDC1,)(TMS) é4: 2.60 (s, 1H); 4.989 (q, 1H, J=6.60 Hz); 7.38-7.48 (m, 5H)
ppm. “F NMR (CDCL)(CFCl,) &: -78.848 (d, Je;=6.1 Hz) ppm. MS m/z 176 (M*),
159, 127, 107, 89, 79, 51. Anal. Calcd for C;H,F,0: C, 54.55; H, 4.01; F, 32.36.
Found: C, 54.58 H, 3.99; F, 32.40. 97% yield.

'H NMR (CDCL,(TMS) &: 2.59 (s, 1H); 3.89 (s, 3H); 4.925 (q, lH, /=6.78 Hz); 5.72
(s, 1H); 6.947 (d, 3H, J=13.93 Hz) ppm.""F NMR (CDCI,)(CFCl,) é: -78.981 (d, J.
u=6.1 Hz) ppm. MS m/z 222 (M*), 205, 183, 153, 125, 93, 65, 51. Anal. Calcd for
CH,F;0;: C, 48.66; H, 4.08; F, 25.65. Found: C, 48.70; H, 4.11; F, 25.69. 95%
yield.

'"H NMR (CDCL)(TMS) &: 2.18 (s, 1H); 3.85 (s, 6H); 4.924 (q, 1H, J=6.58 Hz); 6.68
(s, 2H) ppm. F NMR (CDCL)(CFCL,) &: -78.890 (d, J;,,=6.1 Hz) ppm. MS m/z 252
(M*), 205, 183, 167, 155, 140, 123, 95. Anal. Calcd for CH,F,0,: C, 47.63; H,
4.40; F, 22.60. Found: C, 47.62; H, 4.42; F, 22.58. 98% yield. :

'H NMR (CDCL,)(TMS) &: 2.50 (s, 1H); 3.87 (s, 6H); 4.943 (q, 1H, J=6.64 Hz); 6.841
(t, 1H, J=4.88 Hz); 6.976 (d, 2H, J=3.42 Hz) ppm.”F NMR (CDCL)(CFCL) &: -
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12.

13.

14.

15.

16.

17.

18.

78.916 (d, Jey=6.1 Hz) ppm. MS m/z 236 (M*), 219, 197, 167, 139, 124, 108, 96.
Anal. Calcd for C,(HF,0;: C, 50.85; H, 4.69; F, 24.13. Found: C, 50.92; H, 4.66;
F, 24.11. 99% yield.

'H NMR (CDCL)TMS) &: 2.97 (s, 1H); 4.58-4.66 (m, 1H); 6.20 (q, 1H, J=9.46 Hz);
6.842 (d, 1H, J=15.93 Hz); 7.31-7.44 (m, SH) ppm. *F NMR (CDCL,)(CFCl,) é: -
79.458 (d, Jg;; =6.1 Hz) ppm. MS m/z 202 (M*), 184, 165, 133, 115, 91, 77, 55. Anal.
Calcd for C,H,F,0: C, 59.41; H, 4.49; F, 28.19. Found: C, 59.45; H, 4.52; F, 28.17.
99% yield.

'H NMR (CDCL)(TMS) é: 2.25 (s, 1H); 3.84 (s, 3H); 4.531 (t, 1H, J=13.19 Hz); 5.65
(s, 1H); 5.961 (q, 1H, J=9.12 Hz ); 6.689 (d, 1H, J=15.73 Hz); 6.82-6.88 (m, 3H)
ppm. F NMR (CDCI,)(CFCly) é: -79.607 (d, Jry =6.1Hz) ppm. MS m/z 248 (M*),
219, 199, 179, 161, 147, 119, 91. Anal. Calcd for C, H, F;0,: C, 53.23; H, 4.47; F,
22.96. Found: C, 53.28; H, 4.44; F, 22.97. 99% yield.

'H NMR (CDCl,) é: 0.091 (s, 18H); 6.16 (s, 4H) ppm. *F NMR(CDCL,)(CFCl,) é: -
80.51 (s) ppm. MS m/z 323 (M* - CF;), 307, 285, 265, 254, 223, 219, 189.

‘H NMR (CDCl;) &: 2.42 (br, 4H); 6.19 (s, 4H,); 6.27 (s, 4H,) ppm. “F NMR
(CDCl,)(CFCl,) 6: -80.81 (s); -80.75 (s) ppm. MS m/z 179 (M* - CF;), 159, 143, 110,
83, 69, 53. Anal. Calcd for C;H(FO,: C, 38.73; H, 2.44; F, 45.94. Found: C, 38.75;
H, 2.49; F, 45.96. 96% yield.

'H NMR (CDCL,) &: 0.08-0.09 (d, 18H, J=2.5 Hz); 1.93-1.94 (d, 3H, J=1.26 Hz);
5.85-5.86 (d, 1H, J=1.18 Hz); 6.16 (s, 2H) ppm. *F NMR (CDCL)(CFCL,) 5: -80.67
(s); -77.03 (s) ppm. MS m/z 337 (M* - CF,), 321, 268, 229, 203, 175, 147, 127.

'H NMR (CDCL,) 8: 2.02-2.03 (d, 3H, J=1.16 Hz); 2.30 (br, 2H); 5.98-5.99 (d, 1H,
J=1.72 Hz); 6.24-6.25 (t, 2H, J=2.16 Hz) ppm. "F NMR (CDCL,)(CFCl,) §: -81.21
(s); -77.25 (s) ppm. MS m/z 193 (M* - CF,), 173, 145, 124, 69, 51. Anal. Calcd for
CHF0,: C, 41.24; H, 3.08; F, 43.48. Found: C, 41.27; H, 3.15; F, 43.50. 95%
yield.

'H NMR (CDCl,) 5: -0.137- -0.125 (d, 18H, J=2.38 Hz); 1.36-1.39 (d, 9H, J=5.30

Hz); 7.45-7.51 (m, 3H); 7.80-7.95 (m, 4H) ppm. “F NMR (CDCI,}(CFCl,) &: -78.56
(s); -78.55 (s) ppm. MS m/z 479 (M* -CF,), 441, 410, 372, 344, 301, 267, 233.
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20.

21.

22.

25.

27.

'H NMR (CDCL,) &: 1.37-1.41 (d, 9H, J=8.60 Hz); 3.19-3.30 (d, 2H, J=21.23 Hz);
7.52-7.60 (m, 3H); 7.89-8.03 (m, 4H) ppm. “F NMR (CDCL)(CFCL,) é: -78.61 (s); -
78.29 (s) ppm. MS m/z 335 (M* - CFy), 320, 266, 251, 209, 181, 152, 112. Anal.
Caled for CH,,F,O;: C, 59.41; H, 4.49; F, 28.19. Found: C, 59.38; H, 4.46; F,
28.22. 94% yield.

'H NMR (CDCl,) é: 0.021 (s, 18H); 1.03 (s, 9H); 1.20 (s, 9H); 5.39 (s, 1H); 6.01 (s,
1H) ppm. *F NMR (CDCL)(CFCl;) 4: -68.84 (s); -74.89 (s) ppm. MS m/z 504 (M* -
CF,), 489, 435, 399, 379, 327, 285, 259.

'H NMR (CDCl,) &: 1.05 (s, 9H); 1.25 (s, 9H); 2.45 (s, 1H); 3.05 (s, 1H); 5.19 (s,
1H); 6.06 (s, 1H) ppm."”F NMR (CDCI,)(CFCl,) é: -69.59 (s); -75.87 (s) ppm. MS m/z
(silylated) 504 (M* - CF;), 489, 399, 379, 327, 285, 259, 239. Anal. Calcd for
C,HxFO;: C, 53.33; H, 6.15; F, 31.63. Found: C, 53.40; H, 6.10; F, 31.59. 89%
yield.

'H NMR (CDCl,) 4: 0.042 (s, 18H); 7.22-7.31 (m, 3H); 7.36-7.61 (m, 4H); 7.76-7.83
(m, 3H) ppm. "F NMR (CDCL)(CFCl;) &: -74.52 (s) ppm. MS m/z 247 (M* -
C, H,[F:08i), 213, 181, 165, 135, 105, 77, 51.

'H NMR (CDCl,) &: 4.75 (s, 2H); 7.25-7.34 (m, 2H); 7.41-7.55 (m, 6H); 7.67-7.72 (t,
2H, J=7.32 Hz) ppm. F NMR (CDCI,)(CFCl,) é: -73.55 (s) ppm. MS m/z 175 (M* -
C;H,F,0), 152, 105, 77, 51. Anal. Calcd for C,(H,F,0,: C, 54.87; H, 3.45; F, 32.54.
Found: C, 54.91; H, 3.50; F, 32.58. 98% yield.

'H NMR (CDCl,)(TMS) &: 3.63 (s, 1H); 3.78 (s, 3H); 3.863 (d, 6H, J=5.40 Hz), 4.07-
4.12 (m, 2H); 4.449(t, 1H, J=1.80 Hz); 5.57 (s, 1H); 6.692 (q, 1H, J=3.60 Hz); 6.77-
6.83 (m, 2H); 6.865 (d, 1H, J=5.10 Hz); 6.95-6.99 (m, 1H); 7.193 (d, 1H, J=4.80
Hz); 7.294 (d, 1H, J=1.2 Hz) ppm. "C NMR (CDCL)(TMS) &: 55.85; 56.04; 56.17;
61.36; 79.59 (g, Jecr=26.4 Hz); 82.64; 109.87; 110.48; 112.07; 118.25; 120.72;
121.66; 124.62; 124.97 (q, Jo-=286.59 Hz); 128.93; 146.18; 148.56; 148.89; 151.53
ppm. “F NMR (CDCL)CFCL) 6: -75.53 (s) ppm. MS m/z (silylated) 402 (M*), 302,
278, 248, 235, 221, 181, 165. Anal. Caled for C,H,F;0s C, 56.72; H, 5.26; F,
14.16. Found: C, 56.74; H, 5.29; F, 14.22. 95% yield.

'H NMR (CDCL,X(TMS) é: 3.84 (s, 3H); 3.87 (s, 3H); 3.90 (s, 3H), 3.93 (d, 1H, J=3

Hz); 4.24 (d, 1H, J=12 Hz); 4.640 (d, 1H, J=12 Hz); 5.865 (d, 1H, /=3 Hz); 6.84-
7.12 (m, 6H) ppm. *C NMR (CDCL,)(TMS) é: 56.11; 56.19; 56.64; 71.68; 75.62 (q,
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29.

Jer=27.9 Hz); 108.78; 110.06; 111.44; 113.40; 120.41; 121.80; 122.95; 125.60 (q,
Jo;=286.59 Hz), 127.88; 147.37; 148.68; 149.16; 149.95 ppm. "F NMR
(CDCL)(CFCL,) &: -77.63 (s) ppm. MS m/z 372 (M*), 303, 248, 235, 217, 189, 180.
Anal. Caled for CH,,F,05: C, 58.06; H, 5.14; F, 15.31. Found: C, 58.21; H, 5.20;
F, 15.29. 96% yield.

'H NMR (CDCL,)XTMS) é: 2.25 (s, 3H); 3.75 (s, 1H); 3.79 (s, 3H), 3.88 (s, 3H); 3.935
(d, 1H, J=9 Hz); 4.12 (d, 1H, J=5.99 Hz); 4.33 (s, 1H); 5.60 (s, 1H,); 5.70 (s, 1H);
6.55-6.64 (m, 3H); 6.94 (d, 1H, J=5.40 Hz); 7.10 (d, 1H, J=4.80 Hz); 7.311 (d, 1H,
J=1 Hz ) ppm. ®C NMR (CDCL,)(TMS) é: 21.19; 55.88; 55.93; 61.31; 79.85 (q, J..
¢=28.9 Hz); 82.64; 109.59; 112.95; 113.93; 118.43; 121.01; 122.19; 125.07 (q, J..
£=286.59 Hz); 128.71; 134.83; 143.81; 145.62; 146.35; 151.36 ppm. “F NMR
(CDCL,)(CFCl,) &: -75.48 (s) ppm. MS m/z (silylated) 618 (M*), 480, 451, 411. 365,
343, 323, 271. Anal. Calcd for C,;H, F,0, C, 56.72; H, 5.26; F, 14.16. Found: C,
56.78; H, 5.19; F, 14.18. 93% yield.
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5.3. RESULTS & DISCUSSION

Initially a series of model compounds containing carbonyl groups, including
various quinones, were trifluoromethylated and their '’F NMR spectra were examined.
This was done in order to understand the relationships between the chemical environment
of CF;-containing derivatives and their ’F NMR chemical shifts. Detailed work with
carbonyl containing arylglycerol $-O-4 ether model compounds followed, aimed at
understanding the trifluoromethylation reaction so that it can eventually be applied to
lignins, solid wood and paper samples.

Prior to commencing the discussion, an examination of the '°F chemical shifts of
fluorine-containing compounds is described. Such data was obtained on four different
monofluorinated organic compounds in order to commence accumulating information on
the structure versus '’F chemical shift relationships. Monofluorinated aromatic
compounds exhibited a single 'F NMR signal upfield from CFCl,.

Furthermore, in order to examine the chemical shifts of monofluorinated-organic
compounds containing carbonyl group, p-fluorobenzaldehyde was trifluoromethylated.
The resulting fluorine-containing derivatives featured two major '"F NMR signals. One
at -103.26 ppm due to the original aromatic fluorine and a new signal (a doublet) due to
the trifluoromethyl group present on the carbon atom of the former carbony! group in
benzaldehyde, i.e. at -79.122 and -79.144 ppm (Table 5.6).

In general the chemical shifts of the aromatic fluorine atoms occur within the
range 6=-130 to -180 ppm (upfield from CFCl;). Fluorine chemical shift () of
substituted compounds generally decrease in the order ortho > para > meta. The shifts
of fluorine nuclei mera or para to a substituent can be successfully correlated with their
w-electron charge densities and bond orders as calculated by the Hiickel MO method. For
example, substituents such as -NH, and -OH, which produce an increase in the r-electron
density at the para carbon atom, produce an increase in the shielding of the para fluorine
atoms and substituents such as -NO, and -CHO, which decrease the w-electron density,
decrease the fluorine shielding. However, for fluorine nuclei in a position ortho to a

substituent, large deviations are always found. This is the so-called "ortho effect":
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whenever two fluorine atoms are in ortho positions to each other an upfield shift of about
20 ppm is apparent. This effect is found to be a feature of all the fluorobenzene shifts
and is additive. In fact such an effect was observed in the 'F NMR analysis of o- and
p-fluoroaniline. The '°F chemical shift of o-fluoroaniline was observed upfield to that of
p-fluoroaniline by épproximately 8 ppm (Table 5.6).

Table 5.6. F-19 NMR signals of some monofluorinated organic compounds.

Compound Chemical Structure 9F NMR (ppm)
F
Fluoro benzene @ -113.5
NH,;
F )
o-Fluoro aniline -135.6
NH;
p-Fluoro aniline -127.3
o H CF,
e’ HO-&-H
-103.2 (A)
TMS-CF:
p-Fluoro benzaldehyde TFa’ -103.2 ®)
THF -79.133
F (. J5.=6.2147)
(A) (B

Such ortho effects can be accounted for satisfactorily in terms of intramolecular electric
field contributions. Differences in 6 in substituted aromatic compounds can be

reasonably predicted according to the following relation®’:

Ao = Ac [5.8]

electronic + Aoelecm‘c
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where A0, ..onc takes into account differences in w-electron charge distribution and
Abe,mic is the difference in the resultant electric fields at fluorine nuclei.

This demonstrates that the chemical shift of '°F is quite sensitive to environment*®
and therefore “F spectroscopy would be useful tool for measuring and probing different

classes of compound containing fluorine and fluorine-derivatives.

5.3.1. Aromatic Compounds Containing Carbonyl Groups

Various organic compounds containing carbonyl groups in different chemical
environments were subjected to the described trifluoromethylation reaction. This
eventually allowed for the correlation of trifluoromethylated structures to their '°F
resonance for carbonylic environments that may likely be present in lignins. These
studies indicated that the 'F NMR chemical shifts vary significantly for several classes
of carbonyl groups. For example, the ’F NMR signal of various trifluoromethylated
ketones, such as acetophenone (1) was observed at -81.35 ppm distinguishing it from that
of p-hydroxyacetophenone (2) recorded at -81.76 ppm upfield from CFCl,. Such
variations of '"F chemical shifts were also apparent for different aldehydes.

The '°F NMR chemical shift of trifluoromethylated benzaldehyde (8) was recorded
(doublet) at -78.848 ppm while the 'F NMR signals moved progressively downfield with
the addition of different substituents on the benzene ring. This demonstrates that the
chemical shift of '°F is quite sensitive to environment® and therefore '°F spectroscopy
would be useful tool for measuring and probing different classes of compounds
containing fluorine and fluorine-derivatives.

It is well known that the fluorine (*°F) nucleus has similar magnetic properties to
those of the proton, and may be coupled not only with each other, but also with protons.
Absorption by fluorine does not appear in the proton NMR spectrum since it appears far
off the proton observation scale, but fluorine splitting of proton signals can be seen. This
was evident for all the trifluormethylated aldehyde derivatives examined during this
work. All the aldehydes were found to have the same splitting (6.1 Hz), while they
exhibited different '°’F NMR chemical shifts due to different chemical substituents present
on their benzene rings.
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Another significant observation during this phase of our work showed that all *F

. NMR signals of the various trifluoromethylated ketones appeared at a region distinct to
those of aldehydes. For example, different trifluoromethylated aldehydes exhibited signals
at about -79 ppm, while trifluoromethylated ketones gave 'F signals at about -81 ppm.
This is a very significant feature of this work since it can be used for the classification
of the different carbonyl environments that may be present in lignin (Table 5.7 and 5.8).
The introduction of a trifluoromethyl group onto the carbon atom of ketone or
aldehyde may alters the chemical properties of almost all the starting ketones' and
aldehydes to chiral compounds. This may allow the compounds to exhibit optical activity,
and manifest enantiomeric properties. Furthermore, Norgai et al.*® have also concluded
that a trifluoromethyl group " behaves as a substitutent as large as a cyclohexyl group
and a little smaller than a sec-butyl group”. The observed '°F chemical shift variations

therefore, are not surprising.

5.3.1.1. Salient Features of the Reaction

The trifluoromethylation of most of the examined organic compounds was first
carried out in the presence of catalytic amounts of tetra-n-butylammonium fluoride
(TBAF) acting as an initiator for the reaction. Although this salt was quite effective on
the series of chain reactions required, other catalysts were also investigated since the
reaction yields were consistently low. Potassium rferr-butoxide and tetra-n-
butylammonium iodide (TBAI) have been used with success as initiators for the
trifluoromethylation of acetophenone®. In comparison to tetra-n-butylammonium fluoride
(TBAF), both work equally well. In fact the final yields of the reaction increased to about
88% when potassium ferz-butoxide was employed. However, there are some drawbacks
associated with the use of such initiators, restricting their use in trifluoromethylating
lignins.

In general the treatment of carbonyl-containing compounds with Ruppert’s reagent
in the presence of TBAF only resulted in qualitatively converting these compounds to

! Except for benzophenone (6) and 4,4’-dimethoxybenzophenone (7).
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their siloxy intermediates. The hydrolysis of trimethylsiloxytrifluoromethylated
. intermediates was also found to be rather inefficient when dilute HCI was used. For the
case of benzophenone, the hydrolysis of the siloxy intermediates was particularly
inefficient. Such problems were also observed by another group in their attempt to
trifluoromethylate hindered steroidal ketones®'. Both of these issues were found to be
responsible for the low overall yields of the reaction. Such yields could not qualify this
reaction as an analytical tool. Wang and Ruan succeeded in improving the yields of this
reaction to quantitative levels, by using the more effective tetramethylammonium fluoride
(TMAF) as an initiator.
In our work we addressed the issue of efficiently cleaving the silyl ethers by using
40% aqueous HF solution in acetonitrile (CH,CN)®, After careful purification of the
products, their yield was calculated and compared to those with TBAF. The combination
of TMAF and 40% HF was therefore used in all subsequent efforts of
trifluoromethylating the various sets of compounds discussed in this thesis?.

§.3.2. Quinones

Another class of carbonyl-containing compounds of special interest to wood
science is «,(3-unsaturated ketones known as quinones. Quinones are an interesting and
valuable class of compounds because of their oxidation-reduction properties. They can
be easily reduced to hydroquinones by reagents like sodium borohydride (NaBH,) and
stannous chloride (SnCl,). Alternatively hydroquinones can be easily reoxidized back to
quinones by potassium nitrosodisulfonate (Fremy’s salt). Since quinones are highly
conjugated, they are colored; p-benzoquinone, for example, is yellow. In addition, due
to their high degree of conjugation, quinones are energetically closely balanced against
the corresponding hydroquinones. This facility of interconversion provides a convenient

oxidation-reduction system that has been studied intensively.

* Quinones were hydrolyzed with TMAF.
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Table 5.7. Fluoride ion induced trifluoromethylation of carbonyl compounds of ketones with trifluoromethyltrimethylsilane.

t Reaction Overall 19F GC-MS
Eniry  Precursor Produc Conditions %Yield __ NMReppm) mie
iy & it MSez 190 (M)
"_ : 25°C, 16h -81.35 2 .
1 @'c Ct @“};c"’ hydrolysis, 8h % 181,127, 121,105, 91.
o CF, 0°C, 30 min "
n_ £ 25°C, 6h -81.76 MSmiz 208 (M),
2 m_©_c o m_@guc"’ hydrolysis, 2h s 188, 167, 149, 137, 149,
o cF’ 0‘C.30lnill ’)
a_ th 25°C, 14h -81.60 MSmiz 236 (M%),
3 m©° s m@'z:"’ hydrolysis, Sh % 197, 167, 151, 124, 110.
HyCO H,CO
HCo o Hco - 0°C, 30 min
u iy 25°C, 18h 81.47 MSm/z 266 (M%),
4 m‘@“"c"’ m‘@’z;c"’ hydrolysis, 2h 95 227, 197, 181, 155, 123.
H,CO H,CO
cF, 0°C, 30 min "
"o 1 25°C, 14h -81.56 MSm/iz 250 (M*),
ik H:CO@'C i m‘@“ﬁu""’ hydrolysis, Sh 95 211, 181, 139, 124, 107.
H,CO HyCO
o CFs 0°C, 30 min
6) ¢ ¢ 25°C, 16h 94 -74.79 MSm/z 252 (M%),
o hydrolysis, Sh 253, 213, 183, 165, 127.
(] CF,s 0°C, 30 min -
. d 25°C, 16h 75.11 MSm/z 312 (M%),
n ”’co—@‘:@_m"’ mco_@_ﬁu M3 hydrolysis, sh % 273, 243, 212, 135, 108.
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Table 5.8. Fluoride ion induced trifluoromethylation of carbonyl compounds of aldehydes with triflucromethyltrimethylsilane.

(@, 35y =6.1 Hz)

En Precursor Product Reaction Overall 19 GC-MS
ry Conditions %Yield  NMR(ppm) mle
o cF, 0°C, 30 min
8 @—E-H @_é_“ 25°C, 20 97  -78.848 MSm/z 176 (M*),
o hydrolysis, Sh (@ Jp.q =6.1 Hz) 159, 127, 107, 89, 79.
H,CO o H,CO o, 0°C, 30 mia .
u_ ) _ 25 °C, 20h 95 -78.981 MSm/z 222 (MW7),
9) w c-H Ho ﬁu“ hydrolysis, Sh @, Jpn=61Hy) 205,183,163, 125,93.
H,CO o HCO oF, 0°C, 30 min "
0 ! 25°C, 24h 98 -78.890 MSm/z 252 (MY),
10) m@c H m‘@ﬁuu hydrolysk. Sh o, J’_“ =6.1 Hl) 205, 1.3. ‘87. ‘ss. 140.
H,CO Hy,CO
o CF, 0°C, 30 min "
8 & 25°C, 24h -78.916 MSm/z 236 (M*),
11) u,co—@c H H,CO g“ H hydrolysis, Sh 9 @ Jyy=61Hz) 219 197,167,139, 124,
H,CO H,CO
cF, 0°C, 30 min
12 =c-C- =c-C- 25°C, 16h 99 -79.458 MSm/z 202 (M%),
) @—c C-C-H @—c c gn H hydrolysis, Sh @ dpy =61Hz 184,185,133, 115,01,
o cF, 0°C, 30 min
—cB_ —c—tn 25°C, 18h 99 -79.607 MSm/z 248 (M%),
13, W@C-c C-H W—@c ¢ :.;H H hydrolysis, Sh 219, 199, 179, 161, 147.

H,CO
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In many cases quinones and aromatic hydroquinones seem to take part in
oxidation-reduction cycles essential to living organisms. A number of studies have shown
that quinones are present, in small amounts in wood and high-yield mechanical pulps®*
4, However, despite their low abundance, they have been held responsible as one of the
significant factors for the yellowing of paper’*%.

The trifluoromethylation of quinones by adding only to one of the carbonyl carbon
atoms has been studied by Stahly and Bell®'. However, in an effort to evaluate the
reactivity of quinones (on both carbonyl carbon atoms) with Ruppert’s reagent, a number
~ of different compounds were selected and trifluoromethylated.

Initially p-benzoquinone was trifluoromethylated. The CF;-containing
trimethylsiloxy intermediate (14) was isolated and later examined by 'H and F NMR
spectroscopies. The 'H NMR spectrum featured two signals. One of them was very close
to the signal of tetramethylsilane (TMS) internal standard, and was most likely due to the
intermediate trimethylsiloxy adduct while the second signal was attributed to the four
environmentally equivalent methyl protons. The upfield position of this signal in
comparison to the starting material indicated the elimination of the deshielding effect of
the carbonyl groups caused by the trifluoromethylation reaction. On the other hand, the
'SF NMR spectrum exhibited only one signal at -80.51 ppm, suggesting that both
introduced trifluoromethyl groups were environmently equivalent.

After hydrolysis, the isolated compound (15) was subjected to F and 'H NMR
investigations in order to assign the signals for the corresponding fluorine and alcohol
groups of the derivative. The 'F NMR spectrum showed two signals with equal intensity
and 0.05 ppm difference in their chemical shifts (Figure 5.6). The ‘H NMR spectrum
confirmed the complete hydrdlysis of the silyl ethers, since the trimethylsiloxy signal
disappeared completely and instead a new signal due to the hydroxyl group appeared at
2.42 ppm. In addition, two other signals corresponding to the four unsaturated protons
of each stereoisomer were observed.

This data in conjunction with its GC-MS spectrum, confirmed the purity of the
products. As such, the formation of two stereoisomers (syn and an#i) as a result of

trifluoromethylation and hydrolysis became evident. The absence of these geometric
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isomers prior to hydrolysis can only be explained by the presence of the bulky
trimethylsiloxy groups which considerably hinders the formation of the"syn" isomer,
therefore giving rise to only one signal in the ’F NMR spectrum at -80.51ppm.

Methyl-p-benzoquinone, being of the same class as p-benzoquinone, yet
asymmetric, when subjected to trifluoromethylation and the products examined by 'H and
F NMR spectroscopies showed that both carbonyl groups were substituted by the CF,
groups. The '’F NMR spectrum of the new compound (16) displayed two well resolved
signals at -77.03 and -80.67 ppm. These signals were assigned to both CF, substituted
of the former carbonyl carbons adjacent and nonadjacent to the methyl group,
respectively.

In an additional effort to examine an aiternative siloxy hydrolysis systems the
siloxy adduct of methyl-p-benzoquinone was also treated with N,N “-dimethylformamide
in potassium fluoride (DMF-KF). Detailed examination of the isolated products showed
that such hydrolysis medium was effective at cleaving silyl ether bonds yielding the
corresponding alcohols. However, the high boiling point of DMF caused difficulties
during the workup.

The subsequent hydrolysis of the CF,-containing siloxy intermediates with 40%
HF solution was limited since such concentrations would result in the cleavage of several
arylglycerol 8-O-4 ether bonds when applied to lignins. However, lower concentration
of HF (i.e. 10%) failed to cleave silyl ether bonds completely due to the low solubility
of quinones in acetonitrile. This problem was resolved by the addition of
tetramethylammonium fluoride (TMAF) in THF at room temperature. Such combination
was able to cleave the trimethylsiloxy intermediates effectively to their corresponding
alcohols, resulting in the development of a novel method of cleaving silyl ethers.

When 2-tert-butyl anthraquinone was subjected to trifluoromethylation, the 'H
NMR spectrum of the isolated intermediate (18) showed the presence of trimethylsiloxy
groups, and its ’F NMR spectrum displayed two overlapping signals seperated by 0.007
ppm. Such evidence supported the observation of two stereoisomers of derivatized p-

benzoquinones.
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Figure 5.6. '"F NMR spectra of trifluoromethylated quinones before (left) and after
(right) hydrolysis.
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This was concluded since the z-butyl group, though far removed from the carbonyl
groups is less sterically hindering than the neighbouring methyl group in methyl-p-
benzoquinone (Figure 5.6).

The '"H NMR spectrum of (19) showed a broad signal due to the hydroxyl groups
at 3.19 ppm, while its ’F NMR spectrum showed two signals at -78.29 and -78.61 ppm
due to the substituted CF; and -OH groups on both carbon atoms of the carbonyl groups.

In addition to para quinones, ortho quinones are another important class of
dicarbonyl-containing compounds that may be found in lignin. Ortho quinones may be
formed during demethylation and/or deprotonation of several guaiacyl-lignin structures
as a result of various chemical reactions.

To evaluate the reactivity of ortho quinone with Ruppert’s reagent, 3 *,5 -di-ter-
butyl-1,2 benzoquinone was trifluoromethylated and hydrolysed. The trifluoromethylated
intermediates (20) and hydrolysed (21) were isolated and probed with “F, 'H
spectroscopies, and GC-MS. According to the obtained data, ortho quinones were found
to undergo this process quite efficiently as shown in Table 5.9.

Furthermore, the same procedure was carried out for benzil, and the chemistry
of the trifluoromethylated intermediates (22) and alcohols (23) was once again studied in
detail. The 'F NMR spectra of the both (22) and (23) depicted only one signal due to
the symmetric structure of benzil.

5.3.3. Lignin Model Compounds

Our efforts toward examining the potential of Ruppert’s reagent for the elucidation
of carbonyl groups in lignins were then focused at dimeric model compounds containing
carbony! groups, resembling those present in lignins. Dimeric model compounds have
often been used in NMR studies aimed at the structural elucidation of lignins®%.

3p, 'H, C NMR spectroscopies, and GC/MS analyses were used in a manner
similar to that described so far in each step of the trifluoromethylation reaction and the
obtained spectra were comparéd to those of the starting materials aimed at monitoring all

changes that took place during the course of the reaction.
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Table 5.9. Fluoride ion induced trifluoromethylation of quinones with trifluoromethyltrimethylsilane.

duct Reaction Overall 19F GC-MS
Entry Precursor Produc Conditions % Yield NMR(ppm) m/e
o . pOR
FC -, 0°C, 30 min “ { 8051 MSm/z 323 (M*-CF3),
14) 25°C, 6h 96 307, 285, 265, 254, 223.
15) , hydrolysis, Sh 5 { -80.75 MSm/z 179 (M*-CF3),
o FC? “OR 14R=SiMes -80.81 159, 143, 110, 83, 69.
15R=H
o FC., pOR
! ° -77.03 MSm/iz 337 (w' CF3 »

16) CH, CH; gsfc 3‘_::"' o5 16 {-80.67 321, 268, 229, 203, 175.

17) , hydrolysis, Sh {_77,25 MSm/z 193 (M*-CF3),

JJ FC’ “OR  16)R=SiMes 17 181.21 173, 145, 124, 69, 51.
R=H
. -78.55 MSm/z 479 (M*-CF3),
18) :s(.:ésg:in o 18 {.73,56 410, 372, 344, 301, 267.
19) hydrolysis, 6h " { 18.29 MSm/z 335 (M*-CF3),
o FsC hd OR 18)R=SiMey -78.61 320, 266, 251. 209, 181.
19)R=H
2 ° o MSm/z 504 (M*- CF
CF, 0 C, 30 min 20 { -CF3),

20) 25°C, 4h 89 74, 89 489, 435, 399, 379, 327.

21)  touy hydrolysis, Sh -69.59 MSm/z 504 (silylated), (M*
zm R = SiMey 2 { -715.87 -CF3),488, 399, 379, 327, 285.
29)R=H

FyC OR c;
- ; "° iy 0°C, 30 min 2 {1482 MSmiz 247 (M*- Cy1H14F30Si),
: ) @_g_c _@ @_ _@ 25°C, $h 98 213, 181, 165, 135, 105.
3) hydralysis, 4h MSm/z 175 (M*- CgHgF30)
23 {-73.55 d
22)R=SiMes { 152, 105, 77, 51.
2)R=H 164



Initial attempts to trifluoromethylate the o-carbonyl of dimer (24) [3,4-dimethoxy-
a-(2-methoxy-phenoxy)-y-hydroxy propiophenone] posed some difficulties since low
yields of the trifluoromethylated products were obtained when stoichiometric amounts of
TMS-CF, in the presence of TBAF were used. The presence of the primary y-OH was
suspected as interfering with reaction of (24) with TMS-CF;.In an effort to understand
the role of the 4-OH in this reaction, two avenues were followed.

The compound was aceiylated prior to trifluoromethylation, thus protecting the
primary vy hydroxyl groups. Following acetylation, the model compound was
trifluoromethylated selectively at the carbonyl group. After hydrolysis with 1IN HCI, the
yield of the purified products was calculated to be 46%. Although this procedure
improved the final yield to a small extent, the reaction yield was still low for using this
reaction to quantitatively study lignins.

Trifluoromethylationof3,4-dimethoxy-a-(2-methoxy- phenoxy) acetophenone (26)
was the other approach. The overall trifluoromethylation of the a-carbonyl of (26) took
place with somewhat more facility than that of (24). Although the spectral analysis of the
product (27) showed only one '’F NMR signal at -77.63 ppm due to trifluoromethyl
group, the yield of the product never exceeded 46%.

Finally the yields of these reactions were considerably improved by using
tetramethylammonium fluoride (TMAF) as the initiator and 20% aqueous HF in
acetonitrile as the hydrolysis medium. These modifications not only increased the reaction
yields by twofold they also gave fully clean trifluoromethylated products.

The 'F NMR spectrum of (25) showed a single signal at -75.53 ppm due to substituted
CF,, while the 'P NMR spectra featured a signal at 127.4 ppm due to the formation of
tertiary «-OH as a result of the hydrolysis.

The '*C NMR contained a new quartet due to the CF; group while the complete
elimination of the carbonyl signal signified the trifluoromethylation of the carbonyls
(Table 5.12 and Figure 5.8). This was verified by examining the 'H NMR spectrum of
the compound, where a new signal at 5.57 ppm signified the formation of «-OH (Figure
5.7).
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To further confirmour findings, 3-methoxy-4-hydroxy-a-(2-methoxy-4-methyl)-y-
hydroxy-propiophenone (28) was trifluromethylated under the same conditions. The
resulting CF,-containing compound (29) was then examined by GC-mass, °F, “C and
'H NMR spectroscopies. Consequently, it was demonstrated that trifluoromethylation of
dimeric lignin model compounds can be quantitatively achieved with the more effective
TMAPF as an initiator.

o o

H——H
5a0)

OCH, OCH,
0 .lb .
(CYD) (CYI

Figure 5.9. Chemical structure of lignin model compounds.

The next issue was whether or not the trifluoromethylation reaction could result
in the scission of arylglycerol 8-O-4 ether bonds. This is a very important issue as far
as the primary objectives of this work are concerned, since more than 40% of the
structural units in lignins are believed to be linked together by 3-ether bonds®%

Such an event may take place due to the presence of trimethylsilyl fluoride,
formed as side product in conjunction with Ruppert’s reagent during the reaction. In a
series of publications that address the selective cleavage of ether bonds in lignin, there
is substantial evidence that trimethylsilyl iodide is capable of cleaving 3-O-4 ether bonds.
In fact several studies have shown that this is an effective method of cleavage the ether
bonds between lignin side chains and aromatic nuclei™™,

Although the reaction was carried out in the absence of trimethylsilyl iodide
(TMSil), the formation of trimethylsilyl fluoride (TMSiF) during the course of the
reaction was a possibility to consider since it could behave similarly to TMSil.
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Table 5.10. Fluoride ion induced trifluoromethylation of carbonyl groups with trifluoromethyltrimethylsilane.

Reaction Overall 19¢ GC-MS
Entry  Precursor Product Conditions % Yield NMR (ppm) mle
" "
H-C-O0H H—C—OH
H-C-0 H—C-0 0°C, 30 min
¢=0 HO-C—CF3 25°C, 2¢h 08 75,83 Ms m/z (silylated) 402,
OCH, OCH, hydrolysis, 24h (M), 302, 278, 248, 235, 221.
24) 25)
oc"l OCH;
OCH, OCH,
H H
u-é-o-© u-é-o—© 0°C, 30 min -
[ ] ]
c=0 HO-C—CF 25°C, 24h 96 -71.63 Msm/z 372, (M%), 303, 248,
OCH, 'ocu, hydrolysis, 24h 235, 217, 189.
26) 27)
OCH, OCH;
OCH, OCH;
': 1
H=C—OH n—l.:—on
H-C-0 H—-C-0 0°C, 30 min
¢=0 Q uo—(':-cr, 25°C, 24n 93 -75.48 Ms miz (silylated) 618,
OCH, OCH, hydrolysis, 24h (W+), 480, 451, 411, 365, 343.
28 [O 29)
OCH, OCH;
OH OH
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Table 5.11. Qualitative C-13 NMR chemical shifts of dimeric lignin model compounds.

Compound a B Y C-1 c-2 c-3 C-4 C-5 C-6 Other
CHO A
pOCH3 5603
cmg-gn-cu,on 19497 | 8435 | 63.67 | 128.03 | 110.08 | 149.14 | 153.88 | 110.94 | 12359 |AfF (00 oo
oCH, 123.43 | 112.26 | 14691 | 150.32 | 118.11 | 121.10 |B oOCH3 5574
(29) .
CH0
195.02 | 84.60 | 63.65 | 133.45 | 110.71 | 146.80 | 151.08 | 113.13 | 127.73 |4 POCH3 5599
o-OCH3  55.70
124.18 | 114.02 | 144.61 | 150.06 | 11842 | 121.30 |B3pcHy 2109
(28)
CH0
°"°°§‘g”’ 195,18 | 7189 | — | 127.74 | 11003 | 14912 | 153.72 | 11030 | 122069 |4 §EOCS S
122.26 | 112.01 | 147.48 | 149.61 | 114.51 | 120.72 |B o-OCH3

(26)

§5.81
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Table 5.12. Qualitative C-13 NMR chemical shifts of dimeric lignin model compounds after trifluoromethylation. .

Compound vl B Y CF3 C-1 c-2 c-3 c-4 C-5 C-6 Other
CFs
CHO é cu-cu,ou 79.27 | 82.64 | 61.36 | 128.39 | 128.93 | 109.87 | 148.56 | 151.53 | 11048 | 124.62 | Phenyl Unit A
79.48 126.11
79.70 123.83 | 121.66 | 112.07 | 146.18 | 148.89 | 118.25 | 120.72 | PheryiUnit B
79.92 121.55
(25)
79.52 | 82.64 | 61.31 | 12849 | 134.83 | 109.59 | 14562 | 151.36 | 112.95 | 128.71 | Phenyl Unit A
79.73 126.21
79.96 12393 | 12219 | 113.93 | 143.81 | 14635 | 118.43 | 121.01 | Phery!Unit B
80.17 121.65
75.05 | 71.68 | | 129.02 | 127.88 | 108.78 | 148.68 | 149.95 | 110.06 | 122.95 | Phenyl Unit A
75.43 126.74
75.80 12446 | 12041 | 11144 | 147.37 | 149.16 | 113.40 | 121.80 | Pheryi Unit B
76.18 122.18
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For this reason, gas-chromatography was employed to evaluate the integrity of alkyl-aryl
ether bonds of the lignin model compounds (24 and 26) before and after the reaction. It
was confirmed that under the conditions employed in this work, the formation of
trimethylsilyl fluoride (TMSIF) did not cleave the §-ether bonds of the models used.
Tetrabutylammonium iodide can not be used as an initiator for the reaction, since it
would result in the formation of trimethylsily! iodide (TMSil) which will in return cleave
the alkyl-aryl ether bonds in dimeric model compounds and lignin. Pottasium terz-
butoxide, was found to be a very effective initiator of trifluoromethylation for a series
of monomeric model compounds. Its strongly basic character, however, poses the danger
of structural alterations to the delicate and complex nature of lignin. The
trifluoromethylation reaction in the presence of tefra-n-butylammonium fluoride (TBAF)
resulted in low yields, precluding this procedure from becoming a tool for the

quantitative analysis of carbonyl groups in lignins.
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5.4. CONCLUSIONS

The quantitative trifluoromethylation of carbonyl groups for a series of carbonyl-
containing lignin-like model compounds has been accomplished. This was achieved by
using trifluorotrimethylsilane (Ruppert’s reagent) in the presence of TMAF. This reagent
was found to be an efficient nucleophilic trifluoromethylating agent for derivatizing a
variety of carbonyl-containing compounds. Although their '’F NMR signals were well
resolved, allowing differentiation amongst the various classes of carbonyl groups, the
chemical shifts of trifluoromethylated quinones occupied a wide range, overlapping with

those of ketones.

Having established the precise conditions required for the trifluoromethylation
reaction so as to qualify as an analytically reliable reaction. In Chapter 6 we turn our

attention on actual lignin samples.
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Chapter 6

15F Nuclear Magnetic Resonance (NMR) Spectroscopy for the
Quantitative Detection and Classification of Carbonyl Groups in
Lignins

6.0. ABSTRACT

A novel method that permits the quantitative detection and classification of various
carbonyl groups in lignins has been developed. The proposed method was optimized with
the quantitative trifluoromethylation of a series of carbonyl-containing lignin-like .model
compounds. This effort was followed by '"F NMR spectral analyses of the resulting
fluorine derivatives allowing for a thorough understanding of their structure/*°F chemical
shift relationships. The various carbonyl groups present in lignins were also investigated
by trifluoromethylating them in the presence of catalytic amounts of
tetramethylammonium fluoride (TMAF), followed by hydrolysis with TMAF in THF.
By using a variety of selective reactions it became possible to assign a number of
prominent ''F NMR signals to a variety of carbonyl groups present in lignins. Our
studies demonstrated that the proposed method can be applied toward the quantitative

determination of carbonyl groups that are present in soluble native and technical lignins.
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6.1. INTRODUCTION

Lignin is a complex phenylpropanoid biopolymer formed by an enzyme initiated
radical polymerization of cinnamyl alcohols'. Due to the random nature of its formation,
lignin does not posses regularity in its repeating units?*. This peculiarity makes the
characterization of its structure a challenging task.

A number of studies have demonstrated the presence of smatl amounts of carbonyl
groups in lignins*®. In particular milled wood lignins have been reported to contain
conjugated cinnamaldehyde structures and a-carbony! groups®. Other investigations have
shown that technical lignins contain appreciable amounts of a-carbonyl groups in addition
to benzaldehyde and quinones'® !!. The presence of carbonyl groups in lignins, in
particular those present as o- and p-quinonoids, quinonemethides, and other extended
conjugated enone systems, are not only responsible for the color of lignified plant tissue'>
13 but also sentisizing centres in the photoyellowing of lignocellulosic materials*. In
general, the low content of these groups in lignins has made the elucidation of their role
rather elusive. For example, quinones, which are present in wood and high-yield
mechanical pulps' !¢ in rather low amounts, only recently have been unequivocally
shown to be responsible for the yellow colour of photochemically reverted papers'>®.

Several methods for determining the carbonyl groups in lignins are available*-,
Amongst these, the most effective and simple is the one that utilizes the reaction of
carbony! groups with hydroxylamine hydrochloride forming an oxime and hydrochloric
acid. Subsequent titration of the hydrochloric acid provides an estimation of the amount
of carbonyl groups in a sample® . A modification of this technique, claiming greater
reproducibility, has been described by Zakis*. The modified procedure calls for the use
of triethanolamine to function as the acid acceptor followed by a back titration. A
technique that attempts the distinction of a-carbonyl groups to those of conjugated
aldehydes is also available*-*, based on sample reduction (sodium borohydride) followed
UV spectroscopic measurements. The latter method requires the use of appropriate lignin
model compounds that serve as standards for determining the changes in molar
absorbitivity of the absorption bands that are caused by the reduction of a particular
carbonyl group to the corresponding benzylic alcohol.
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Infrared spectroscopy has been also used for investigating various structures in
lignin?”? inculding carbonyls®. Recently, Hortling et al.>! reported a semiquantitative
technique for the determination of carboxylic and non-conjugated carbonyl groups by IR
spectroscopy. However, the application of these techniques were not widespread since
their precision is limited and the various classes of carbonyl moieties can not be
differentiated.

NMR is rapidly becoming a powerful analytical tool in the hands of wood
chemists aimed at providing answers in relation to the structure of lignins. However, the
complex structure of these materials has imposed some serious challenges and
limitations, even in the application and use of NMR™*, Efforts to overcome some of the
limitations imposed by proton®35 and *C-NMR spectroscopies*** have prompted the
examination of other NMR-active nuclei. These efforts have provided additional tools
for obtaining fine structural details for these heterogeneous biopolymers. The
determination of a variety of labile protons in lignins has been carried out by #°Si-, 'P-
and '""F- based NMR methods, for suitably silylated® *, phosphitylated*“® and
fluorinated*” * lignins respectively. Furthermore, Lebo et al.”* and recently,
Argyropoulos et al.*! have reported the detection of ortho quinones in mechanical pulps.
In particular, the latter group has actually managed to follow their formation during the
process of light-induced yellowing using solid-state 3'P-NMR spectroscopy®!.

The "F nucleus is 100% naturally abundant and its high gyromagnetic ratio makes
its NMR sensitivity nearly the same as that of proton. Its chemical shift extends over a
wide range providing adequate signal dispersion that may reduce signal overlap and aid
interpretation. Attempts at determining the carbonyl content of lignin by ’F-NMR have
actually been made previously after p-fluorobenzylation® of the lignin or its derivatization
with p-fluorophenylhydrazine®. In both cases the '’F-NMR signals received were found
to overlap over a relatively narrow range thus diminishing the quantitative reliability of
the techniques. Furthermore, the proposed methods were not capable to distinguish
amongst the different classes of carbonyl groups present in lignin.

In a previous effort, our attention was focused at the development of an !°F-based

novel magnetic resonance method aimed at expanding the frontiers of application of
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NMR for the analysis of carbonyl groups in lignin®. For this purpose a selective and
quantitative trifluoromethylation reaction was developed for tagging the carbonyl groups
in various lignin model compounds, using trifluoromethyltrimethylsilane (TMS-CF;) in
the presence of tetramethylammonium fluoride (TMAF). More specifically, a series of
ketones, aldehydes, quinones and dimeric lignin model compounds were quantitatively
trifluoromethylated, followed by F NMR spectral analyses of the resulting fluorine
derivatives. This effort allowed for a thorough understanding of the various
structure/'°F chemical shifts relationships®™ that operate for lignin-like moieties.

The present effort attempts to expand the applicétion of quantitative
trifluoromethylation to lignins, aimed at elucidating the nature and the quantity of the

various carbony! groups present in them.
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6.2. EXPERIMENTAL
6.2.1. Materials and Methods

6.2.1.1. Reactions
Trifluoromethylation

The following trifluoromethylation procedure was developed and applied to all
lignin samples. 100 mg of lignin were dissolved, under constant stirring, in 10 mL of
dry tetrahydrofuran (THF) at room temperature. After 10 min of stirring, 600 uL of
trifluoromethyltrimethylsilane (TMS-CF,) were added. The mixture was cooled at 0 °C
for 10 min followed by the addition of catalytic amount (15 mg) of tetramethylammonium
fluoride (TMAF) acting as the initiator. The reaction mixture continued to be stirred at
0 °C for 30 min and then at room temperature for 24 hours. The intermediate
trifluoroinethylated siloxy adducts were then hydrolysed by the addition of (50 mg) of
tetramethylaramonium fluoride (TMAF) at room temperature for 24 hours in THF. After
evaporating the THF under reduced pressure, the residue was washed and centrifuged
thoroughly by 3x50 mL water. Finally, the isolated materials were dissolved in a mixture

of dioxane/water (25:5, v/v) and freezed dried under reduced pressure.

Sodium Borohydride Reduction

Lignin (200 mg) was dissolved into 25 mL of a solution composed of (60:40:50,
v/v) 2-methoxyethanol, isopropanol, and water respectively. This was followed by the
addition of 3 mL of a solution composed of O.le sodium hydroxide and 100 mg of
sodium borohydride and stirred at 40 °C for 24 hours. The reaction mixture was then
acidified to pH 3-4 with dilute (10%) sulfuric acid. The organic solvents were evaporated
under reduced pressure and the lignin was precipitated with the addition of water. The
precipitated lignin was then washed and centrifuged 3 times, dissolved in a mixture of

dioxane/water (25:5, v/v) and freeze dried.

Dakin Reaction
Lignin (200 mg) was suspended in a solution of 6.5 mL of n-propanol and 7.5 mL
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of water under constant stirring for 15 min. To this mixture 5 drops of a 0.5M sodium
hydroxide solution was added causing the complete dissolution of the lignin. This was
followed by the addition of 702 uL of 30% hydrogen peroxide. After adjusting the pH
of the mixture to 10.6, the reaction mixture was stirred at 50 °C for 4 hours. Then the
reaction was neutralized by the addition 1-2 drops of 25% sulfuric acid to pH 4.7. After
evaporating the organic solvent under reduced pressure, the lignin was precipitated by
addition of water. The precipitated lignin was washed with water and centrifuged 3 times
with 15 mL of water. The isolated lignin was then dissolved in a mixture of
dioxane/water (25:5, v/v) and freeze dried.

Sodium Hydrosulphite Reduction of Lignin Model Compounds

Selected lignin model compounds (200 mg) were dissolved in 5 mL of dioxane
and a slow stream of nitrogen was bubbled through the solution for about 30 minutes.
To this solution 200 mg of sodium hydrosulphite (Na,S,0,) dissolved in 5 mL of water
were added. After various reaction times (15, 60, and 240 min), a 1 mL aliquot of the
mixture was withdrawn, acidified by the addition of 1M HCI, and extracted with
ethylacetate. The organic solvent was then evaporated under reduced pressure and the

residue was analyzed by GC-MS chromatogram.

Sodium Hydrosulphite Reduction of Lignin

Lignin (200 mg) were dissolved in 5 mL of dioxane and a slow stream of nitrogen
was bubbled through the solution for about 30 minutes. To this mixture, a solution
composed of 200 mg of sodium hydrosulfite in S mL of water was added and the reaction
mixture was kept under stirring at room temperature for 1 hour. The mixture was then
freeze dried and the residue was washed with small aliquots of water followed by
centrifugation (x3). Finally, the reduced lignin was dissolved in a mixture of
dioxane/water (25:5, v/v) and freeze dried.
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6.2.1.2. Instrumentation
Gas Chromatography/Mass Spectrometry

GC-MS analyses were carried out on a Hewlett Packard 5972 mass spectrometer
interfaced to a Hewlett Packard 5890A gas Chromatograph with a 30m x 0.25 mm
packed silica capillary column. The injection port temperature was 280 °C and the oven
temperature increase profile was from 100 °C to 250 °C, with a gradient of 5 °C/min.

F NMR Spectroscopy

All spectra were recorded on a Varian Unity 500 FT-NMR spectrometer at an
operational frequency of 470.3 MHz. The derivatized trifluoromethylated lignin were
dissolved in 800 L of a solvent mixture composed of pyridine and deuterated
chloroform (15-20 mg/0.8 mL) at a volume ratio of 1.6:1, v/v. The mixture was stirred
with a magnetic bar until the lignin was fully dissolved. To this mixture, 100 uL of an
internal standard solution were added (i.e 1.69 g/mL 1.6:1 v/v pyridine/CDCl, of 3,3'-
bis(trifluoromethyl)benzophenone; whose chemical shift was referenced to
fluorotrichloromethane. Quantitative acquisitions were carried out in 5 mm tubes at room
temperature with acquisition times of 0.64 sec followed by a relaxation delay of 10
seconds. The number of scans acquired was 1000 per measurement. Pulse widths
corresponding to a 45° flip angle and a line broadening of 2 Hz were used during

acquisition and processing of the spectra.

Two-Dimensional NMR Spectroscopy (HMQC)

Such spectra were acquired using 10-30 mg of sampie dissolved in 0.6 mL CDCl,
or DMSO-D; or acetone-D; on a Varian Unity 500 NMR spectrometer using a 5 mm
inverse detection probe (DHP). The chemical shifts were referenced to Me,Si and CFCl,
for 3C and "F respectively. HMQC spectra were acquired over a 30 ppm window in F,
(*F) and 190 ppm in F, (°C) with GARP-1 decoupling. The value of the coupling
constant was adjusted to the estimated value for the 2J C-F of 30 Hz. 2K x 256
increments were acquired. After F, zero-filling, Fourier transformation, and squared
cosine bell apodization, the transformed data matrix was 1024 (F,) x 512 (F,) real points.
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6.2.1.3. Characterization

6.2.1.3.1. Characterization of Trifluoromethylated Model Compounds

1

'H NMR (CDCL)(TMS) é: 1.77 (s, 3H); 2.60 (s, 1H); 7.37-7.46 (m, 3H); 7.56-7.61 (m,
2H) ppm. “F NMR (CDCl,/pyridine)(CFCl,) é: -80.30 (s) ppm. MS m/z 190 (M*), 151,
127, 121, 105, 91, 77, 51. Anal. Caled for CH,F,0: C, 56.84; H, 4.77; F, 29.97.
Found: C, 56.92; H, 4.69; F, 29.92. 96% yield.

'H NMR (CDCLXTMS) &: 1.74 (s, 3H); 2.35 (s, 1H); 5.67 (s, 1H); 6.829 (d, 2H,
J=8.78 Hz); 7.432 (d, 2H, J=8.58 Hz) ppm. “C NMR (CDCL,)(TMS) &: 23.85; 74.54
@, Joe=29.1 Hz); 115.11; 155.83; 129.36 (q, J.,= 284.9 Hz); 155.83. "F NMR
(CDCl/pyridine)(CFCL,) &: -80.57 (s) ppm. MS m/z 206 (M*), 188, 167, 149, 137, 119,
107, 91. Anal. Caled for CH,F0,: C, 52.43; H, 4.40; F, 27.65. Found: C, 52.48; H,
4.49; F, 27.67. 98% yield.

'H NMR (CDCIL)(TMS) é: 1.74 (s, 3H); 2.90 (s, 1H); 3.879 (d, 3H, J=6.64 Hz); 5.84
(s, 1H); 6.86-7.13 (m, 3H) ppm. ’F NMR (CDCl,/pyridine)(CFCl,) : -80.38 (s) ppm.
MS m/z 236 (M*), 197, 167, 151, 124. 110, 69, 51. Anal. Calcd for C,(H, F,0,: C,
50.85; H, 4.69; F, 24.13. Found: C, 50.91; H, 4.68; F, 24.19. 96% yield.

'H NMR (CDCL)(TMS) é: 1.73 (s, 3H); 2.54 (s, 1H); 3.879 (d, 6H, /=10.26 Hz); 6.78
(s, 2H); 7.22 (s, 1H) ppm. F NMR (CDCl,/pyridine)}(CFCl,) é: -80.28 (s) ppm. MS
m/z 266 (M*), 227, 197, 181, 155, 123, 93, 69. Anal. Calcd for C,,H,,F;0,: C, 49.63;
H, 4.92; F, 21.41. Found: C, 49.69; H, 4.85; F, 21.35. 95% yield.

'H NMR (CDCL)(TMS) é: 1.73 (s, 3H); 2.72 (s, 1H); 3.841 (d, 6H, J=2.16 Hz); 6.825
(d, 1H, J=8.48 Hz); 7.03-7.11 (m, 2H) ppm. ""F NMR (CDCl,/pyridine)(CFCl,) é: -
80.42 (s) ppm. MS m/z 250 (M*), 211, 181, 139, 124, 107, 95, 77. Anal. Calcd for
C,H,,F;0;: C, 52.80; H, 5.24; F, 22.78. Found: C, 52.85; H, 5.28; F, 22.80. 95%
yield.

'H NMR (CDCL,)(TMS) é: 2.93 (s, 1H); 7.34-7.38 (m, 6H); 7.47-7.52 (m, 4H) ppm.
F NMR (CDCl,/pyridine)(CFCl;) é: -73.39 (s) ppm. MS m/z 252 (M*), 233, 213, 183,
165, 127. 105, 77. Anal. Calcd for C,H;F,0,: C, 66.67; H, 4.40; F, 22.60. Found: C,
66.71; H, 4.32; F,22 .66. 94% yield.
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10.

11.

12.

13.

'H NMR (CDC1,)(TMS) é: 3.22 (s, 1H); 3.84 (s, 6H); 6.87-7.03 (m, 4H); 7.03-7.47 (m,
4H) ppm. F NMR (CDCl,/pyridine)(CFCl,) é: -73.76 (s) ppm. MS m/z 312 (M*), 273,
243, 212, 168, 135, 108, 77. Anal. Calcd for C,(H;F,0,: C, 61.54; H, 4.84; F, 18.25.
Found: C, 61.56; H, 4.88; F, 18.17. 96% yield.

'"H NMR (CDCL)(TMS) 5: 2.60 (s, 1H); 4.989 (q, 1H, J=6.60 Hz); 7.38-7.48 (m, SH)
ppm. "F NMR (CDCl,/pyridine)(CFCl;) 5: -78.680 (d, Jr.y=6.1 Hz) ppm. MS m/z 176
(M*), 159, 127, 107, 89, 79, 51. Anal. Calcd for C;H,F,0: C, 54.55; H, 4.01; F,
32.36. Found: C, 54.58 H, 3.99; F, 32.40. 97% yield.

'H NMR (Acetone-D6)(TMS) &: 5.073 (q, 1H, J=7.34 Hz); 5.30-6.30 (s, b, 1H); 6.658
(m, 2H); 7.359 (m, 2H); 7.80-8.90 (s, b, 1H) ppm. 'F NMR (C,D,0O)(CFCl,) §: -77.745
(d, J.4=6.1 Hz) ppm. *F NMR (CDCl,/pyridine)(CFCl,) é: -77.901 (d, J;,;=6.1 Hz)
ppm. MS m/z (silylated) 336 (M*), 267, 249, 225, 197, 195, 151. Anal. Calcd for
CH,F;0,: C, 50.01; H, 3.67; F, 29.66. Found: C, 50.12; H, 3.71; F, 29.72. 98 % yield.

'H NMR (Acetone-D6)(TMS) é: 2.997 (s, b, 1H); 4.997 (m, 1H); 5.560 (m, 1H);
6.834(m, 2H); 7.976 (s, b, 1H); 8.035 (S, b, 1H) ppm. °F NMR (C,D;OXCFCl,) é: -
77.587 (d, Jg.4=7.5 Hz) ppm. '°F NMR (CDCly/pyridine}CFCl,) é: -77.691 (d, J;,=8.0
Hz) ppm. MS m/z (silylated) 424 (M*), 409, 383, 356, 352, 283, 247. Anal. Calcd for
C:H;F;0;: C, 46.17; H, 3.39; F, 27.38. Found: C, 46.25; H, 3.41; F, 27.37. 97% yield.

'H NMR (CDCLXTMS) 4: 2.59 (s, 1H); 3.89 (s, 3H); 4.925 (q, 1H, J=6.78 Hz); 5.72
(s, 1H); 6.947 (d, 3H, J=13.93 Hz) ppm. '°F NMR (CDCl,/pyridine}(CFCl,) §: -77.756
(d, Jr.4=8.0 Hz) ppm. MS m/z 222 (M*), 205, 183, 153, 125, 93, 65, 51. Anal. Calcd
for C;H,F,0;: C, 48.66; H, 4.08; F, 25.65. Found: C, 48.70; H, 4.11; F, 25.69. 95%
yield.

'H NMR (CDCL)(TMS) 5: 2.18 (s, 1H); 3.85 (s, 6H); 4.924 (q, 1H, J=6.58 Hz); 6.68
(s, 2H) ppm. "*F NMR (CDCl,/pyridine)(CFCL,) &: -77.633 (d, Jr.,,=8 Hz) ppm. MS m/z
252 (M*), 205, 183, 167, 155, 140, 123, 95. Anal. Calcd for CcH,,F,0,: C, 47.63; H,
4.40; F, 22.60. Found: C, 47.62; H, 4.42; F, 22.58. 98% yield.

'H NMR (CDCI1,)(TMS) é: 2.50 (s, 1H); 3.87 (s, 6H); 4.943 (q, 1H, J=6.64 Hz); 6.841
(t, 1H, J=4.88 Hz); 6.976 (d, 2H, J=3.42 Hz) ppm. C NMR (CDCl,)(TMS) §: 55.73;
72.65 (q, Je.cr=32.1 Hz); 110.19; 110.91; 120.29; 124.30 (q, Jc.cr=281.7 Hz); 126.44,
149.13; 149.99. *C NMR (DMSO0) é: 24.05; 70.37 (q, Jo.=30.2 Hz); 114.89; 115.06;
118.85; 12420 (q, Jocr=282.3 Hz); 126.59; 144.95; 145.79. “F NMR
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14.

15.

16.

17.

18.

19.

(CDCl,/pyridine)(CFCl,) é: -77.756 (d, Jg.4,=7.5 Hz) ppm. MS m/z236 (M™), 219, 197,
167, 139, 124, 108, 96. Anal. Caled for C,H,,F;0;: C, 50.85; H, 4.69; F, 24.13.
Found: C, 50.92; H, 4.66; F, 24.11. 99% yield.

'H NMR (CDCL)(TMS) é: 2.97 (s, 1H); 4.58-4.66 (m, 1H); 6.20 (q, 1H, J=9.46 Hz);
6.842 (d, 1H, J=15.93 Hz); 7.31-7.44 (m, 5H) ppm. "F NMR (CDCl,/pyridine)(CFCl,)
8: -78.229 (d, Jey =7.5 Hz) ppm. MS m/z 202 (M*), 184, 165, 133, 115, 91, 77, 55.
Anal. Calcd for C,)HoF;0: C, 59.41; H, 4.49; F, 28.19. Found: C, 59.45; H, 4.52; F,
28.17. 9% yield.

'H NMR (CDCL,)(TMS) &: 2.25 (s, 1H); 3.84 (s, 3H); 4.531 (t, 1H, J=13.19 Hz); 5.65
(s, 1H); 5.961 (q, 1H, J=9.12 Hz ); 6.689 (d, 1H, J=15.73 Hz); 6.82-6.88 (m, 3H)
ppm. F NMR (CDCl,/pyridine)(CFCL,) 5: -78.241 (d, J, =6.1 Hz) ppm. MS m/z 248
(M*), 219, 199, 179, 161, 147, 119, 91. Anal. Calcd for C,H,,F;0;: C, 53.23; H,
4.47; F, 22.96. Found: C, 53.28; H, 4.44; F, 22.97. 99% yield.

'H NMR (CDCl,) 6: 2.42 (br, 4H); 6.19 (s, 4H,); 6.27 (s, 4H,) ppm. 'H NMR (DMSO)
é: 6.17 (s, 4H); 6.86 (s, 2H,) ppm. *C NMR (DMSO) é: 67.18 (q, Jo.c-=29.4 Hz);
124.77 (q, J..-=286.4 Hz); 129.16. *C NMR (Acetone-D6) é: 68.70 (q, J.c,=30.3 Hz);
125.64 (q, Jor=285.0 Hz); 130.26. 'F NMR (CDCl,/pyridine)(CFCl;) &: -79.80 (s,
major); -79.72 (s, minor) ppm. MS m/z 179 (M* - CF,), 159, 143, 110, 83, 69, 53.
Anal. Caled for CHF,O,: C, 38.73; H, 2.44; F, 45.94. Found: C, 38.75; H, 2.49; F,
45.96. 96% yield.

'H NMR (CDCl,) 6: 2.02-2.03 (d, 3H, J=1.16 Hz); 2.30 (br, 2H); 5.98-5.99 (d, IH,
J=1.72 Hz); 6.24-6.25 (t, 2H, J=2.16 Hz) ppm. '°F NMR (CDCl,/pyridine)(CFCl,) 5: -
80.25 (s); -76.04 (s) ppm. MS m/z 193 (M* - CF,), 173, 145, 124, 69, 51. Anal. Calcd
for C,H,F,0;: C, 41.24; H, 3.08; F, 43.48. Found: C, 41.27; H, 3.15; F, 43.50. 95%
yield.

'H NMR (CDCL,) é: 1.37-1.41 d, 9H, J=8.60 Hz); 3.19-3.30 (d, 2H, J=21.23 Hz);
7.52-7.60 (m, 3H); 7.89-8.03 (m, 4H) ppm. ''F NMR (CDCl,/pyridine)(CFCl,) é: -77.85
(s); -77.69 (s) ppm. MS m/z 335 M* - CF;), 320, 266, 251, 209, 181, 152, 112. Anal.
Calcd for C,HsF¢O,: C, 59.41; H, 4.49; F, 28.19. Found: C, 59.38; H, 4.46; F, 28.22.
94% yield.

'H NMR (CDCl,) 6: 1.05 (s, 9H); 1.25 (s, 9H); 2.45 (s, 1H); 3.05 (s, 1H); 5.19 (s, iH);
6.06 (s, 1H) ppm.”’F NMR (CDCl,/pyridine)(CFCl,) : -68.78 (s); -74.86 (s) ppm. MS
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20.

21.

22.

23.

m/z (silylated) 504 M* - CF,), 489, 399, 379, 327, 285, 259, 239. Anal. Calcd for
C,¢HxF:0,: C, 53.33; H, 6.15; F, 31.63. Found: C, 53.40; H, 6.10; F, 31.59. 89%
yield.

'H NMR (CDCly) &: 4.75 (s, 2H); 7.25-7.34 (m, 2H); 7.41-7.55 (m, 6H); 7.67-7.72 (t,
2H, J=7.32 Hz) ppm. "F NMR (CDCl,/pyridine)(CFCl,) é: -75.66 (s) ppm. MS m/z 175
(M* -CHF,0), 152, 105, 77, 51. Anal. Calcd for C,H,,F;0,: C, 54.87; H, 3.45; F,
32.54. Found: C, 54.91; H, 3.50; F, 32.58. 98% yield.

'H NMR (CDCLX(TMS) é: 3.63 (s, 1H); 3.78 (s, 3H); 3.863 (d, 6H, J=5.40 Hz), 4.07-
4.12 (m, 2H); 4.449(t, LH, J=1.80 Hz); 5.57 (s, 1H); 6.692 (q, 1H, J=3.60 Hz); 6.77-
6.83 (m, 2H); 6.865 (d, 1H, J=5.10 Hz); 6.95-6.99 (m, 1H); 7.193 (d, 1H, J=4.80
Hz); 7.294 (d, 1H, J=1.2 Hz) ppm. "C NMR (CDCL/)(TMS) §: 55.85; 56.04; 56.17;
61.36; 79.59 (q, Jc.cr=27.4 Hz); 82.64; 109.87; 110.48; 112.07; 118.25; 120.72;
121.66; 124.62; 124.97 (q, J..-=286.59 Hz); 128.93; 146.18; 148.56; 148.89; 151.53
ppm. “F NMR (CDCl,/pyridine)(CFCl,) é: -76.03 (s) ppm. MS m/z (silylated) 402 (M*),
302, 278, 248, 235, 221, 181, 165. Anal. Calcd for CoH, F;04: C, 56.72; H, 5.26; F,
14.16. Found: C, 56.74; H, 5.29; F, 14.22. 95% yield.

'H NMR (CDCL,)(TMS) é&: 3.84 (s, 3H); 3.87 (s, 3H); 3.90 (s, 3H), 3.93 (d, IH, J=3
Hz); 4.24 (d, 1H, J=12 Hz); 4.640 (d, 1H, J=12 Hz); 5.865 (d, IH, J=3 Hz); 6.84-
7.12 (m, 6H) ppm. “C NMR (CDCL)TMS) é: 56.11; 56.19; 56.64; 71.68; 75.62 (q,
Jor=28.65 Hz); 108.78; 110.06; 111.44; 113.40; 120.41; 121.80; 122.95; 125.60 (q,
Jos=286.59 Hz); 127.88; 147.37; 148.68; 149.16; 149.95 ppm. “F NMR
(CDCly/pyridine)(CFCl,) 8: -76.57 (s) ppm. MS m/z 372 (M*), 303, 248, 235, 217, 189,
180. Anal. Caled for CgHsF;05: C, 58.06; H, 5.14; F, 15.31. Found: C, 58.21; H,
5.20; F, 15.29. 96% yield.

'H NMR (CDCL)(TMS) é: 2.25 (s, 3H); 3.75 (s, L1H); 3.79 (s, 3H), 3.88 (s, 3H); 3.935
(d, 1H, J=9 Hz); 4.12 (4, 1H, J=5.99 Hz); 4.33 (s, 1H); 5.60 (s, 1H,); 5.70 (s, 1H);
6.55-6.64 (m, 3H); 6.94 (d, 1H, /=5.40 Hz); 7.10(d, 1H, J=4.80 Hz); 7.311 (d, 1H,
J=1 Hz ) ppm. *C NMR (CDCIl,)(TMS) &: 21.19; 55.88; 55.93; 61.31; 79.85 (q, Jc.
r=28.9 Hz); 82.64; 109.59; 112.95; 113.93; 118.43; 121.01; 122.19; 125.07 (q, J..
£=286.59 Hz); 128.71; 134.83; 143.81; 145.62; 146.35; 151.36 ppm. '"F NMR
(CDCl,/pyridine)(CFCl,) §: -75.93 (s) ppm. MS m/z (silylated) 618 (M*), 480, 451, 411.
365, 343, 323, 271. Anal. Calcd for C,,H, F;0,: C, 56.72; H, 5.26; F, 14.16. Found:
C, 56.78; H, 5.19; F, 14.18. 93% yield.
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6.2.1.3.2. Characterization of Trifluoromethylated Lignins

1. Dioxane lignin:

F NMR (CDCl,y/pyridine)(CFCly) é: -67.71 to -67.79 (m); -72.70 to -72.99 (b); -74.23
(s); -74.54 (s); -75.20 (b); -75.83 (s); -76.87 to -77.11 (b); -77.78 (d, Jye= 6.6 Hz);
-78.21 to -78.26 (b); -78.78 (d, Jy== 7.0 Hz); -82.66 (s); -84.25 (d, Jyz= 5.2 Hz) ppm.

2. Kraft lignin:

'SF NMR (CDCl,/pyridine)(CFCl,) &: -73.78 (s); -74.29 (s); -74.48 (s); -74.92 (s); -76.06
(s); -76.40 (s); -77.61 (b); -77.78 (d, J5.4,=6.6 Hz ); -79.14 (d, J;.4=6.6 Hz); -79.24 (d,
Jen=17.1 Hz); -83.42 (s); -84.22 (d, Jp.y= 4.2 Hz) ppm.

3. Sucrolin acid hydrolysis:

F NMR (CDCly/pyridine)(CFCly) &: -74.28 (s); -75.77 (s); -75.81 (s); -76.53 (b);
-76.64 (s); -77.65 (d, Jey=6.6 Hz ); -77.76 (d, Jey=1.5 Hz); -77.89 (d, Jr.,= 7.0 Hz);
-79.13 (d, J5.,=6.6 Hz); -84.32 (s); -85.35 (b) ppm.

4. Alcell Organosolv:

F NMR (CDCl,/pyridine)(CFCl;) 8: -66.19 (s); -66.23 (s); -72.84 (s); -73.20 (b);
-73.65 (s); -74.27 (s); -74.81 (1, J.y=13.2 Hz), -75.81 (s); -76.37 (b); -77.29 (d, J:.
u=1.5 Hz); -77.35 (b); -77.46 (b); -77.54 (b); -77.65 (d, Je.y=7.1 Hz); -77.04 (b);
-77.75 (s); -77.76 (s); -78.13 to -78.23 (b); -78.63 (s); -84.32 (s) ppm.

S. Steam Explosion lignin:

YF NMR (CDCl,/pyridine)(CFCL) 5: -72.84 (s); -73.65 (s); -74.27 (s); -75.81 (s); -76.37
(b); -77.16 (d, Jr.yy=4.2 Hz); -77.29 (d, Jey=7.5 Hz); -77.32 (b); -77.54 (b); -77.64 (d,
Joy=8.0 Hz); -77.75 (d, Jey=7.1 Hz); -78.18 (b); -78.28 (d, Jp.,=6.6 Hz); -78.63 (s);
-78.76 (b); -79.13 (b); -79.22 (d, Jry=3.8 Hz); -84.32 (s) ppm.

6. Straw Lignin:

YF NMR (CDC),/pyridine)(CFCl;) é: -67.67 (b); -74.26 (s); -75.15 (b); -75.80 (s);
-76.52 (b); -76.64 (s); -77.04 (b); -77.25 (s); -77.69 (b); -78.19 (s); -79.05 (s); -79.15
(s); -83.27 (b); -83.95 (b); -84.39 (s) ppm.
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7. Softwood Milled wood lignin:

F NMR (CDCl,/pyridine) (CFCL) &: -74.23 (s); -75.55 (b); -76.41 (b); -76.64 (b);
-78.18 (b); -79.13 (d, Jey=6.6 Hz); -79.21 (d, Jry=6.6 Hz); -79.80 (b); -84.20 (b)
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6.3. RESULTS and DISCUSSION

The detailed chemical reactions used to quantitatively trifluoromethylate the
carbonyl groups (including quinones) that are present in lignin are shown in Figure 6.1.
The precise trifluoromethylation conditions used for lignins were developed from an
understanding of the reaction details for various model compounds™.

o
I TMAF AU L
C-R + MeSi-CF, C-R c-R
R@— @_ TCHCN @- !
OsiMe; OH
o Me,SIO HO_ ,CFs
Q + 2Me;Si-CF, M.. O TMAF O
o Me,SI0 Ho” "'CFy

Figure 6.1.  Trifluoromethylation of carbonyl-containing (including quinones) lignin-like
model compounds.

The acquisitions of the 'YF NMR spectra for all trifluoromethylated lignins were
carried out in a mixture of CDC, and pyridine 1:1.6 (v/v), due to the relative low
solubility of lignins in common organic solvents. The particular choice of CDClI,
/pyridine (1:1.6 v/v) was made based on our previous work which requires to acquire
3P NMR spectra of phosphitylated lignins***®. For this reason all "F chemical shift
values for trifluoromethylated carbonyl-containing lignin model compounds were
recorded in CDCIl,/Py!, (Tables 6.1 - 6.4).

A closer examination of these data shows that the '"F NMR signals of
trifluoromethylated ketones for lignin end-groups range between -80.28 to -80.42 ppm
(upfield from CFCl,), while those of dimeric units are confined between -73.39 to -76.57
ppm. Trifluoromethylated derivatives of cinnamic-like aldehydes appeared between

! DMF and DMSO were not suitable.
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Table 6.1. Fluoride ion induced trifluoromethylation of carbonyl compounds of ketones with trifluoromethyltrimethylsilane.

1I9F NMR,
, Overall (ppm) GC-MS
Entry Precursor Product % Yield cpe CDCly/Pyridine m/e

o CF,
g . -81.35 -80.30 MSm/z 190 (M%),
1) @—c cHy @-gm oy 96 151,127, 121,105,91.
2) 2 e 98 -81.76 8057  MSmiz 208(MY)
HO C-CHy HO :}m H 188, 167, 149, 137, 119.
(] CF,
" i -81. -80. - MSm/iz 236(M%),
3) m—@—c-cu, m‘@*ﬁﬂ CHy 96 81.60 80.38 197, 167, 151, 124, 110.

) HyCO
H;CO, ) H,COo

9 @9_ | @ft’ 95 81.47 8028  MSmz 266 (W),
HO C-CH, HO C—Ch, 227, 197, 181, 155, 123.
HCO H,CO »

5) 0 o 95 -81.56 -80.42 MSm/z 250 (M*),

mco—©—c cHy mc0-©—:,=m cHy 211,181, 139, 124, 107.

H,CO H,CO

0 CFy
6) ¢ ¢ 94 -74.79 -73.39 MSmiz 252 (M%),
6“ 253, 213, 183, 1865, 127.
i o %6 75.11 7376  MSmiz 312(M%)
i m°@°@°°"’ "’°°‘©_3.. o o e 273,243, 212,135, 108.

195



Table 6.2. Fluoride ion induced trifluoromethylation of carbonyl compounds of aldehydes with triflucromethyltrimethylsilane.

219, 199, 179, 161, 147.

Overall 19F NMR(ppm) GC-MS
Entry  Precursor Product % Yield el P DCl3/Pyridine m/e
9 CFy )
8 @—c-n @—g-u 97 -78.848 77,680 MSme 176,
oH (I’, "F-Il =6.1 “l) (d' J'?" =6.1 “l) * ’ 95, 13,
; g
9) m—@—c-u uo-@—c-u 98 -77.745 (Acetone-Dg)  -77.901 MS m/z (silylated) 336
OH (d, 35 =6.1 Ha) d,Jpg=61Hz) (M%), 267, 249, 225, 197, 151.
HO, HO,
0 oFs
10) wo C-H HO C-H 99 -77.587 (Acctone-Dg)  -77.691 MS m/z (silylated) 424
OH 0,Jp =75Hz) 4,3, =80Hz) (M%), 409, 383, 356, 283, 247.
HCO, #,CO
0 ‘I:F’
1) m@&-u m@c-u 95 -78.981 -77.756 MSmiz 222 (M%),
6" 4,y =6.1 H2) (0, 5.5 =8.0Hz) 205, 183, 153, 125, 93.
H,COo #,CO
0 CF,
1) w ¢-H HO ¢-H 98 -78.890 -77.633 MSm/z 252 (MY),
OH (4, 35y =6.1 Hz) (d, Jp. =8.0 Hz) 205, 183, 167, 155, 140.
HyCO #CO
: g
13) mco c-H H,CO C-H 99 -78.916 -71.756 MSmiz 238 (M*),
OH (d, gy =6.1 H2) @ dpn=TSHz)  219,197,167,139, 124.
H,CO HCO
.. ¢Fs
14) c=c-c-H c=Cc-C-H 99 -79.458 -78.229 MSmiz 202 (M%),
OH (@, Jp.p =6.1 H2) (@3 =7.5Hz) 184,165,133, 115, 91.
o CF,
15) ﬂo-@»c:c— -H m-@—czc—?—u 99 -79.607 -78.241 MSmiz 248 (M%),
OH

HyCO

H,CO

(@, J;5 =6.1 Hz)

(d, Jp. =6.1 Hr)
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Table 6.3. Fluoride ion induced trifluoromethylation of quinones with trifluoromethyltrimethylsilane.

Overall 19F NM Pm) GC-MS
Entry Precursor Product % Yield coey R(pCDCI_;leridine m/e
[o]
-80. -79.72 MSm/iz 179 (M*-CF3),
16) 96 16 {g;f 16 { :::';::; 159, 143, 110, 83, €9.
0
0
CH, MSwm/z 193 (M*-CF3),
17) 95 {7123 rr {1504 173, 145, 124, €9, 51.
0
-78.29 -77.69 MSmiz 335(W'.CFs3),
) 94 18 {-78.61 18 { e 320, 268, 251. 209, 181.
O ,C' (’R
«CF3 y 78 MSm/z 504 (silylated), (M*
19) /@ 89 19 :gg.:g 19 ﬁ;ﬁ - CF3), 489, 399, 379, 327, 285.
t-bum  t-butyl
mr,c OR cs,

00 :
MSwm/iz 175 (M*- CagHgF30),
20) @Jé-'é-@ @-c—c—@ 98 20 {-73.55 20 { -15.66 152, 108, 77, 5‘1. thers0)
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Table 6.4. Fluoride ion induced trifluoromethylation of carbonyl groups with trifluoromethyltrimethylsilane.

Overall 19F NMR (ppm) GC-MS
Entry  Precursor Product % Yield coci CDCL3 Pyridine mle
" "
H-C-OH H=C-OH
H-C-0 H-C-0—
¢=0 HO~C~CF, 95 -75.53 -76.03 Ms m/z (silylated) 402,
OCHy OCH, (M%), 302, 278, 248, 235, 221.
21)
OCH, OCH,
OCH, OCH,
'.* '.'
H-C-0 H—C~-0
¢=0 HO—C—CFy 9% -77.63 -76.57 Msm/z 372, (M*), 303, 248,
OCH, OCH, 235, 217, 189.
22)
OCH,§ “ocH,
OCH, OCHy
' !
H-C—On H—C—OH
H-C-0 CHy H-C-0 CH,
c=0 HO—C—-CFy 93 -75.48 -75.93 Ms m/z (silylated) 618,
OCH, OCH, (M), 480, 451, 411, 365, 343,
29 O\
OCH, OCH,4
o4
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-78.23 to -78.24 ppm, while benzaldehyde analogues occupied the range from -77.63 to -
77.90 ppm. The latter signals appeared as doublets due to the coupling of fluorine to the
adjacent proton present on the trifluoromethylated carbon, with coupling constants
ranging between 6.1 to 8.0 Hz®.

The 'F NMR chemical shifts of trifluoromethylated ortho and para-quinones were
spread over a wide range and their position was found to be sensitive to steric effects.
The 'F NMR spectra of trifluoromethylated ortho-quinone model compound showed two
signals at -68.8 and -74.9 ppm while the signals of trifluoromethylated para-quinone
model compounds ranged from -76.0 to -80.2 ppm (upfield from CFCl,).

Figure 6.2-6.4 show the 'F NMR spectra for a variety of trifluoromethylated
lignin samples; namely: black spruce milled wood lignin, residual kraft lignin, Sucrolin,
Alcell organosolv, steam explosion lignin from yellow poplar and milled straw lignin.
Apparently, these spectra contain a number of '"F NMR signals that spread over 20 ppm
with a number of common signals for all lignins.

To ensure that the trifluoromethylation reaction was selectively carried out on the
carbonyl groups in lignin, 'F NMR spectra of lignin samples before and after reduction
with sodium borohydride, were acquired. As anticipated the '"F NMR spectra of the
reduced and trifluoromethylated lignins showed no signals (Figure 6.5).

6.3.1. Signal Assignment

Initial attempts aimed at structural elucidation of several trifluoromethylated
carbonyl-containing moieties in lignins were first carried out by comparing their 'F
NMR chemical shifts to the various trifluoromethylated lignin-model compounds. The '*F
NMR spectral analyses of different fluorinated lignins displayed a numerous well
resolved sharp signals ranging from -64 to -87 ppm, corresponding exactly to the region
of various trifluoromethylated lignin model compounds, allowing for some tentative
signal assignments. These assignments were tentative because the 'F NMR chemical
shifts of trifluoromethylated quinones were found to occupy a wide range, overlapping
with those of ketones®. As such, complete signal identification could not be carried out

based solely on model compound chemical shift information.
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-60 -62 -64 -66 -68 -70 -72 -~74 -76 -78 -80 -82 -B4 -B6 ppm

Figure 6.2. Quantitative '°’F NMR spectra of steam explosion yellow poplar (top) and
black spruce milled wood (bottom) lignins.
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-60 -62 -64 -66 -6B -70 -72 -74 -76 -78 -0 ~-B2 -B4 -B6 ppm

Figure 6.3.  Quantitative '’F NMR spectra of Sucrolin (top) and milled straw (bottom)
lignins.
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organosolv (bottom) lignins.
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~-60 -62 -64 -66 -68 -70 -72 -74 -76 -78 -80 -62 -B4 -86 opm

Figure 6.5. '’F NMR spectra of trifluoromethylated kraft lignin before (top) and after
(bottom) reduction of carbonyls by sodium borohydride.
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The presence of different aldehydes in trifluoromethylated lignins were detected
on the basis of their ’F NMR chemical shifts and coupling constants (/z,). The “F
NMR spectral analyses of trifluoromethylalted aldehydes showed that their signals were
spread over two regions i.e. from -77.6 to -77.9 ppm and from -78.8 to -79.1 ppm.
These regions were assigned to benzoic and cinnamic-aldehyde type structures
respectively. However, the absence of the characteristic aldehydic doublets signals from
the 'F NMR spectra of some lignins could be due to signal overiap.

Further clarification of signal assignments was attempted by acquiring two
dimensional ’F-'*C heteronuclear NMR experiments in anticipation of ’C NMR signal
splitting by fluorine nuclei. This is because the *C NMR spectra for a number of
trifluoromethylated model ¢compounds showed distinct signals with appreciably different
J-coupling constants. More specifically, the )C NMR chemical shifts for CF, groups
(quartet) appeared between 123 to 126 ppm, with a 'J C-F coupling constant of about 285
Hz. Furthermore, a long range 2J C-F coupling constant was found to be about 30 Hz,
confined (quartet) between 68 to 80 ppm, allowing for the differentiation of the ketonic

from the quinonic signals.

Table 6.5. Carbon-13 NMR chemical shifts and coupling constants of some
trifluoromethylated model compounds.

Compounds C-13 NMR & (ppm) JC-F (H2)

CF3 C-CF3 y 2
Dimer 8-O-4 (21) 125.1 79.6 285 26
Dimer $-0-4 (22) 1251 79.8 285 27
Dimer $8-0-4 (23) 125.5 75.6 285 47
p-hydroxyacetophenone (2) 130.8 74.5 290 29
3,4'-dimethoxybenzaldehyde (13) 124.1 72.6 282 32
p-benzoquinone (16) 123.0 68.7 285 30
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Figure 6.6. 'F-">C coupling constants for different classes of carbonyl groups.
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In an effort to select a suitable set of parameters that would cover all possible °F-
13C long range coupling constants that may be encountered in lignin, several HMQC
(Heteronuclear Multiple Quantum Correlation) experiments were conducted on different
carbonyl-containing lignin model compounds. These studies revealed that, during an
HMQC experiment, minor variations in the selected J-coupling constants could have
serious implications on cross peak intensity. For example, Figure 6.7 (A-D) shows
HMQC spectra of trifluoromethylated 3,4’'-dimethoxybenzaldehyde (13) with J-values 28,
30, 32 and 282 Hz. The cross peak at -72.25 & 73.70 ppm (Figure 6.7 signal [) is our
target signal. However, by varying the J-value, another cross peak at -72.37 & 130.9
ppm (Figure 6.7 B, C, D signal XI) was apparent as a result of an isotope shift effect due
to the *C-'F interaction. This is not surprising since isotopic substitution causes changes
in shielding effects: for instance, '?F NMR chemical shift of CF,l is shielded by 0.149
ppm more for the *CF,l isotopomer than in '>)CF,I°®. This signal, however, was easily
distinguished from the primary correlation since it was confined in the -CF; *C chemical
shift region, and in addition it was slightly shifted (about 0.1 ppm) from the parent “F
peak. Nevertheless, isotope shift effects in HMQC spectra of trifluoromethylated lignins
could increase the complexity of signal assignment. Being aware of such potential
problems, a number of trifluoromethylated lignins were subjected to HMQC experiments.
The accumulated spectral data, however, despite the long acquisition times (24 hours),
were inconclusive due to the low carbonyl contents of lignins that gave low signal to

noise ratios.
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Since 2D NMR was of limited utility toward aiding the '"F NMR signal
assignments for trifluoromethylated lignins, our attention was focused to the application
of selective chemical derivatization techniques. In particular two different reactions were
considered, namely; the Dakin oxidation®> ® and sodium hydrosulphite reduction®"5.

The Dakin reaction has been shown to cause the selective oxidation of various
carbonyl groups present in lignins®. More specifically, a-carbonyl groups are known to
be oxidized to para-quinones when a free hydroxyl group is present para to the side-
chain. In contrast, when the phenolic group is etherified the system is totally unreactive.
Furthermore, a,(-unsaturated aldehydes react with alkaline hydrogen peroxide with the
formation of the corresponding benzaldehydes and benzoic acids, while non-phenolic
benzaldehydes are converted directly to the corresponding benzoic acids.

Therefore, a lignin sample subjected to the Dakin reaction should be enriched in
para-quinones and depleted of aldehydes and «-carbonyls that bear free phenolic
hydroxyl groups. The total concentration of etherified a-carbonyl structures, however,
should remain the same before and after the Dakin reaction.

Sodium hydrosulphite is a mild reducing agent that has been reported®'s® to
selectively reduce quinones in the presence of aldehydes or ketones. In an effort to select
the proper set of reaction conditions suitable for conducting such selective reductions on
lignins a series of exploratory experiments were carried out. Furthermore, these
experiments were also aimed at confirming that cinnamic and benzoic aldehydes as well
as model a-ketones would not be reduced by sodium hydrosulphite. More specifically,
di-rert-butyl-o-quinone, p-quinone, acetovanillone and syringaldehyde were reduced by
sodium hydrosulphite. Both o- and p-quinones were found to be reduced quantitatively
to their corresponding alcohol in 15 minutes, while acetovanilione and syringaldehyde
were not affected even after a 4 hour reaction. Nevertheless, the reduction of lignin with
sodium hydrosulphite was complete within one hour.

Figure 6.8 shows the 'F NMR spectra of trifluoromethylated samples of residual
dioxane lignin (A), after Dakin oxidation (B) and after sodium hydrosulphite reduction
{C). Gu ilic Lasis uf lile abuve accounts, coupicd with the accumuiated chemicai shift

data bank of Tables 6.1-6.4, a number of major carbonyl signals are tentatively assigned.
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Figure 6.8. 'YF NMR spectra of trifluoromethylated dioxane lignin (A), after Dakin
reaction (B) and reduction (C) with sodium hydrosulphite.
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The comparison of ’F NMR spectral analyses of trifluoromethylated dioxane
lignin showed a number of prominent signals that were significantly affected by the
Dakin and sodium hydrosulfite reactions. For example, the intensity of signals located
at-67.7, -73.0 and -78.2 ppm in the original spectrum of the dioxane lignin [Figure 6.8
(A)] were reduced almost completely [Figure 6.8 (C)] after their reaction with sodium
hydrosulfite. Therefore, these signals were assigned to o- and p-quinones on the basis in
chemistry known to occur between sodium hydrosulfite and quinones.

Another important signal, centred at -74.5 ppm, which appeared consistently in
all the different trifluoromethylated lignin samples (Figure 6.2-6.4) was also identified.
This signal which was assumed to represent a-carbonyl containing 8-O-4 structures or
quinones (Tables 6.4) was found to be drastically reduced after Dakin oxidation, while
it remained unaffected upon treatment with sodium hydrosulfite (Figure 6.8). As such,
this signal was assigned to be due exclusively to a-carbonyl groups of 3-O-4 units
bearing a free phenolic hydroxyl group para to the side-chain.

The fine structural elucidation for a number of signals located at -75 to -79 ppm
(Figure 6.8) was restricted since various trifluoromethylated carbony! signals in lignin
partially overlap in this region. For instance, the '’F NMR signals of aldehydes, quinones
and also a-carbonyls could be all found in this region.

The last set of '"F NMR signals in trifluoromethylated lignin spectra located
between -82 to -85 ppm (Figure 6.8) were assigned to different unhindered ketones. The
comparison with model compound data (Table 6.1) allowed the assignments of two
different classes of ketones in this region. The signal that was not affected by the Dakin
oxidation appeared at -84.2 ppm was assigned as being due to the a-carbonyl of
etherified lignin end-groups. However, the signal at -82.7 ppm was found to be seriously
reduced by Dakin oxidation. This signal was assigned to the ketonic structures bearing
a free phenolic hydroxyl group in the para position of the aromatic ring such as 5-5’
biphenyl or 4-O-5’ units. Traces of acetone used to wash and dry the glassware was
found to give rise to the signal at -82.15 ppm. Therefore, the sensitivity of this technique

VIiET accione is used 1ot Cléaning puipuses shwuid e horvughiy removed.
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6.3.2. Quantitative evaluation of the carbonyl groups in lignins

The quantification of the total amount of carbonyl groups in lignin was carried out
by using 3,3'-bis(trifluoromethyl)benzophenone as an internal standard. This compound
had all the characteristics of a reliable internal standard required for accurate
measurements: it is a pure crystalline solid possessing two equivalent CF, groups giving
a sharp signal at -62.511 ppm. Its position is in the proximity of the lignin signals, so
as to allow the use of a narrow sweep width during spectral acquisition, and at the same
time does not overlap with any of the lignin signals allowing for precise integrations. The
use of this internal standard permitted the quantitative determination of all carbonyl
groups present in all examined lignins. This was made possible because adequate delay
time between pulses was used (10 sec). This selection was based on detailed
measurements of the '°F spin-lattice relaxation times for trifluoromethylated lignins and
the internal standard. As anticipated, the longest T,, was found to be that of the internal
standard.

Table 6.6. Quantitative analyses of carbonyl groups in several lignins by using F-19

NMR spectroscopy.

Lignin sample CO/C9 W.t. % M.W. (g/mol)
X s X s

Sucrolin Acid
Hydrolysis (Bagasse) 0.12+0.01  0.0097 1.89£02 0.15 177.4
Alcell Organosolv
(Mixed Hardwoods) 0.11£0.01  0.0086 1.56£02 0.13 178.5
Steam Explosion
(Yellow Poplar) 0.13+£0.01 0.010 1.57+£02  0.18 194.8
Dioxane Acidolysis  0.15£0.01  0.0095 22702 0.15 189.4
Kraft Residual* —_ —_ 290+0.2 —_— —_
Straw 0.018 £0.005 0.0011 025+0.05 0.012 291.1

X = Mean value
s = Standard deviation
* The amount of CO/C9 is not reported since the C9 unit can not be defined
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Furthermore, in an effort to examine the reproducibility and quantitative reliability
of our measurements, several native and technical lignins were selected and their
carbonyl contents were determined after triflucromethylation. The total carbonyl content
for each lignin sample was determined four times and the calculated mean values and
standard deviations are shown in Table 6.6. Notably, the total amount of carbonyls
determined by 'F NMR were found to be different from sample to sample with high
precision. A further investigation aimed at substantiating the present technique as an
analytical tool for the quantification of the various carbonyl groups in different soluble
lignins was conducted. In particular the quantitative derivatization of carbonyls by
trifluoromethylation was examined by selecting lignin samples whose carbonyl content
were examined by two different techniques i.e. oximation and UV spectroscopy during
the 1991 International Round Robin effort®- 7. It was thus possible to compare the results
furnished by quantitative 'F-NMR with those produced by independent methods in other
laboratories for the same samples as presented in Table 6.7.

Table 6.7. Determination of total amount of carbonyl groups in lignins by different
techniques.

Lignin sample Detection method M.W. (g/mol) Formula
F-19 NMR Oximation UV-VIS*

Sucrolin Acid
Hydrolysis (Bagasse) 0.12+0.01 0.12+0.12 0.03+NR. 177.4 CoHg 3022(0CH3)083

Alcell Organosolv
(Mixed Hardwoods) 0.11+0.01 0.10£0.0 O0.11 £NR. 178.5 CgH770|9(OCH3)|.04

Steam Explosion
(Yellow Poplar) 0.13+0.01 0.11£0.04 0.09:NR. 194.8 CgH7 803 5(OCH3)| 25

* Reduction with sodium borohydride followed by UV-VIS (standard deviation was not reported - N.R.).

The proximity of the two sets of data in Table 6.7 qualifies the *F NMR
technique as a novel and promising analytical tool for detecting and determining the most

prominent carbonyl-coataining groups present in different soluble lignins.
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6.4. CONCLUSIONS

The quantitative trifluoromethylation of carbonyl groups in some technical and
native lignins was examined. These studies demonstrated that such a technique can be
applied for the detection and quantitative determination of the various carbonyl groups
present in lignins. By applying a set of selective reactions onto a sample of lignin i.e.
borohydride and hydrosulphite reductions and Dakin oxidation it became possible to
assign a number of prominent 'F NMR signals in trifluoromethylated lignins. The actual
quantification of the total amount of carbonyls can be carried out using 3,3'-
bis(trifluoromethyl)benzophenone as an internal standard. The total amount of carbonyls
determined by the proposed technique in a variety of samples was found to be different
from one another and yet close to reported values using independant techniques. The
proximity of these data for three lignin samples qualifies the F NMR technique as a new
analytical tool for detecting and determining carbonyl groups in lignins.
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Original Contributions to Knowledge and Ideas for Continued Research

Wood is a unique organic material. It is unique in virtually every one of its
properties and characteristics: its strength-to-weight ratio, its machinability, its warmth
and beauty, its chemical make-up, its insulating properties, its anisotropy, and its great
variability. There is no other material embodying all of these properties in a single
complex.

While there exists a great accumulation of information about wood properties--
physical, mechanical, chemical--and a substantial body of knowledge is available on its
cellular structure, still there are many gaps to be filled. Advancement depends in part on
understanding the molecular origins of macroscopic behaviour; It is here nuclear
magnetic resonance spectroscopy techniques make notable contributions to comprehend
the various physico-chemical properties of wood structure.

The work carried out during this effort contributes in the development and
application of solid-state and solution NMR spectroscopic techniques, revealing fine

structural details of lignin when exposed to a range of pH’s and pulping processes.

1. The solid-state proton spin-lattice relaxation measurements for carbohydrates
and lignin over a wide range of pH’s were examined. These studies indicated
that ionization of various functional groups can influence the mobility of these
biopolymers and consequently their physico-chemical properties. The analyses
of the T,, data showed that as the pH increased from acidic to near neutrality
(2 = 6), the T,y values of carbohydrates and lignin increased, reaching a
maximum at pH 6. However, as the pH changed from near neutrality toward
alkalinity (6 - 13), the T,, values decreased, promoting the softening of
these biopolymers under alkaline conditions. Further studies aimed at a better
understanding of the ultrastructure of wood and the architectural association
of lignin with carbohydrates can be carried out by evaluating the proton spin-
lattice relaxation times (T,;) of several isclated samples of black spruce

softwood as a function of degree of delignification.
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2. The pseudo-first order rate kinetics for the stereoselective degradation of
arylglycerol-3-aryl ether linkages present in softwood milled wood lignin
were investigated by using quantitative *'P NMR spectroscopy. The erythro
and threo forms of B-aryl ethers units were measured quantitatively by *'P
spectroscopy as a function of time and temperature. The activation energy of
the erythro isomer was found to be always lower than its counterpart for both
the initial and the bulk phases of delignification. The stereoselectivity of both
arylglycerol-8-aryl ether isomers and the stability of the threo over their
erythro counterparts can be further investigated by enzymatic degradation of
these structural units in lignin. This will be followed by quantitative >'P NMR

spectral analyses aimed at revealing more information on this issue.

3. By using quantitative *'P NMR spectroscopy it is possible to identify, quantify
and follow the formation of phenolic hydroxyl groups that belong to
diphenylmethane units under kraft and soda pulping conditions. Data derived
during the course of this work implied that diphenylmethanes are formed in
higher quantities during conventional pulping as opposed to its EMCC®
counterpart, at the same kappa number. Further studies may involve the
kinetic investigation for the formation of overall condensed structures and
particularly diphenylmethane units in milled wood lignin under homogeneous
kraft pulping conditions. This will provide vital information on the magnitude
of their activation energies, indicating on how and to what extent the
formation of condensed structures hamper the rate of delignification

Pprocesses.

4. The quantitative trifluoromethylation of carbonyl groups for a series of
carbonyl-containing lignin-like model compounds has been accomplished by
using trifluorotrimethylsilane (Ruppert’s reagent) in the presence of TMAF.

This reagent was found to be an efficient nucleophilic trifluoromethylating
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agent for derivatizing a variety of carbonyl-containing compounds that may
have been present in lignin. This was followed by studying the '"F NMR

chemical shifts of fluorine containing derivatives.

The quantitative trifluoromethylation of carbonyl groups in some technical

and native lignins was also examined. These studies demonstrated that such
a technique can be applied for the detection and quantitative determination of
the various carbonyl groups present in lignins. The actual quantification of
the total amount of carbonyls was carried out using 3,3'-
bis(trifluoromethyl)benzophenone as an internal standard qualifying this
technique as a new analytical tool for detecting and determining carbonyl
groups in lignins. Further investigation may be carried out by
trifluoromethylating more carbonyl-containing lignin-like model compounds
(i.e. o-quinones, dimeric model compounds) followed by recording their !°F
NMR chemical shifts. Experimentation with various organic solvents other
than THF a:med at dissolving a greater variety of lignin samples can also be

carried out.
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