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ABSTRACT

The overall aim of this thesis is to understand the chemistry of different types of
ionic liquids (ILs) and their application in cellulose processing, as well as in the
chemical analyses of pulp. ILs are applied either on their own or as electrolytes
with dimethyl sulfoxide (DMSO) or gamma valerolactone (GVL) as co-solvents.
All of the ILs utilised in this work were synthesised in our laboratory via
Menshutkin reaction followed by metathesis to different counter anions or via
acid-base chemistry.

The beginning of our work focused on the investigation of the C2 chemistry of
imidazolium ionic liquids (IMILs), one of the first class of ionic liquids utilised in
biomass processing, resulting in the understanding of the C2 chemistry of IMILs
under neutral and acidic conditions, which complete the comprehension on the
mechanistic scenario of the C2 chemistry of IMILs. In this investigation, the
importance of the quality of the ILs is remarked.

The studies continued to investigate the activation of the chemical reactivity of
pulps using tetrabutylphosphonium acetate ([P4444][OAc]), a more thermal stable
ionic liquid. The non-dissolving pre-treatment of pulps by [P444][OAc]
demonstrated a reduction in the crystallinity of the pulp to be directly related to
its chemical reactivity enhancement. Additionally, [P4444][OAc]:ds-DMSO (20:80
wt.%) was also investigated in both the regioselectivity studies of acetylation
reactions and the oxidised nanocellulose nuclear magnetic resonance (NMR)
analyses. Quantitative heteronuclear single quantum correlation (HSQC) NMR
was a suitable experiment for the quantitation of the oxidation level achieved in
the nanocellulose, demonstrating the potential of this method for cellulose
analyses.

Finally, the research concluded with the studies on other cellulose solvent
systems, such as 1,8-diazabicyclo[5.4.0]Jundec-7-ene  (DBU)  with
dimethylsulphoxide (DMSO), which resulted on the discovery of the unexpected
reactivity of  1,1,3,3-tetramethylguanidinium  acetate  ([TMG][OAc]).
Furthermore, this investigation led us to the design and synthesis of a novel task-
specific ionic liquid (TSIL), so called “TMG2sA’. This IL was investigated with
regard to cellulose chemical modification, resulting in the high yield production
of nanocellulose-type materials by a low demanding energy step, with a different
approach than previously reported.
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1. Background
1.1. Components of lignocellulosic biomass

The most important sources of renewable feedstock are hardwoods,
softwoods or agricultural residues (e.g., white straw). All of them belong
to lignocellulosic biomass, which consists of a complex matrix including 1)
pectins, 2) light molecular weight chemicals, known as extractives, 3)
lignin, a polyphenolic biopolymer, and 4) cellulose and hemicellulose,
which are carbohydrate polymers. The plant biomass is based on 40—45
wt% of cellulose, 25—35 wt% of hemicellulose, 15—30 wt% of lignin and up
to 10 wt% other compounds.! This thesis mainly focuses on cellulose, due
to its greater availability in the biomass. The three main polymeric
components of biomass are briefly described below.

1.1.1. Lignin

Lignin fills the spaces between plant cells and strengthens cell walls
by covering cellulose microfibrils. It provides compressive strength
to conductive tissues, gives structural support to the plant,
facilitates water transport and also acts as a barrier against the
attack of insects and microbes.2

Chemically, lignin is an amorphous highly branched
biomacromolecule, the detailed structure of which is still open to
research due to its complexity. This heterogeneous polyphenolic
biopolymer is formed by the radical polymerisation of three p-
hydroxycinnamyl alcohol precursors known as monolignols,3 which
are p-coumaryl (4-hydroxycinnamyl) alcohol, coniferyl (4-hydroxy-
3-methoxycinnamyl) alcohol, and sinapyl (3,5-dimethoxy-4-
hydroxycinnamyl) alcohol (Figure 1a). In lignin, these
monolignols are linked by different types of carbon-carbon or ether
bonds forming p-hydroxylphenyl-, guaiacyl-, and syringyl lignin
units, also known as H-, G-, and S units, respectively (Figure 1b).
The abundance of these units, which form the structure of lignin,
depends on several factors such as the plant species, location,
growth duration and extraction process to separate it from cellulose
and hemicellulose. For instance, guaiacyl units are predominant in
softwood lignin, while hardwood lignin presents two major
components: guaiacyl and syringyl units. In contrast, grass lignin
has three units, but guaiacyl units predominate.

15



a) HO HO HO

P = =z
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Figure 1. Main components of lignin adapted from Ralph et al. (2004). a) Monolignols.
b) Typical linkages of monolignols in lignin; lignin units.

1.1.2. Hemicellulose

Hemicellulose is a branched polymer formed of glucose, galactose,
mannose, xylose, arabinose and glucuronic acid.4 The variety of
substituents in the branches prevents an ordered crystal structure,
thus enhancing its reactivity.5 The composition and structure of
hemicellulose depends on the wood species. Thus, there are various
types of hemicelluloses, which are defined as a group of
polysaccharides in the cell wall that are neither cellulose nor pectin
and have a B-(12>4)-linked backbone of glucose, mannose or xylose
moieties in equatorial configuration;¢ this also includes B-(1>4)
glucans, B-(124) xylans, B-(124) mannans and B-(1>4)
glucomannans (Figure 2). Hemicellulose is a relatively short
polymer, with a degree of polymerisation (DP) between ~50 and
200.

Equatorial

) | b) o
45 _0 JO V3, 1 o 0
?2\\‘/ \455:’07 éﬁ/ow %0@?\

a

p-1->4 B—1->4 glucan B-1=>4xylan
d) e)
o o o o
T ;
B-1->4 mannan f-1->4 glucomannan

Figure 2. B-(1->4)-linked backbone of hemicelluloses. a) General hemicellulose
backbone with equatorial configuration at C1 and C4, characteristic of all biomass
hemicelluloses. b) B-(1->4) glucan. ¢) 0-(1->4) xylan. d) -(1->4) mannan. e) f-(1>4)
glucomannan.
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1.1.3. Cellulose

The word “cellulose” was first introduced by a French chemist,
Anselme Payen in 1838.7 Payen reported that ligneous matter, then
considered a single substance, contained two chemically distinct
materials. One of these, the French chemist declared, had the same
chemical composition as starch, but differed in its structure and
properties. Later, many other researches (i.e. Hermann Staudinger
or Bernhard Tollens, among others) contributed to determine and
characterise the biopolymer’s structure.8

Cellulose is the most abundant natural polymer produced by living
organisms and is the most important skeletal component in plants,
due to its rigid structure.® As the main component of biomass,
cellulose has a major role in the natural circulation of carbon, with
plants acting as a huge sink for excess atmospheric COz.1° Thus,
cellulose is a vast source of environmentally friendly, sustainable
and biocompatible raw material.* In Sections 1.1.3.1 and 1.1.3.2,
cellulose is defined according to its structure and crystallinity,
respectively.

1.1.3.1. Structure

In contrast with lignin and hemicellulose, cellulose is a
partially crystalline polymer. Its primary structure consists
of D-anhydroglucopyranose (AGU) units (cellulose
monomer)2linked by B-(12>4) glycosidic bonds. These
repeating units are bonded together through an acetal
linkage between the first carbon of one glucose ring and the
fourth carbon of the adjacent ring (Figure 3a). The
polymer present two different ends: 1) the reducing end
(RE), which is an open ring structured AGU with a hemi-
acetal group in the C: carbon with reductive properties, and
2) the non-reducing end (NRE), which lacks such reducing
qualities (Figure 3a).
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Figure 3. Molecular structure of cellulose. a) Linear representation of the
polymer showing the non-reducing end (NRE), the repeating unit and the
reducing end (RE). b) Hydrogen bonding network of cellulose with
intermolecular H bonds in red and intramolecular H bonds in blue.

The AGU units are in 4C; chair conformation with the
hydroxyl groups and the hydrogen atoms in equatorial and
axial positions, respectively. The conformation and
orientation of these units form the network of cellulose,
which is based on intermolecular (between cellulose chains)
and intramolecular (within a cellulose chain) hydrogen
bonds's (Figure 3b). In this figure, a general hydrogen
bonding network is pictured. However, the hydrogen
bonding network of naturally occurring structures might
contain anomalies in the H-bonding network.14 These
changes are associated with the different cellulose
allomorphs (see Section 1.1.3.2 Cellulose Crystallinity).

Other important features used to distinguish between
different types of celluloses are the length and molecular
weight of the polymer, which depend on the source of the
cellulose as well as on the processing methods.'5 These are
measured by the degree of polymerisation (DP), describing
the amount of anhydroglucose units per cellulose chain. In
contrast to hemicelluloses, natural (non-treated) sources of
cellulose present high DP values (DPw ~10000),1* whereas
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processed celluloses show lower DP values (DPw between
1000-8000).15 In this study (publications II-IV), the DPw
of the used celluloses is approximately 1333, 1765, 1956 and
372 for Enocell pulp (mainly from birch) birch kraft pulp,
eucalyptus kraft pulp and microcrystalline cellulose (MCC ~
50 um particle size, cotton linters, Avicel® PH-101),
respectively.

Polydispersity is one more factor to consider, especially when
there is a mixture of different length cellulose chains in the
system (most of the cellulose samples). When the molecular
weight distribution is broad, the sample is polydisperse, yet
when the molecular weight is narrower, the sample is less
polydisperse.

Morphologically, cellulose is based on a complex system of
fibrils, as shown in Figure 4, starting with cellulose
macrofibrils (cellulose fibres observed under optical
microscope (OM)), followed by microfibrils and elementary
fibrils, which contain bunches of cellulose molecules.1t 16

cellulose macrofibril

/ cellulose molecules
B microfibril

i |

» R B > _Cea- 'N
Elementary fibril ) -

/" cellulose fibres 2% hemicellulose

lignin

Figure 4. Morphological structure of cellulose. The complex system of fibrils,
lignin and hemicellulose, shown in green, brown and blue, respectively.

1.1.3.2. Crystallinity

The mentioned anomalies in the H-bonding pattern of
cellulose suggest that cellulose has two different regions: 1)
high ordered, and 2) lower ordered parts. In other words,
cellulose is a partially crystalline polymer with both
crystalline and amorphous regions, as described by the
fringed fibrillar model.17

Four different crystalline polymorphs of cellulose are known
(cellulose I-1V), with different unit-cells for each of them.
Cellulose I is native cellulose, with cellulose chains organised
in a parallel sheet-like structure. The intermolecular H-
bonds are between the C; hydroxyl oxygen (C3-OH) and the
Cs hydroxyl hydrogen (Cs-OH) parallel to the pyranose
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ring.13a Cellulose I can also be distinguished into two
polymorphs,8 depending on how the glucose units are
staggered: 1) the anomeric hydroxyl group (C: carbon) of the
reducing end is in the axial conformation, cellulose I., or
in the equatorial conformation, cellulose Ig(Figure 5).
Cellulose 1. is typically produced by algae and bacteria and
cellulose Ip is from plants.
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Non-reducing end (NRE)  Glucose, repeating unit  Reducing end (RE)

Figure 5. Polymorphs of cellulose I, depending on the conformation of the
anomeric hydroxyl group of the reducing end (marked with a black arrow). a)
Cellulose la. b) Cellulose 1f.

Regenerated cellulose usually consists of Cellulose II crystal
polymorphs, which cannot be converted back to cellulose I.
Regenerated cellulose is obtained by dissolution and
precipitation in an anti-solvent of cellulose 1.1t Cellulose II
intermolecular hydrogen bonds are between the Cs hydroxyl
hydrogen (C¢-OH) and the C. hydroxyl oxygen (C.-OH).13b
Cellulose III and cellulose IV are manufactured polymorphs
of lower importance. Cellulose III is produced by treatment
with ammonia or amines, while cellulose IV is produced by
treating cellulose IT with hot water.1

Cellulose crystallinity can be measured by X-ray methods,
including XRD (X-Ray Diffraction) or WAXS (Wide Angle X-
ray Scattering). In this study (publication IT), WAXS was
used to quantify the relative amount of crystalline versus
amorphous regions (crystallinity index, CI) in cellulose
samples, as well as the identity of the crystalline regions.
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1.2. Cellulose solvents

Certain cellulose applications require the prior dissolution of cellulose, for
instance the production of textile fibres from wood.9 Additionally, the
solution state is the most efficient way to conduct chemical modification
in cellulose, due to the higher accessibility of the polymer.2c However,
cellulose present a rigid highly ordered structure due to the polymer chain
length and its hydrogen bonding network, which confers crystallinity to
the biopolymer. This makes cellulose dissolution difficult, being insoluble
in water and in most organic solvents. The requirement to dissolve
cellulose is believed to be the elimination of the H-bonding network2! (see
Section 1.4.2).

Generally, cellulose in solution could be involved in many processes. For
instance, acting as a) an acid if mixed with a base, such as sodium
hydroxide, b) as a base, when mixed with an acid such as sulphuric acid or
trifluoracetic acid, ¢) with a strong acid such as trifluoroacetic acid, when
cellulose behaves as a reactive compound turning into a soluble derivative,
and d) also acting as a ligand when mixed with a complexing agent like
cuprammonium hydroxide.22 The different roles that cellulose can adopt
depend on the chemical or reagent it is confronted with, leading to a broad
range of possible cellulose solvents and dissolution mechanisms.
Therefore, a different cellulose solvent categorisation was established,
where the cellulose solvents were classified into two main groups
depending on whether 1) the solvent chemically modifies the polymer, so
called ‘derivatising solvents’, or 2) the polymer is not chemically modified,
‘non-derivatising solvents’.212 Ionic liquids (ILs, see Section 1.4 in this
thesis) have been considered as non-derivatising solvents.2tb. 23 However,
there are both types of ILs. For instance, certain ILs are known to react
towards certain substrates, such as cellulose24 or benzyl alcohol
(publication IV). Thus, in this work, those ILs reacting with cellulose are
so-called reactive ionic liquids (RILs), corresponding to the ‘derivatising’
solvent classification. The term RILs is used independently of the IL
category (see Section 1.4.1 in this thesis), including certain IMILs, such as
1,3-dialkylimidazolium acetates,241,1,3,3-tetramethylguanidinium acetate
([TMG][OAc]) and 1,1,3,3-tetramethylguanidinium succinate (TMG2SA’),
as shown in Figure 6.

To date, a broad list of the most typical derivatising and non-derivatising
solvents, as well as the use of deep eutectic solvents (DESs) can be found
in previous doctoral theses.25 Thus, this work continues with its focus on
the dissolution of cellulose (Section 1.3) and the cellulose solvents used,
and ionic liquids (publication I-IV) in biomass processing (Section
1.4.2). Despite ionic liquids having also been reported in the above-
mentioned theses,252¢ this topic has been extended here towards 1)
understanding the reactivity of imidazolium ionic liquids (IMILs, Figure
6a) (publication I), 2) the use of the already known
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tetrabutylphosphonium acetate26 ([P4444][OAc], Figure 6b) on cellulose
activation and analyses of cellulosic samples via liquid state nuclear
magnetic resonance spectroscopy (NMR, publications II & III), and 3)
the design and synthesis of reactive ionic liquids (RILs, Figure 6c¢) and
their applications (publication IV).

In summary, an ideal cellulose solvent needs to be chemically inert,
preferably dissolving cellulose directly without sweeling stage and then the
cellulose could be easily regenerated. However, ‘non-innocent nature’
solvents, such as RILs, might be attractive if the process could be
optimised in a sustainable approach (i.e., reagent/solvent recyclability,
low environmental impact and added value of the product.) In this study,
RILs (publication IV, Figure 6c) are shown to have solvent/reagent
duality. In other words, RILs acts as both the solvent and reagent,
producing cellulose derivatives of interest in a single, relatively low cost
and simple step. However, further research is still needed for its
optimisation into, perhaps, a future alternative for the production of
nanocellulose-type materials.

This thesis
5 b) D] ° o
= X 0‘—“< H. .H »’/ Ho _H
N@ N e% 6@ N "23 N7
R NEN R, ®, @, Py S ® J
¥ SN SNTSNT SN
[bmim|Cl; R,=Me R,=n-Bu, X"= CI' | | | | | |
[bmim][OA]; R,=Me R,=n-Bu, X" = AcO" \/;/][:;\/ [TMG][OAC] TMG.SA’
C. C
Imidazolium lonic Liquids (IMILs) s 2
Some as reactive ionic liquids (RILs)?? Tetrabutylphosphonium acetate, Reactive lonic Liquids (RILs)
[Publication | Publication IV

Figure 6. lonic liquids studied in this thesis. a) Imidazolium ionic liquids (IMILs) in publication
I, 1-methyl-3-butylimidazolium chloride ([omim]Cl) and 1-butyl-3-methylimidazolium acetate
([bmim][OAc]). b) tetrabutylphosphonium acetate ([P4444][OAC]), in publications Il & lll. c)
Reactive lonic Liquids (RILs), 1, 1, 3, 3-tetramethylguanidinium acetate ([TMG][OAc]) and
1,1,3,3-tetramethylguanidinium succinate (‘TMG2SA’), in publication IV.
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1.3. Cellulose swelling and dissolution

Cellulose swelling correlates to relatively bad solvents, which are ‘on the
limit’ for dissolution. With effective solvents there is no swelling, meaning
that fibres go directly into solution. However, if a non-solvent is added to
an efficient solvent, ballooning is observed. It is based on the competition
of H-bonding between the cellulose chains and the swelling solvent. This
solvent can be an organic liquid,2” water,28 or an ionic liquid.29 The
cellulose complex structure means that the mechanism of swelling and
dissolution is heterogeneous. The swelling occurs by the diffusion of the
solvent through the cellulosic material, breaking some of the hydrogen
bonds in selected zones along the fibres (accessible regions of cellulose,
i.e., amorphous regions). This localised swelling resembles “balloons” and
it is known as swelling by ballooning.3° In the swelling process of a wood
fibre, four different zones are identified (Figure 7): 1) non-swollen fibres,
2) inside the balloon, 3) membrane surrounding the balloon, and 4) non-
swollen sections between two balloons.28, 29

R 200 e

Figure 7. Enocell pulp in "TMG2SA:DMSO-ds (20:80 wt%) electrolyte system at room
temperature over weekend in absence of mechanical stirring (publication 1V). 1) Non-swollen
fibre, 2) inside of the balloon, 3) membrane surrounding the balloon, and 4) the non-swollen
section between two balloons.

Based on the previous study of cellulose dissolution in NMMO and water
mixtures, Cuissinat and Navard performed observations by optical
microscopy for a wide range of solvent qualities, identifying four main
modes of dissolution for wood and cotton fibres depending on the quality
of the solvent.28 Figure 8 shows similar observations for the solvent
systems used in this thesis.
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1.4. lonic liquids (ILs)

Ionic liquids (ILs) can be considered an evolution from the traditional high
melting temperature molten salts. The investigations for useful molten
salts with lower melting points led to the discovery of diverse ionic liquids,
as shown in Figure 9.

Paul Walden - First IL
Charles Graenacher - ILs in biomass processing
Hurley & Wier - Inorganic chloroaluminates
Chum et al. - Organic chloroaluminates
Gale et al. - Organic chloroaluminates
Wilkes et al. - First reported Room Temperature ILs
Wilkes and Zaworotko - Air and water stable IMILs

lonic Liquids evolution

Bradaric et al. - Phosphonium ILs
Luo et al. - Superbase ILs

This thesis
= Mechanism of the reactivity of Imidazolium lonic Liquids (IMILs) (publication 1)

= [P4444][0AC] as non-dissolving pre-treatment for enhancement of cellulose reactivity (publication 1)
= [P,444][OAC] for solution state NMR by direct dissolution of biopolymeric samples (publication 1)
= [TMG][OAc] & ‘TMG,SA’ as reactive ILs and their applications (publication V)

Figure 9. Historical evolution of ILs. [P4444][OAc] = phosphonium ILs, more specifically in
tetrabutylphosphonium acetate. [TMG][OAc] = 1, 1, 3, 3-tetramethylguanidinium acetate.
‘TMG2SA’ = 1, 1, 3, 3-tetramethylguanidinium succinate.

The research into ILs was considered to have begun in 1914, with the
conductivity investigations of molten salts by Paul Walden.3t However, the
neutralisation of ethylamine with concentrated nitric acid carried out by
Walden was not yet termed IL and this discovery did not cause significant
interest at the time. Nevertheless, today it is considered a remarkable
legacy for the field of ILs, stabilising the current ionic liquid definition as
‘a material composed of a cation and an anion with a melting point at or
below 100°C’.3t There were not many reports of ILs until 1934, when
Charles Graenacher referred to ILs as “liquefied quaternary ammonium
salts” for cellulose dissolution.32 This patent could be considered as the
milestone of the current research into ILs in biomass processing.

Just after World War II, ILs reappeared as inorganic chloroaluminates in
a publication by Hurley & Wier3s and later as organic chloroaluminates by
Chum et al.,;34 both with a clear goal: the development of IL battery
electrolytes. However, the very narrow compositional range and the easy
reduction of the cations used limited their use and opened up the research
into ILs with 1,3-dialkylimidazolium cations as an alternative, which were
shown to be much less viscous and presented a wider electrochemical
window.35 This was the very first known report regarding room
temperature ionic liquids (RTILs). However, these ILs were still moisture
sensitive, which was their major drawback (chloride ILs are well-known
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for their hygroscopic character). This led to the development of “air and
water stable 1-ethyl-3-methylimidazolium based ionic liquids” in 1992 by
Wilkes and Zaworotko, with alternative counter anions.3¢ Since then, a
wide range of ionic liquids has been developed, with many different
counter anions and cations. Thus, the work of Wilkes and Zaworotko can
be considered as the second milestone of ILs. Over the years to date, new
classes of ionic liquids have been developed, such as phosphonium-based
ILs37 (publication II), and superbase ILs38 (publication IV) with
different applications. This thesis focuses on three different IL types: 1)
imidazolium ionic liquids (IMILs, publication I), 2) phosphonium ILs,
more specifically in tetrabutylphosphonium acetate26 ([P4444][OAc],
publications II & ITI), and 3) superbase ILs, with two in particular: the
well-known 1,1,3,3-tetramethylguanidinium acetate ([TMG][OAc])39 and
1,1,3,3-tetramethylguanidinium succinate (‘TMG2SA’), a novel superbase
IL designed and synthesised in this work (publication IV).

1.4.1. Classification of ILs based on their physical properties

The research into ILs has been growing exponentially in the past
years, and most traditional and ‘new’ ILs to date can be classified in
different groups, as shown in Figure 10.

lonic liquids classification
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In first place are the so-called room temperature ionic liquids
(RTILSs), whose melting point is at or below room temperature.
This class of ILs started with the work of Wilkes and co-workers.3s:
36 From the original imidazolium cations, the RTILs had an
explosive growth, with many other different heteroaromatic rings
including pyrrolidinium, pyridinium, ammonium, phosphonium,
thiazolium and triazolium cations.4© The most commonly found
anions are chlorides, bromides, acetates, tetrafluoroborates,
hexafluorophosphates, triflates, dicyanamides,
bis(trifluoromethylsulphonyl)imide, phosphates and
phosphonates. The tetrafluoroborate and hexafluorophosphate ILs
must be treated extremely carefully as they are readily hydrolysed
to boric acid and phosphate, respectively.4:

The significantly low melting points of these ILs allows lower
processing temperatures in their applications, which is a great
advantage, for instance in biomass processing (see Section 1.4.2),
avoiding the thermal degradation of cellulose. In the last decade,
some of these RTILs, such as 1-ethyl-3-methylimidazolium acetate
([emim][OAc]), among others, have been scaled up to industrial
production by chemical companies like BASF.

In second place are the distillable ionic liquids (DILs),
characterised by their ability to dissociate back to the original
components which form the ionic liquid, by simple distillation.
These ILs are normally formed by a superbase such as 1,1,3,3-
tetramethylguanidine (TMG), 1,5-diazabicyclo[4.3.0]non-5-ene
(DBN) or 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) and an organic
acid, for instance acetic acid or propionic acid.38-39 However, in
some other cases, the distillable IL can also be composed of a base
like dimethylamine and CO-.42 Ideally, these type of ILs would
overcome the purification and recyclability issues in the industrial
processes, but not the high cost, due to the current price of ILs.

Switchable ionic liquids (SILs) are in third place. These types
of ionic liquids are typically formed by the mixture of an alcohol and
organic superbase, such as 1,8-diazabicyclo[5.4.0]Jundec-7-ene
(DBU) while bubbling CO- gas at room temperature, producing the
corresponding IL [DBUH][RCOs]. The IL reverts to the original
components by simple inert gas (nitrogen or argon) bubbling. 432
This principle is based on CO. capture by the superbase and the
resulting IL has been reported in cellulose dissolution43b as a
method for cellulose derivatisation.44

Finally, in fourth place are phase separable ionic liquids
(PSILs), which are either 1) two combined ionic liquids,45 or more
commonly 2) an IL together with a co-solvent. The co-solvent is an
aprotic organic solvent such as dimethyl sulphoxide (DMSO) or
dimethylformamide (DMF).26a, 46 These ILs are mainly
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phosphonium or imidazolium ILs, and IL-water mixtures with
added inorganic salts have also been reported in this category.47

In summary, the first IL category (RTILs) is formed by a wide range
of IL families, including pyrrolidinium, pyridinium, ammonium,
phosphonium, imidazolium, thiazolium, and triazolium ionic
liquids (IMILs), while the second (DILs) and third (SILs) categories
are mainly formed of superbase ionic liquids (SBILs), and the fourth
category (PSILs) is formed primarily by phosphonium ionic liquids
(Figure 10).

Additionally, the non-innocent nature of certain ILs need to be
considered (see Section 4.1 in this thesis), which is highly
important, especially in biomass processing. In some cases, the
unexpected reactivity of ILs is not desirable at all; however, certain
reactivity in the ionic liquid might be required for others . Thus, this
is where the design and synthesis of RILs is needed (publication
IV). The reactivity of ILs is not limited to their category. For
instance, [emim][OAc] and [TMG][OAc] are RILs, but they belong
to different IL categories: RTIL and DIL, respectively. Therefore,
the term RILs is used independent of the IL category.

1.4.2. ILs in biomass processing

This thesis focuses mainly on the utilisation of ILs in cellulose.
Thus, lignin or hemicelluloses will be discussed in this section.

The history of ILs in biomass processing dates from 1934 in
Graenacher’s patent using “liquefied quaternary ammonium salts”
for cellulose dissolution.3! In more recent times, Swatloski and co-
workers demonstrated the solubility of cellulose by a series of
IMILs, with 1-butyl-3-methylimidazolium chloride being the most
effective solvent.23 In the last decade, the first RTILs for cellulose
dissolution were reported by Fukaya et al.49 This was a huge
improvement, due to the lower melting point of the IL allowing for
lower operating temperatures, thereby avoiding the thermal
degradation of cellulose. Furthermore, the ILs introduced by
Fukaya and co-workers show very low viscosity, allowing for rapid
cellulose dissolution at high concentrations.49 Apart from this, a
well-known IL for cellulose dissolution is [emim][OAc], which was
one of the first ILs to be industrially produced. The very first ILs for
cellulose dissolution were mainly IMILs. However, their high
toxicity and low biodegradability,5° as well as the non-innocent
nature of some of them,24 forced the researchers to look for other
alternatives, such as distillable (DILs),38-3% 42 switchable (SILs)43-44
and phase separable ionic liquids (PSILs).9: 26, 45-47
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Regarding the cellulose dissolution mechanism, researchers agree
that the dissolution in ionic liquids is based on the role of the
hydrogen bond interaction of the basic anion, which breaks the
cellulose hydrogen bonding network.5t However the role of the IL
cation is more controversial, with some authors suggesting 1) a
negligible role,5:2:522) a minor role by van der Waals interactions
or electrostatic interactions,53 and 3) hydrogen bonding between
the cation and cellulose.5d. 54

Finding ideal IL candidates for biomass processing is a challenge.
For instance, an essential factor to be considered when working
with ILs in biomass processing is their purity. Impurities can cause
solubility issuesss or may introduce degradation problems (acid or
base residues), colour formation, etc. (see Section 4.1). In
publication I, the presence of different impurities in IMILs have
been demonstrated to drastically influence their thermodynamics.
Furthermore, PSILs are usually expensive and often toxic. SILs are
not good solvents for cellulose (poor solubility), unless they are
combined with a co-solvent. Additionally, the super bases on SILs
and DILs are usually prone to hydrolysis.

However, certain ILs have been shown to be more attractive than
others. For example, in publication II, tetrabutylphosphonium
acetate ([P4444][OAc]) is shown to enhance cellulose reactivity due
to the reduction in crystallinity. Additionally, in publication III,
analyses of oxidised celluloses by 2D NMR techniques are
performed in [P4444][0OAc]:ds-DMSO (20:80 wt.%) electrolytes.
Furthermore, in publication IV, the design and synthesis of ILs
targeting specific cellulose chemical modifications in a single step
is demonstrated. Thus, the general assumption of ILs as non-
derivatising solvents2b. 23 is wrong, as it depends on the type of IL.

Finally, major concerns to be considered in biomass processing are
cost and toxicity, as in any process using complex solvents.
Regarding ILs, the cost is dictated by the starting materials needed
for their production. In general, the IL cost is rather high, which will
certainly limit its applicability. With respect to the toxicity, it is
well-known that certain IMILs and phosphonium ILs are highly
toxic. However, there are not many in-depth studies about the
toxicity of the huge variety of ILs. However, some preliminary
toxicity studies have been performed,5¢ where phosphonium ILs
with short chains in the cation (e.g. P4441) seem to be preferred over
IMILs. In addition, tetraalkylphosphonium-based ionic liquids are
much more stable than other cation classes, such as imidazolium or
choline-based structures.
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1.5. Chemical modification of cellulose

To date, the only commercial product with thermoplastic properties
derived from the chemical modification of cellulose is cellulose acetate.
However, the cellulose acetate market tends towards an asymptotic
behaviour. Thus, other alternatives are currently under investigation at an
industrial level with focus on two main targets: end products with
thermoplastic properties (other than cellulose acetate) and textile fibres
from wood feedstock.

The chemical modification of cellulose enables the introduction of
functional groups in the cellulose backbone. Cellulose presents two main
reaction sites: primary or secondary hydroxyl groups. In general, primary
hydroxyls are more prone to react. Additionally, cellulose, as well as
hemicelluloses, contain glycosidic bonds, which are susceptible of
hydrolytic cleavage reactions, especially under acidic conditions, leading
to chain degradation and lowering the degree of polymerisation
(DP).11Certain desired cellulose products, such as thermoplastic cellulose
derivatives require keeping cellulose integrity. In an appropriate solvent
selection system, reagents and reaction conditions avoid the degradation
of the biopolymer. Nevertheless, degradation of the biopolymer can be also
a desired property. For instance, production of bioethanol requires
hydrolysis of cellulose.

The degree of substitution (DS) quantifies the chemical modification of
cellulose. It is a measure of the average amount of substituted hydroxyl
groups which have been replaced by a functional group in an
anhydroglucose unit. The DS value varies from 0 to 3, meaning that there
are 3 hydroxyl groups in one anhydroglucose unit. There are two main
types of cellulose chemical modification: homogeneous (cellulose is
dissolved, and cellulose chains are modified in a homogenous solution)
and heterogeneous (fibres, microfibrils, nanofibres or nanocrystals, etc.
are modified in a heterogeneous suspension).

The chemical modification of cellulose covers an extended research area,
including esterified, etherified and oxidised celluloses.! This thesis mainly
focuses on the acetylation, oxidation and succinylation of cellulose. These
were chosen as model reactions, as they have been commonly studied in
other cellulose solvents.57
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1.5.1. Acetylation

The acetylation of cellulose has been widely studied in common
non-derivatising cellulose solvents.58 This reaction is commonly
performed in the presence of catalystsssh 59 with different
acetylating agents, such as AA%® and recently with vinyl acetate
(VinAc) or isopropenyl acetate (IPA).6t 62 The manufacturing of
cellulose acetate is done by activation or pre-treatment, involving
mixing the raw material with water and acetic acid. The pre-
activation mixture might contain small amounts of sulphuric acid.
The activated raw material is then reacted with a mixture of pre-
chilled acetic anhydride, acetic acid and sulphuric acid to produce
primary cellulose triacetate, which may be subjected to hydrolysis
to produce cellulose acetate of any desired degree of acetyl
content.63 In this work (publication II), cellulose acetylation is
performed by acetic anhydride (AA) and IPA assisted by non-
dissolving IL pre-treatment (see Section 4.2 in this thesis).

1.5.2. Oxidation

The selective oxidation of cellulose at C6 has been heavily studied
using the popular 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)64
nitroxyl radical catalyst or the more water soluble 4-acetamido-
2,2 6,6-tetramethylpiperidine-1-oxyl (AcNH-TEMPO) catalyst.65
The latter is used in this study (publication II) due to its higher
activity.

1.5.3. Succinylation

Succinic anhydride-modified celluloses have been previously used
in several different reaction conditions, such as
tetrabutylammonium acetate (TBAA)/DMSO solvent mixtures
without catalysts,®¢ organic solventss7d with high shear mixers,57¢
and also with IL as a solvents7 and by ball milling.6? However, in
this thesis (publication IV) the succinylation of cellulose is
studied by IL-cellulose modification. A novel IL designed with a
succinic anhydride lateral chain is used to react with cellulose. This
results in the production of a nanocellulose-type material, with the
succinic anhydride chain attached.
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1.6. Nanocellulose

Nanocellulose (Figure 11) is described as the product or extract from
native cellulose and can be classified into three main types: 1) cellulose
nanocrystals (CNCs), also known as nanocrystalline cellulose, cellulose
nanowhiskers or rod-like cellulose microcrystals, 2) cellulose
nanofibrils (CNFs), also called nanofibrillated cellulose (NFC), and 3)
bacterial nanocellulose (BNC), also referred to as microbial cellulose.

cellulose macrofibril

microfibril

{uﬂ -

cellulose nanofibers cellulose nanocrystals

7 cellulose fibres ™ =
Figure 11. lllustration of cellulose macrofibril to cellulose nanocrystals.

The development of nanotechnology has attracted great attention on
nanocellulose as an advanced material. Nanocellulose has small
dimensions and a high surface-to-volume ratio. Nanocelluloses in general
have excellent structural, physicochemical, mechanical, and biological
properties.®8 For instance, bacterial cellulose has high mechanical
strength, improved crystallinity, high biocompatibility, biodegradability,
polyfunctionality, hydrophilicity and moldability into 3D structures.t82, 68¢c-
d CNFs also have good mechanical strength and optical transparency. All
of these properties make nanocellulose, both alone and as composite form
with other materials, considered a prime candidate for a myriad of
applications such as wound dressing, textiles and clothing, food,
cosmetics, regenerative medicines, tissue engineering, energy
optoelectronics, bioprinting, etc.9 68-69 Additionally, the great number of
hydroxyl groups in nanocellulose make it highly hydrophilic and it can be
modified via different chemical and physical strategies.7o

1.6.1. Classification of nanocelluloses

According to the production strategies, nanocelluloses are classified
as follows:

1.6.1.1. Cellulose nanocrystals (CNCs)

CNCs are typically prepared in two steps: the pre-treatment
of the raw material followed by its hydrolysis into CNCs. The
pre-treatment, usually alkaline or bleaching, removes
impurities from the raw material such as waxes,
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hemicelluloses and lignin. Then, the purified raw material is
heated in an acidic environment to hydrolyse the fibers,”
resulting in a suspension which, after centrifugation, leads
to CNCs. The size of the obtained CNCs varies depending on
several factors like cellulose source, acid type, operating
temperature and time.72

In the hydrolysis step, sulphuric acid”3 is preferred over
hydrochloric acid due to the stability of the whiskers
solution.”’4# However, phosphoric acid has been reported as
an alternative resulting in the higher thermal stability of the
nanocrystals when compared to nanocrystals produced with
sulphuric acid or hydrochloric acid.7s Alternatively, CNCs
can be produced by enzymatic-mediation,”® or by oxidants
such as 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO).77

1.6.1.2. Cellulose nanofibres (CNFs)

CNFs are prepared by the physical separation of cellulose
fibres, for instance by grinding, homogenisation and
ultrasonication.”® Additionally, chemical methods such as
TEMPO oxidation”s are also utilised to help the
homogenisation. Furthermore, both mechanical (high-
pressure homogenisation) and chemical
(carboxymethylation) methods can be combined for the
production of CNFs.8¢ Similarly to CNCs, the size of the
produced CNFs can vary.8t

In both CNCs and CNFs, the production procedures consist
of cutting off the large unit (cm) from the small unit (nm).

In the present work, the lack of mechanistical understanding
on how the nanocellulose type material is formed, makes
challenging yet to categorize it as CNC or CNFs.

1.6.1.3. Bacterial nanocellulose (BNC)

BNC is naturally produced by different microorganisms such
as Acetobacter, Rhizobium, Agrobacter, Achromobacter,
Azotobacter, Salmonella, Escherichia and Sarrcina.8? In
contrast with CNCs and CNFs, BNC production is a non-
destructive process, consisting of a construction process
from tiny units (A) to small units (nm). The structural
characteristics and physico-mechanical properties of BNC
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depends on the microbe type, synthesis method and culture
conditions, including carbon and nitrogen sources.83

1.6.2. Nanocellulose outlook

The methodologies to produce nanocelluloses exhibit several
drawbacks, such as the use of high concentrations of acids,”t 84
several purification steps,85 or the use of mechanical approaches.8¢
All of these go along with an expensive technology which requires
high energy consumption and, in some cases, leads to
environmental issues, such as the generation of effluents or sulphur
containing by-products.87In addition, the reported yields among all
the different methods are relatively low,88 with the exception of
carboxylated cellulose nanocrystals produced via oxidising
agents.89 Recently, Kontturi et al. reported a high yield
methodology for the preparation of CNCs, which was based on acid
hydrolysis by hydrogen chloride vapour,°© meaning that
chlorinated products were expected as side effects.

On the other hand, nanocellulose surface chemistry has been
intensively researched during the last decades, aiming for specific
physical properties, which can be easily achieved by different
strategies.9* However, the production of nanostructured cellulose
avoiding the use of corrosive acids or expensive technologies seems
to be a challenge. Thus, in this study (publication IV) a novel RIL
has been designed and synthesised to produce high yield chemically
modified nanocellulose-type materials in a single low demanding
energy step in the absence of acids or mechanical treatments other
than simple mechanical stirring. However, further research is still
needed for its optimisation.
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2. Aims of the study

This work presents a double aim. The first aim is based on already known ILs,
where the work focuses on;

1) The mechanistic study of the C.-chemsitry of the imidazolium ionic
liquids, such as 1-butyl-3-methylimidazolium chloride ([bmim]Cl), 1-
butyl-3-methylimidazolium acetate ([bmim][OAc]).

2) The utilisation of tetrabutylphosphonium acetate ([P4444][OAc]) in
both, the activation of cellulose by non-dissolving pre-treatment and in the
quantitative analysis of oxidised celluloses by 2D NMR techniques.

The second aim of this work is the investigation of novel task-specific ionic
liquids towards cellulose derivatization and nanocellulose-type material
production, which yet could not be classified as CNCs or CNFs, due to the lack of
understanding on its mechanism formation. However, it is for sure not BNC, due
to the formation of nanocellulose-type material is obtained via destructive, rather
than constructing approach.

Although imidazolium ionic liquids (IMILs) have been broadly investigated, a
variation in the deuteration speed of the C-2 position of the imidazolium ring was
observed. Typically, the C-2 chemistry of imidazolium rings has been explained
via carbene formation. However, the speed of the reaction in some of the
experiments was too slow to have carbene species involved. The reaction
mechanism, as well as the role of the basicity of the anion and impurities, were
investigated (publication I). This firs publication in the present work is highly
important to understand better the mechanism of C2-chemistry of IMILS. This
C2-chemistry is known to be related with the reactivity of IMILs at the reducing
ends of cellulose.

The high toxicity and low thermal stability of the IMILs, together with their
‘unexpected’ reactivity, motivate these studies to be continued with [P4444][OAc],
a less reactive alternative. This IL has been widely used in biomass processing.
Thus, its use in cellulose activation by a non-dissolving pre-treatment was
investigated, resulting in the enhancement of cellulose reactivity, due to the
reduction of cellulose crystallinity (publication II). Additionally, this IL in
combination with a polar co-solvent, such as DMSO or DMF, is known to dissolve
cellulose. Therefore, the [P4444][OAc]:DMSO-ds (20:80 wt%) electrolyte system
was investigated for NMR solution state analyses of cellulosic samples, where a
general quantitative NMR spectroscopic method for the structural determination
of crystalline cellulose samples was rigorously demonstrated (publication III).

The trend in recent years towards the utilisation of superbase-based ILs together
with the controversial role of CO- in cellulose dissolution with switchable
solvents, motivated the work to continue towards the study of superbase ILs, with
a clear goal: the design and synthesis of task-specific ionic liquids for cellulose
modification, which also resulted in the production of chemically-modified
nanocellulose-type materials by a readily available, low cost and simple method
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(publication IV). However, further research is still needed for its optimisation
to, perhaps, a future alternative for the production of nanocellulose-type
materials.
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3. Experimental & Methods

Cellulosic materials, ILs syntheses, IL pre-treatment of cellulose pulps, reactions
with cellulose and analytical methods in this thesis are briefly reported in this
section. More experimental details are to be found in the attached publications or
in their supporting information.

3.1. Cellulosic materials

The cellulosic materials used in this work are microcrystalline cellulose
(MCC, Avicell® PH-101), which was purchased from Sigma-Aldrich,
Enocell (bleached hardwood pre-hydrolysis kraft pulp containing ~6.8 %
xylan), which was obtained from the Enocell Mill of Stora Enso company,
located in Uimaharju (Finland), and birch (bleached birch kraft pulp,
87.7% a-cellulose) and eucalyptus (eucalyptus kraft pulp, 87.4% a-
cellulose), obtained from UPM Kaukas Mill (Finland) and UPM Fray
Bentos Mill (Uruguay), respectively.

3.2. Synthesis of ILs

All of the ILs used in this thesis have been synthesised in the laboratory
and characterised by NMR. The synthesis of ILs have been performed by
1) Menshutkin reaction, 2) metathesis reaction, or 3) simple acid-base
chemistry reaction by the addition of an acid to a superbase.

3.2.1. Menshutkin reaction

The conversion of a tertiary amine into a quaternary ammonium
salt by its reaction with an alkyl halide is known as a quaternisation
reaction or Menshutkin reaction. A similar reaction also occurs with
phosphines. The most common examples are the synthesis of 1,3-
dialkylimidazolium ILs (publication I and
tetrabutylphosphonium acetate (publications IT & IITI)
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3.2.1.1. Synthesis of 1-butyl-3-methylimidazolium
chloride

1-methylimidazole was charged into a two necked round
bottomed flask with a calcium chloride tube capped reflux
condenser. The system is flushed with argon. Then, n-butyl
chloride, 1.5 molar equivalents, was added dropwise under
vigorous stirring and refluxed for 48 hours. The excess of
butyl chloride was removed under reduced pressure
resulting in a pale-white solid, which was recrystallised
obtaining white crystalline 1-butyl-3-methylimidazolium
chloride. It was needed to be sealed under argon due to its
high hygroscopicity.

3.2.1.2. Synthesis of tetrabutylphosphonium
chloride

Tri-n-butylphosphine and n-butyl chloride were added
sequentially and in one portion to a Teflon-lined Parr acid
digestion vessel under argon atmosphere. The vessel was
sealed, and the reaction is conducted at 120°C under
vigorous stirring overnight. The light excess of n-butyl
chloride was removed under reduced pressure resulting in a
wet white solid, which is further dried in a high-vacuum
rotary evaporator at 60°C to produce the desired
tetrabutylphosphonium chloride and stored under argon.

3.2.2. Metathesis reaction

The metathesis reaction was a commonly used technique for
exchanging counter-anions of ILs.26 In this work we utilised it to
change the chloride to acetate anion by 1) silver acetate and 2)
potassium acetate to obtain 1-butyl-3-methylimidazolium acetate
and tetrabutylphosphonium acetate, respectively.

3.2.2.1. Synthesis of 1-butyl-3-methylimidazolium
acetate

1-butyl-3-methylimidazolium chloride was charged into 100
ml round bottomed flasks and dissolved in methanol (HPLC
grade). Silver acetate, 1 molar equivalent, was added under
light protection. The reaction mixture was continuously
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mixed at room temperature overnight. Silver particles were
filtered out of the crude product and methanol was
evaporated to obtain a light yellow highly viscous 1-butyl-4-
methylimidazolium acetate, which was also stored under
argon.

3.2.2.2. Synthesis of tetrabutylphosphonium
acetate

Tetrabutylphosphonium chloride was dissolved in
Isopropanol (IPA 10 x v/w) and 1.05 mol equivalents of
potassium acetate were added. The solution was stirred
under reflux for two hours and continuously stirred at room
temperature overnight. The solution was cooled down in a
fridge (~4-6°C), filtered through celite, and then the filtrate
was evaporated to dryness. Acetone was added and left to
settle in the fridge overnight to precipitate the excess of
potassium salts. Finally, the solution was filtered through
celite once more and the acetone was eliminated by reduced
pressure yielding white-light yellow tetrabutylphosphonium
acetate.

3.2.3. Acid-base chemistry reaction

Superbase ILs utilised in this work have been synthesised by a
simple acid-base chemistry reaction, consisting of the mixture of a
superbase and an organic acid. Generally, this reaction is highly
exothermic. Thus, an ice bath was used for cooling the reaction
during the addition of the base over the acid (or vice versa). This
work (publication IV) focuses mainly on two superbase ILs:
1,1,3,3-tetramethylguanidinium acetate (([TMG][OAc]) and 1,1,3,3-
tetramethylguanidinium succinate (TMG2SA’).

3.2.3.1. Synthesis of [TMG][OAc]

1,1,3,3-tetramethylguanidine (TMG) was loaded into a 250
ml round bottomed flask equipped with an addition funnel.
TMG was cooled down to 0°C and acetic acid, 1 molar
equivalent, was added dropwise under ice-bath and vigorous
stirring, rapidly producing a white solid. The remaining
acidic vapours were removed by reduced pressure.
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3.2.3.2. Synthesis of ‘TMG2SA’

1,1,3,3-tetramethylguanidine (TMG) was mixed with
tetrahydrofuran (THF) in a 250 ml round bottomed flask
equipped with an addition funnel. Two molar equivalents of
succinic anhydride, dissolved in tetrahydrofuran, were
added dropwise into the TMG-THF solution. This was a
highly exothermic mixture. Thus, slow addition was of high
importance for the thermal stability of the product.
Tetrahydrofuran was eliminated under vacuum and the
white powdery product was dried in the Schleck line for 4
hours. The product, which was highly hygroscopic was
stored under argon.

3.3. IL pre-treatment of cellulose pulps

The selected IL for cellulose pulp pre-treatment, [P4444][OAc], was charged
into a glass pressure tube and melted at 80°C. Then, 10 wt% of the desired
dry pulp was soaked into the IL and the mixture was homogenised using a
vortex and heated at 120°C for 5 hr. The non-dissolved pre-treated pulp
was stored in a sealed flask under argon atmosphere for further
homogeneous experiments. Additionally, a portion of this material was
thoroughly washed with distilled water to remove the IL, filtered, dried
under vacuum and stored in a sealed flask prior to further heterogeneous
reactions and crystallinity analyses.

3.4. Cellulose acetylation

Reactivity studies of pre-treated and non-treated cellulose pulps were
performed by reacting ~1wt% of pulp at 165°C for 18 hr in either of two
different acetylating agents: acetic anhydride (AA) and the less reactive
isopropenyl acetate (IPA).

Three different approaches for each type of pulp were conducted in
parallel. These include the reaction of 1) the raw pulp as a reference, 2) the
pre-treated pulp, with the consecutive aqueous IL removal step
(heterogeneous reaction, IL-PT-W), and 3) the pre-treated pulp without
the consecutive IL removal step (IL-PT-NW). This is termed as a
‘homogeneous reaction’ by virtue of the fact that when acetylating agent is
added, the cellulose rapidly swells and mostly dissolves during the
reaction. The full procedures are reported in publication II.

The acetylated products were analysed by *H NMR and diffusion-edited *H
NMR for the quantification of DS values (see sections 3.6.2.2 & 4.2), and
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by HSQC (Heteronuclear Single-Quantum Correlation) and HSQC-TOCSY
(Total Correlation Spectroscopy) for regioselectivity determination (See
section 4.3 in this thesis).

3.5. Cellulose oxidation

Oxidation of the raw and pre-treated materials in publication IT was
achieved using the AcNH-TEMPO/NaClO/NaClO- system at pH 5.8, as
described in previous publications.s Acidic oxidation conditions, in the
presence of NaClO., were applied, to allow for the conversion of
intermediate aldehydes/acetals to carboxylates. A further acidification
protocol was applied to all of the samples in preparation for gel permeation
chromatography (GPC) analyses, as polymeric sodium salts typically do
not dissolve in LiCl/DMA. Full procedures are found in publication II.

The main hypothesis for choosing acidic oxidation conditions was to avoid
the formation of aldehyde/acetals, which have the potential to halt the
reaction at the acetal stage and cross-link the material, thus preventing
complete oxidation and accurate analyses. NaClO- under mildly acidic
conditions is known to oxidise aldehydes to carboxylic acids and acidic
conditions are known to break acetals. Thus, acidic conditions (pH 5.8)
were chosen, in combination with NaClO- as a co-oxidant, to allow for the
complete conversion to carboxylate.

3.6. Analytical methods

3.6.1. Attenuated total reflection fourier transform infrared
(ATR-FTIR) spectroscopy

FTIR spectra were collected (400-4000 cm) from cellulosic
samples with a Bruker alpha-P FTIR spectrometer with a diamond
ATR. The ATR-IR spectra were baseline corrected and normalised
to the cellulose backbone signal (1010 cm-?) intensity. This is a rapid
and non-destructive characterisation technique, which allows
qualitative analyses of the expected products by identification of the
functional groups.

This technique is used for the cellulose acetylation and oxidation
studies in this work (publication II). The relative degrees of
substitution (DS) for each acetylated sample are determined by the
deconvolution of the carbonyl (1500-1800 cm™) and cellulose
backbone bands (700-1200 cm™) of the ATR-IR data. The ATR-IR
results are also compared with the DS values obtained from H
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NMR integration over the entire DS range. The combination of the
ATR-IR deconvolution and NMR methods is applied to give more
confidence to the general trends.

On the other hand, the degree of oxidation (DO) in AcNH-TEMPO
oxidations are also determined by the deconvolution of the ATR-IR
data of both the acidified and sodium salt forms from the ratio of
the C=0 vs. C-O total peak areas, for the acidified fractions. To
determine the relative degrees of oxidation for these samples, a
correlation of the peak ratios was drawn for those samples with
ATR-IR analysis on both the acidified and sodium salt forms (see
Section 4.2.2.2 in this thesis). The relative degree of oxidation, by
IR, could then be determined from this correlation.

The data are regarded as semi-quantitative, as a correlation
between the IR data and conductometric titration (directly yielding
the carboxylate content in mmol/g), which is performed for key
samples.

3.6.2. Nuclear magnetic resonance (NMR) spectroscopy

The NMR technique allow local magnetic fields around atomic
nuclei to be observed, and is a very useful characterisation
technique in many different disciplines such as medicine, organic
synthesis or polymer chemistry, among others. NMR spectroscopy
gives crucial information regarding the chemical environment in a
molecule, leading to a better understanding of its structural
identification. Additionally, NMR can be used for many other
purposes such as kinetic studies or imaging. In organic synthesis,
NMR is a tool of almost daily use.

In this thesis, NMR has been used for the kinetics studies enabling
understanding of the reaction mechanism of IMILs (publication
I) and for both structural analyses of cellulosic samples and the DS
quantification of the chemical modification of cellulose
(publications II & ITI). The kinetics studies were monitored by
1H NMR and 13C NMR spectroscopy on a Varian Unity Inova 600
(600 MHz 'H-frequency) and Varian Mercury Plus 300 (300 MHz
'H frequency) spectrometers, respectively. However, the rest of the
NMR analyses in this thesis were performed on a Bruker AVANCE
NEO (400 MHz and 600 MHz 'H-frequency) spectrometer. For
some of the oxidised cellulose samples, an inverse triple resonance
probe-head (*H/9F, 13C, 3:P) and a cryogenically cooled quadruple
resonance (*H, 13C, 31P, 14N) probe-head were used.
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3.6.2.1. Kinetics

The NMR technique is used for investigation of the H/D
exchange of IMILs in the temperature range from 300.25 K
to 339.45 K (publication I). Two different IMILs
([bmim]Cl and [bmim][OAc] are studied in different
chemical environments. The activation energy (Ea) is
calculated from the Arrhenius plots in each of the different
studied scenarios. This study allows for a better
understanding on the mechanism of the reactivity of 1,3-
dialkylimidazolium salts (see Section 4.4.1 in this thesis).

3.6.2.2. Cellulose analyses

As mentioned above, NMR is also used in cellulose analyses.
The acetylated cellulosic products are analysed by *H NMR
and diffusion-edited 'H for the quantification of DS values.
In these analyses, the soluble cellulosic samples (high DS)
are dissolved directly in an organic deuterated solvent at a
concentration of 3-5 wt%. The DS values are obtained by
integration of the 'H cellulose backbone spectral region (Ic,
5.82 — 2.80 ppm) and the acetate spectral region (14, 2.40 —
1.60 ppm). The DS values are calculated according to
equation 1 [Eq.(1)].

ps=("3/ ) @

On the other hand, the non-soluble cellulosic samples (low
DS) are dissolved in the [P4444][OAc]:de-DMSO (20:80
wt.%) electrolyte with a similar load of cellulose. This
electrolyte allows their dissolution and therefore their
analysis by liquid state NMR. In this case, due to the
presence of different molecular weight molecules (cellulose
and electrolyte), diffusion-edited 'H spectra are required for
their analysis. However, the diffusion-edited *H NMR
experiments tends to overestimate Ia because the different
types of nuclei have quite different relaxation rates (T: and
T). This allows for a disproportionate loss of signal for Ic
relative to Ia during the pulse sequence, before the
acquisition period. Thus, a correction factor (CFaiff) must be
applied while maintaining the same analysis conditions
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(most importantly the sample concentration & probe
temperature) for the diffusion-edited experiments.

CFuiff values using standard acetylated cellulose samples of
known DS are needed for the accurate calculation of DS
values from the diffusion-edited experiments. The samples
had to be homogeneously acetylated as they needed to be
soluble in both the electrolyte and DMSO-ds to yield DS
values from both solvents/methods. For this purpose, three
reference samples of known DS (0.7, 1.30, and 1.92) were
used. CFqiff is determined by the linear correlation of the DS
values, through the diffusion-edited experiments (in
electrolyte) vs. standard *H experiment (in DMSO-ds) of the
reference samples.

An average of the 3 CFuift values (for 3 different DS values) is
applied for estimation of the DS values directly from the
diffusion-edited degrees of substitution (DSuitf), according to
equation 2 [Eq.(2)].

DS

CFdiff = (2)

DSdiff

The DS is then determined from the product of the average
CFaift and DSaitt. For deeper understanding of these
calculations, see publication II.

The results regarding the DS determination together with
the regioselectivity studies in acetylation reactions by HSQC
(Heteronuclear Single-Quantum Correlation) and HSQC-
TOCSY (Total Correlation Spectroscopy) are found in
Sections 4.2.2.1 and 4.3.1 of this thesis, respectively.
Additionally, HSQC is also used for quantitative analyses of
oxidised celluloses (publication III), whose results are
found in Section 4.3.2 of this work.

3.6.3. Conductometric titration

In AcNH-TEMPO oxidations, for separate insoluble samples with
lower degrees of oxidation, conductometric titrations were
performed, giving a correction factor to the ATR-IR data and extend
the estimate of degree of oxidation to the full series of reaction
products.

AcNH-TEMPO-oxidised material in freeze-dried sodium formed
from the insoluble fractions was suspended in distilled water (100
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mg in 20 mL) and diluted with 0.01 M NaCl, to raise the
conductivity of the slurry to significant levels. Then, 0.1 M HCl was
added to the suspension to set the values to 2.4—2.7 pH (2—3 mL).
The mixtures were titrated with 0.04 M NaOH at the rate of 0.2—
0.3 mL/min, with efficient stirring, to pH 11.

The carboxylic content (CC) in mmol/g of the fractions is calculated
by equation 3 [Eq.(3)].

cC = Cx(V,—=Vq) (3)

w

Where Cis the concentration of the NaOH in mol/L, V; and V- stand
for the volumes of the NaOH in mL, w is the weight of the sample
ing.

3.6.4. Computational studies

Computational studies in this thesis were investigated by DFT
transition-state modelling, which were carried out by professors
Dage Sundholm (University of Helsinki, Finland) and Ratl Mera-
Adasme (Santiago de Chile University, Chile).

3.6.5. Wide angle x-ray scattering (WAXS)

The crystallinity of the cellulosic samples was analysed by wide-
angle X-ray scattering (WAXS). These measurements were
performed on a PANalytical X’Pert Pro MPD system. The diffracted
intensity of Cu Ka radiation (A = 1.544, under a condition of 45 kV
and 40 mA) was measured in a 20 range between 5° and 50°.
Samples for WAXS were initially prepared by loading 50 mg of
freeze-dried samples into a KBr press (typically used for
preparation of KBr discs for transmittance FT-IR analysis) and
pressed for 45 s at 9 psi. The samples were placed on a glass stage
and the height calibrated for surface reflection.

In this work (publication II), the crystallinity index (CI) is
calculated by deconvolution (pseudoVoigt fitting) of the 1D X-ray
diffractograms, over 20 values of 5-50°. A suitable amorphous
standard is critical, as is the glass background support. This method
requires a curve fitting software, such as ‘Fityk’,92 to separate the
background, amorphous and crystalline contributions to the
diffractograms. This is achieved by defining an equation for a linear
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combination of functions (LCOF), required to fit the background
and amorphous diffractograms. When fitting these LCOFs to the
actual experimental data, the LCOF can be represented by a single
variable (in this case height, corresponding to a specific total area
of the LCOF), which can then be used to calculate the CI values
during the final deconvolution-fitting procedure. Thus, we are able
to fit the crystalline phases, glass background and a pre-defined
‘amorphous’ phase.

CI values are calculated according to equation 4 [Eq.(4)], as the %
ratio of the area of the crystalline signals (Acer1) to the total area
(ATot).

Acer-
c1 =100 (Acet-1/, ) @)

For a deeper explanation and graphical understanding of the whole
process, see publication II and its corresponding supporting
information.

3.6.6. Gel permeation chromatography (GPC)

Molar mass determination was performed by GPC with an Agilent
Infinity 1260, using LiCl/DMA as mobile phase, according to
previous studies.¢t 62 Cellulosic material (17.5 mg) was weighed in a
glass vial, DMA (1.25 ml) was added and the suspension was stirred
at 130°C for 2 h. Then, the sample was cool down to 90°C and
anhydrous LiCl (87.5 mg) was added. The sample was further
stirred overnight at ambient temperature. On the next day, the
sample was diluted with DMA (16.25 ml) so that the final
concentration of LiCl in the solution is 0.5 w/v % and allowed to stir
for 1 h more. All of the samples were additionally filtered through
Pall Acrodisc GHP 0.45um filters, prior to injection. Pullulan
standards (6100, 9600, 22000, 47100, 107000, 194000, 337000
and 642000 g/mol) from Shodex™ STANDARD (Japan) were used
to calibrate the GPC system.

3.6.7. Optical microscope (OM)

The morphology of certain cellulosic samples of this study
(publications IT & IV) was analysed by an Olympus BX51TF
microscope, equipped with a DP70 colour camera and adjustable
polarised lenses. The cross-polariser angle was optimised for better
image contrast, producing differences in colour.
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3.6.8. Field emission scanning electron microscope (FESEM)

Nanostructured materials were imaged by a Hitachi S-4800 field
emission scanning electron microscope (FESEM). The samples
were coated with 5 nm Au-Pd alloy prior to imaging to make their
surface conductive.
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4. Results and Discussion
4.1. Purity of ILs

The primary factor to be considered when working with ILs is their purity,
especially in biomass processing, where the impurities can cause solubility
issuesss or may introduce degradation problems (acid or base residues),
colour formation, etc. In publication I, the presence of impurities in
IMILs has been demonstrated to drastically influence the thermodynamics
of the IMILs. In this study a notable difference in the H/D exchange ratios
of [bmim]Cl and [bmim][OAc] was observed, which was assumed to be
related to the basicity of the counter anions.9 Thus, the study continued
focus on the influence of different environments (acidic, neutral and basic)
in the IL with slower H/D exchange ratio, [bmim]Cl. Table 1 shows the
different environments of study.

Table 1. Kinetic data for the H/D conversion of [bmim][OAc] and [bmim][CI] in different environments:
neutral environments (experiments 1-2), basic environments (experiments 3-9) and acidic
environments (experiments 10-14).

% Wi ; ; o
Experiment Conditionst lonic Liquid (IL) res?:tit/‘;(:vtlrt]r]e IL Temperature / K Time/h Eélzncorpocritlon /C/g
1 Pure D20 [bmim][OAc] 82 311.90 4.8 97 20 26
2 Pure DO 82 339.45 27 53 7 7
3 1-Melm 0.38 311.90 3.30 99 15 20
4 1-Melm 0.75 311.90 0.85M! 99 15 20
5 1-Melm 1 311.90 0.571 99 15 20
6 1-Melm 15 311.90 0.2901 99 15 20
7 1-Melm . 3 311.90 0.160! 99 16 21
8 EtN [bmim]Cl 3 300.25 0.160! 9 19 24
9 NaOD (40 wt. %) 3 300.25 0.16%! 99 31 37
10 DCI (35 wt. %) 1 300.25 192 10 13 16
11 DCI (35 wt. %) 10 300.25 192 7 10 12
12 DCI (35 wt. %) 50 300.25 192 1 14 19
13 DCI (35 wt. %) 100 300.25 192 6 9 13
14 DCI (35 wt. %) 200 300.25 192 0 2 4

[a] ionic liquid (0.370 — 0.424 mmol) in D20 (34.4 mmol), [b] these time increments, corresponding to
99% conversion at C2, were selected from the arrayed kinetic data.

The primary finding was that the H/D exchange under neutral conditions
mainly occurred at C2, while the deuteration was more effective under
basic conditions for all positions of the ring. However, in acidic
environments, the D incorporation slowed down considerably and H/D
exchange was even slightly preferential at C4 and Cs, over C2. At elevated
acid concentrations, the H/D exchange was rather much slower. This
finding clearly shows the catalytic effect of the basic impurities in the H/D
conversion of IMILs, as demonstrated in Figure 12.

48



o
L

e

w
L
A

[brmim]CI

[bmim][DAc]

[omim]Cl & 0.38% of 1-Melm
[bmim]Cl & 0.75% of 1-Melm
[bmim]CI & 1%  of 1-Melm
[bmim]Cl & 1.5% of 1-Melm

o
@
L
-
| 2
A
*& o in

(=]
=
1

=
o
i

‘aq
\‘ﬂ“’ﬂ<<
44

°°°°ooa§335333335aannnn

Normalized Relative Intensity 'H NMR C2-H signal
A

=
o

1.5 2.0 25 30 35
Time/h

=
=]

1.0

Figure 12. Effect on the H/D conversion by the counter anion (chloride or acetate under
neutral conditions) versus the inclusion of an explicit neutral base such as 1-methylimidazole
(1-Melm) at 311.90 K.

By comparison of the H/D exchange of the synthesised IL to a commercial
sample of [bmim]Cl, more rapid kinetics were observed for the
commercial sample, without the addition of any base (Figure 13). This
indicates that the presence of impurities in commercial ionic liquids may
have a huge impact on the validity of any chemistry performed within. This
investigation gave an interesting insight towards the reactivity of IMILs,
which is discussed in Section 4.4.1 of this thesis.
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Figure 13. Deuterium incorporation at C2 with the time in a temperature range from 300.25 K
to 339.45 K. a) Commercial [bmim]Cl (Strem chemicals, 98%). b) Synthesised [bmim]CI. The
commercial sample (Strem Chemicals) showed a more rapid exchange kinetics than the
freshly synthesised sample, without the addition of any base.
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Therefore, the purity of commercial ILs needs to be known before making
assumptions about the reactivity of the IL itself when it is considered pure.
However, commercial suppliers do not describe their synthetic
approaches, making it difficult to figure out the origin of these impurities.
Furthermore, purchased ILs present different properties (melting points
or coloration) to those synthesised in the laboratory (Figure 14).
Nevertheless, synthesising the IL in situ might not ensure that the IL is
totally free of impurities, but provides an opportunity to minimise the
known impurities. The most common impurities found in ILs are basic or
acidic impurities remaining from synthetic approaches or water.

Figure 14. 1-butyl-3-methylimidazolium chloride ([bmim]Cl) at room temperature. a) White
crystalline solid synthesised in the laboratory. Melting point 69°C. b) Yellow viscous liquid
purchased from commercial supplier (BASF).

Certain ILs, such as chloride IMILs, are extremely hygroscopic. Therefore,
work under inert gas atmosphere is required. Furthermore, IMILs such as
[bmim]Cl and [bmim][OAc] are toxic and have relatively low thermal
stability. However, some phosphonium homologues, such as [P4444][OAc]
are much more thermally stable and reasonably less reactive than
[bmim][OAc], which is prone to reacting with cellulose via imidazolium-
C2 carbon24 (see Section 4.4.1 in this thesis).

Therefore, due to the above-mentioned advantages of phosphonium
homologues over IMILs, these studies continued to focus on the
tetraalkylphosphonium ILs, more specifically on the
tetrabutylphosphonium acetate ([P4444][OAc]) for its use in the activation
of cellulose chemical reactivity (Section 4.2) and for its efficient cellulose
dissolution capabilities in presence of co-solvent, such as DMSO, which is
very useful for instance in the NMR analyses of celluloses (Section 4.3).
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4.2. Activation of cellulose chemical reactivity by IL
pre-treatment

While [P4444][OAc] is not able to dissolve cellulose in the absence of a polar
co-solvent, it has been observed that the treatment of cellulose with pure
[P4444][OAc] introduces a crystallinity reduction, thus enhancing cellulose
chemical reactivity, as proven in publication II. In this work, high
molecular weight technical kraft pulps, such as Enocell, birch and
eucalyptus, were utilised. The pulps were homogenously mixed with the
melted IL at 120°C for 5h for reactivity assessments and crystallinity
analyses. During this pre-treatment, the cellulosic materials become
partially swollen. Then, the IL was either directly washed away yielding IL-
free material or retained in the matrix during reaction. This pre-treatment
clearly reduced the crystallinity of pulps significantly, enhancing their
accessibility, and thus their reactivity.

4.2.1. Crystallinity reduction of cellulose with [P4444][OAc]

The decrease in crystallinity of the pulps was followed by the X-ray
diffraction patterns of the raw materials and IL pre-treated samples
as shown in Figure 15. The main diffraction peak regions for

cellulose I are 110 at ~14.5°, 110 at ~16.5°, 012 at ~20.5°, 200 at
~23.0° and 004 at ~34.50.94
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Figure 15. WAXS diffractograms for untreated pulps (red) and non-dissolved pre-
treated pulps (blue): a) Enocell B-H-PHK-P. b) Birch B-H-K-P pulp. c) Eucalyptus B-
H-K-P pulp.
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The IL non-dissolving pre-treated Enocell pulp (Figure 15a)
mainly exhibits a single broad asymmetric diffraction peak,
denoting a considerable decrease in crystallinity. However, small

shoulders, corresponding to the (110) and (110) diffraction planes
in cellulose I, are still present but are more obvious in the IL non-
dissolving pre-treated birch and eucalyptus pulps (Figures 15b
and 15c¢, respectively). None of the samples show the characteristic
diffraction planes for cellulose II, the most obvious of which would

be the (110) plane at ~12.5°. However, a slight splitting or shoulders
on the (200) peak can be observed indicating a small amount of
cellulose II phase formation. These results indicate the significantly
removal of crystallinity, being most efficiently removed from the
higher purity Enocell pulp (Figure 16). In the case of the kraft
pulps (not pre-hydrolysed), surface adsorbed hemicelluloses or
increased molecular weight may be a restricting factor for
decrystallisation.

90 M Enocell (H-B-PHK-P) Birch (H-B-K-P) Eucalyptus (H-B-K-P)
81.2

80 75.1

70
60.6

60
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Crystallinity index (%)

Untreated (Raw) Pulps Pre-treated pulps with [P,4,,][OAC]

Figure 16. Crystallinity index (Cl) values of the untreated and pre-treated pulps.

Additionally, crystallinity reduction was also observed under
dissolving conditions (dissolution and regeneration). This
procedure produced a more porous material, which may be
beneficial for chemical conversion. In all of these crystallinity
studies, several factors such as, crystallite sizes, porosity and the
effect due to hemicellulose content were considered, as shown in
publication II.

The observed minimisation in crystallinity is directly related to the
accessibility of the cellulose, and thus its reactivity. In other words,
the greater the reduction of crystallinity, the more reactive cellulose
is expected to be.
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4.2.2.

Enhanced reactivity of [P4444][OAc] pre-treated
cellulose

To assess the reactivity of the pre-treated pulps, acetylation
reaction under organic swelling conditions and nitroxyl radical-
mediated oxidation of cellulose were chosen as model reactions.

4.2.2.1. Acetylation of [P4444][OAc] pre-treated
cellulose

The above-mentioned non-dissolving IL pre-treated and raw
pulps were acetylated using both acetic anhydride (AA) and
isopropenyl acetate (IPA) as acetylation reagents.

Two different routes were performed in these reactivity
studies: 1) a ‘heterogeneous route’, where the samples were
IL pre-treated and washed free of IL (IL-PT-W), and 2) a
‘homogeneous route’ where the samples were IL pre-treated
but not washed (IL-PT-NW), to retain the swollen state of
the molecules and observe the difference in reactivity that
this allows. This second route is not technically a
homogeneous reaction, as it starts off in the solid state and
then progresses into solution over a period of time. These
pathways led to DS values ranging from 0-2.99, as shown in
Table 2. The DS value are calculated as explained in Section
3.6.2.2.

Table 2. DS values depending on the acetylating reagent, pulp type and pre-treatment of the pulp.

Acetic anhydride (AA) as acetylating reagent

Pulp Enocell Birch Eucalyptus
Treatment Raw pulp ILPT ILPT Raw pulp ILPT ILPT Raw pulp ILPT ILPT
wial NI Wwial Nwb! Wial Nt
DS 0.32 1.90 2.68 0.18 1.61 2.81 0.42 0.19 2.59
Isopropeny! acetate (IPA) as acetylating reagent
Pulp Enocell Birch Eucalyptus
Treatment Raw pulp ILPT ILPT Raw pulp ILPT ILPT Raw pulp ILPT ILPT
Wil NWb! Wil NWb! Wil NWb!
DS 0 0.33 2.92 0 0.35 2.81 0 2.71

[a] IL-PT-W is the IL pre-treated pulp with a further washing step to remove the IL before the addition
of the acetylating reagent (heterogeneous route). [b] IL-PT-NW is the IL non-washed pre-treated
pulp, which still contains the IL upon the addition of acetylation reagents (homogeneous route).
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In general, the pre-treated samples clearly show increased
reactivity over the untreated samples. For instance, under
the heterogeneous route, the DS values were shown to be 1.61
and 1.90 for pre-treated birch and Enocell, but 0.18 and 0.32
for untreated birch and Enocell pulps, respectively. IL-PT-W
eucalyptus acetylated with AA only gave a DS value of 0.19,
due to an error in the experimental set-up. However, the IPA
reactions did not show a significant enhancement in
reactivity under the heterogeneous route. This shows that an
increase in reactivity is possible with the IL pre-treatment,
specifically with the more reactive reagent, AA, where some
autocatalysis may occur.

On the other hand, the homogeneous route, where the
cellulose samples were dissolved (IL-PT-NW) clearly shows
higher reactivity than the heterogeneous pathway (IL-PT-
W). These differences in reactivity depending on the reaction
pathway were somehow expected, since cellulose in the
heavily swollen state should give much easier access to all
hydroxyls, whereas typical heterogeneous acetylation
reactions, in the absence of an activating acid catalyst,
should give very limited reactivity.

The differences in reactivity of the two used acetylating
reagents, especially under heterogeneous conditions, were
also expected. AA is known as a more reactive reagent than
IPA or other vinylic esters.®t However, under homogeneous
conditions, IPA also allowed for conversion to high DS for all
pulp samples.

In this reactivity study, two other important factors were also
considered: 1) possible hornification of the pulps after IL
removal and drying, which seems to have a significant effect
on the pulp reactivity. This also contributes to the observed
lower reactivity in IL-PT-W compared to IL-PT-NW
samples. 2) Reduction in the molecular weight. However, the
crystallinity removal did not introduce a major decrease in
MW during acetylation, but only minor reduction in the
number-average molecular weights (DPx), as shown in
Figure 17 and Table 3.

54



a) b) c)

10
\ § os
£ /M g
£ o [ 1 g
S {0 % osd i
& { \ ]
2 o [ : N \N
3 \ g
] | \ g ™ !\ / A
g™ / \ & e \
& a f \
J o\ ol u.
0z b \ / \
A !
/ o \
[ i i T SE T - 00 .o 2
30 35 5 50 8§ L1 &5 0 3, 40 5 o 55 0 65
log Mw log Mw

Figure 17. GPC traces for the raw (black) and pre-treated (red) pulps: a) Enocell B-H-PHK-P, b) Birch
B-H-K-P, c) Eucalyptus B-H-K-P.

Table 3. Number-average molecular weight of the pulp before (raw) and
after the pre-treatment under heterogeneous route.

Pulp Enocell B-H-PHK-P Birch B-H-K-P Eucalyptus B-H-K-P.
Rawpulp ILPTWE  Rawpulp ILPTWE  Rawpulp ILPT WA
DPn (g/mol) 330.4 272.5 330.9 320.3 365.7 273.5

[a] IL-PT-W is the IL pre-treated pulp with a further washing step to remove
the IL before the addition of the acetylating reagent (heterogeneous route).

These changes are not enough to be especially implicated in
the increased reactivity, although there may be some effect.

4.2.2.2, Nitroxyl radical-mediated oxidation of
[P4444][OAc] pre-treated cellulose

To evaluate the enhanced reactivity of [P4444][OAc] pre-
treated cellulose, birch and dissolving quality (enocell) pulps
were chosen as representative samples. After the oxidation,
water-insoluble fractions with low carboxylate contents were
separated by centrifugation from the reaction mixture, while
water-dispersible fractions with higher carboxylate contents
were regenerated from the combined water supernatant by
ethanol precipitation and centrifugation, as described in the
experimental procedure of publication II. Raw pulps in the
oxidation process were not solubilised in the reaction media,
thus, the amount of regenerated water-dispersible fractions
was very low. The freeze-dried samples were analysed by
ATR-IR, comparing the peak areas of the carbonyl stretches
(Gaussian fitting between 1800-1600 cm™) vs. the
normalised C-O backbone stretch (Gaussian fitting between
1200 and 850 cm). In addition, three samples of insoluble
fractions, in the Na salt form, were titrated to determine the
carboxylate content, which was then compared with the
ATR-IR results. A linear correlation was drawn (Figure 18)
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to allow for the comparison of all samples using IR which
was then used for estimation of the remaining carboxylate
contents, in mmol/g (Figure 19 and Table 4).
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Figure 19. Total carboxylate content for different pulps and pre-treatment
types based on ATR-IR peak volume data.

Table 4. %po and carboxylate content for different pulp types and their fractional mass distributions,
obtained by semi-quantitative ATR-IR analyses, based on peak volume data.

Pulp Enocell B-H-PHK-P Birch B-H-K-P
Treatment Untreated pulp IL PT Wl IL PT Nwe! Untreated pulp IL PT Wil IL PT NW®!
o Insol.le! Sol kel Insol. Sol. Insol. Sol. Insol. Sol. Insol. Sol. Insol. Sol.
%00 (%) 22,0 34.4 185 374 470 639 235 362 385 615 365 624
Carboxylate content
(mmol/g) 1.02 1.47 087 161 201 269 107 161 1.67 2,61 1.61 261
mi (%) % 4 40 60 66 34 91 9 76 24 58 42

[a] IL-PT-W is the IL pre-treated pulp with a further washing step to remove the IL before the addition
of the acetylating reagent (heterogeneous route). [b] IL-PT-NW is the IL non-washed pre-treated pulp,
which still contains the IL upon addition of the acetylation reagents (homogeneous route). [c] %po =
Degree of oxidation. [d] m = mass of the fraction in percentage. [e] Insol. and Sol. are the insoluble
and soluble fractions, respectively.

56



The primary finding in the oxidation studies was that the
[P4444][OAc] pre-treatment significantly increased the reactivity of
the cellulose samples. Remarkable differences in the carboxylate
content between untreated pulps and IL pre-treated samples were
found. The carboxylate contents for both pulps are clearly
decreasing in the following order: IL-PT-NW > IL-PT-W >
Untreated pulp.

Increased reactivity towards aqueous nitroxyl radical oxidation was
demonstrated by the [P4444][OAc] pre-treatments. The samples
retained in the swollen state, with IL (IL-PT-NW), were even more
accessible than the washed samples (IL-PT-W), indicating the
benefits of retaining the IL in the cellulose towards oxidation.

The carboxylate contents are also represented by the degrees of
oxidation (%po), the percentage of C6 converted to carboxylate, to
better understand how effective the oxidations are (Table 4).
While the %po for the IL pre-treated samples was clearly increased
compared to those of the untreated pulps, they are still quite far
from the theoretical maximum %po (a carboxylate content of 4.67
mmol/g for pure cellulose conversion to the sodium
polyglucuronate). However, some studies of regenerated cellulose
samples (cellulose IT) have shown even higher carboxylate contents.
The carboxylate contents are somewhat lower (0.87—2.69 mmol/g
in the present study vs. 3.7—4.0 mmol/g in Hirota et al.).65b

The non-dissolving IL pre-treatment showed an increase in reactivity in
both non-aqueous (organic swelling) acetylation and the aqueous nitroxyl
radical-catalysed oxidation of cellulose studied model reactions. This
proved the enhancement of reactivity caused by removal of the
crystallinity after IL pre-treatment.
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4.3. Cellulosic sample analyses by liquid state NMR

The poor solubility of cellulosic materials in common molecular solvents
makes the analysis of polymers where dissolution is a requirement
challenging, such as the NMR liquid-state technique. Usually, low-
resolution solid-state techniques (e.g. solid-state NMR95) or indirect
methods for the characterisation of biopolymers are used. However, the
resolution of the above-mentioned commonly used techniques is limited
and compromises the accurate characterisation of different chemical
species. Recently, solution-state NMR techniques have been applied for
the characterisation of cellulose and reaction products in the
[P4444][OAc]:DMSO-ds (20:80 wt%) electrolyte26 as an NMR solvent.

In this thesis, *H, :3C and diffusion-edited *H NMR have been applied in
the investigation of the H/D exchange kinetics of IMILs towards
understanding the reaction mechanism (publication I) and in the DS
determination of acetylated cellulose products (publication IT) as shown
in Sections 4.1 and 4.2.2.1, respectively. Additionally, 2D NMR
spectroscopy techniques for cellulose analyses are also shown in
publication IT & III.

4.3.1. Regioselectivity studies in acetylation reactions

As previously mentioned in Section 4.2.1, the removal of
crystallinity also moderates the relative reactivity of hydroxyl units
throughout the sample, as certain restrictions caused by
crystallinity are removed during the pre-treatment with
[P4444][OAc]. To assess this, the regioselectivity of the reaction
under heterogeneous conditions was studied by multiplicity-edited
HSQC spectroscopic analyses (Figure 20). Two examples of Table
2, one low DS (Enocell raw material in acetic anhydride (Enocell-
raw-AA)) and one high DS (Enocell IL pre-treated pulp after
removal of IL in acetic anhydride (Enocell-IL-PT-W- AA)) were
chosen for this study.
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Figure 20. Multiplicity-edited "H-"*C HSQC spectra of acetylated Enocell samples: a)
low DS sample (Enocell-raw-AA) in [P4444][OAc]:DMSO-ds electrolyte, and b) high DS
sample (Enocell-IL-PT-W-AA), in DMSO-ds, at 65°C. Correlation assignment
numbers represent the positions in either cellulose (blue) or xylan (red). The numbers
in parentheses show which hydroxyls in that spin-system are acetylated for that
resonance, with ‘X’ representing uncertainty as to whether additional hydroxyls are
acetylated or not. Assignments are aided by, and consistent with, Kono et al.%

The low DS sample (DS 0.32, Figure 20a, Table 2) shows
characteristic correlations for unmodified cellulose, with no
acetylated correlations visible, except for close to the baseline noise
(Ac-gem-6 is clearly visible). However, analysis of the diffusion-
edited 'H spectra plainly show acetylated H2, *H3 and gem-'H6
positions on cellulose (Figure 21).
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Figure 21. Diffusion-edited 'H spectra of low DS sample (Enocell-raw-AA), high DS
sample (Enocell-IL-PT-W-AA) and commercial sample (DS = 2.4) for comparison.
Full spectrum (top), H2-H6 region (bottom).

This is a strong indication of cellulose triacetate (CTA) formation,
as expected from acid-catalysed acetylation with AA.97 A small
proportion of correlations corresponding to xylan are quite clear.
This is not unexpected as Enocell B-H-PHK-P contains ~5% xylan.
The higher DS sample (DS 1.90, Figure 20b, Table 2) clearly
shows correlations for acetylated hydroxyls. Most of the gem-6
positions are acetylated. In the 2,3-OAc region, most of the
acetylated 2 and 3 CH resonance pairs are of the form where 2 & 3
hydroxyls are both acetylated at the same time.

For the high DS sample (Enocell-IL-PT-W-AA), additional
resonances are also present, which may correspond to alternately
non-acetylated-acetylated 2 or 3 positions, in cellulose or xylan.
Other correlations also remain, corresponding to completely
unacetylated cellulose. The visible 4 and 5 CH correlations seem to
be split into at least two separate regions each. This splitting is also
apparent for the acetylated gem-6 CH resonances. By combining
the cellulose acetate assignments published by Kono et al.96and 2D
HSQC-TOCSY spectroscopy, it was possible to trace the separate
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spin-systems to CTA and cellulose monoacetate (CMA), where only
C6-OH is acetylated (Figure 22). Additional spin-systems were
not abundant enough to be identified using this experiment.
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Figure 22. HSQC-TOCSY (short-range, 15 ms mixing time) for Enocell-IL-PT-W-AA:
full spectrum (top), CH2-CH6 (bottom). The HSQC spectrum is overlaid.

Therefore, the enhancement of reactivity in the heterogeneous
system after IL pre-treatment seems to offer a little more ‘control’
over regioselectivity, leading to increased monoacetylation at C6-
OH. However, the main acetylation product is CTA, consistent with
heterogeneous acetylation.

The [P4444][OAc] cellulose pre-treatment is not only shown to be beneficial
for the enhancement of cellulose reactivity, but also provides direct insight
into the outcome of a chemical process in cellulosic materials.
Furthermore, the [P4444][OAc]:ds-DMSO (20:80 wt.%) electrolyte is a
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suitable system for cellulose NMR analyses, since its NMR signals do not
overlap with the cellulosic NMR signals. However, the mentioned NMR
solvent system is still presenting certain limitations: 1) the need for a polar
co-solvent for cellulose dissolution, 2) a non-fully deuterated system is not
yet possible, 3) the high cost and toxicity of ILs, and 4) solvent recovery.
Thus, further research is still needed to find an ‘ideal’ solvent system which
overcomes these four drawbacks.

4.3.2. Analyses of oxidised nanocelluloses

In publication III, characterisation of common cellulose
oxidation reaction products was investigated, by comparison with
the cellulosic material prior to reaction, utilising
[P4444][OAc]:DMSO-ds electrolyte by HSQC and HSQC-TOCSY.26
Low degree of polymerisation-cellulose nanocrystals (LDP-CNC),
isolated by super-critical water (sc-H20) extraction of
microcrystalline cellulose (MCC),98 were selected as substrates for
these studies. The spin-systems were assigned using a range of
common NMR methods and with the help of the monomeric
(glucose, gluconic acid and glucuronic acid) and dimeric model
compounds (cellobiose and cellobionic acid).

The full 2D NMR assignment for the dimers, polymeric units and
terminal units (Figure 23) were thoroughly studied.
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Figure 23. Representative structures, atom numerations and resonance assignments
for 'H and "*C NMR sets of: a) a-anomer of cellobiose; b) B-anomer of cellobiose; c)
LDP-CNC B-anomer of cellulose (DP~ 37); d) LDP-CNC o-anomer of cellulose (DPn
37); e) equilibrium between cellobionic acid (turquoise) and cellobionolactone
(purple); f) 4-AcNH-TEMPO oxidised LDP-CNCs. AGU and AGA stand for anhydrous
glucose unit and anhydroglucuronic acid unit, respectively.
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43.2.1. Low-DP CNCs

Low degree of polymerisation-cellulose nanocrystals (Low-
DP CNCs), isolated by super-critical water (sc-H20)
extraction of microcrystalline cellulose (MCC) were selected
as substrates for this study. Low-DP CNCs consist of chains
of B-(1,4)-linked glucopyranose units terminated by RE and
NRE groups (Figure 23c-d). These are true nanocrystals,
formed by the partial depolymerisation and recrystallisation
of MCC using sc-H20.98

The CH-1 region in the HSQC spectrum (Figure 24) was
characterised by four clear signals; the signal with the
highest intensity was assigned as the anhydroglucose unit
(AGU)-1 that belongs to the bulk polymeric CH-1 (81 = 4.40
ppm (d); 8¢ = 102.38 ppm), while the remaining signals
correspond to NRE-1, RE-a-1 and RE-B-1. This region is
characteristic of (hemi)acetals and such close grouping is
caused by the rigid conformation adopted by the sugar unit,
with the a-anomer showing a characteristic down-field shift
(to >4.5 ppm) in the 'H dimension and up-field shift in the
13C domain. Further detailed assignments are found in the
supplementary information of publication III.
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Figure 24. Multiplicity-edited 2D HSQC spectra of LDP-CNCs at 65°C in
[P2424][OAC]:DMSO-ds (5 wt %). Non-reducing end (NRE) resonances are
shown in green, reducing end resonances o and B (RE-o. and RE-B) are
shown in red and blue, respectively, and internal (middle chain) anhydrous
glucose unit resonances (AGU) are shown in black.
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4.3.2.2, Nitroxyl-radical oxidation of Low-DP CNCs

Nitroxyl-radical oxidation of the Low-DP CNCs (Figure
25a) was carried out in the NaClO/NaClO- system in the
presence of 4-acetamido-2,2,6,6-tetramethylpiperidine 1-
oxyl (4-AcNH-TEMPO), under acidic conditions, according
to Hirota et al.sb This yielded 4-AcNH-TEMPO-oxidised
LDP-CNCs (TOx-LDPCNCs). The prepared sodium
polyglucuronic acid salt form (AGA unit in Figure 23f) of
the TOx-LDP-CNCs was acidified to pH 1.0 and separated by
centrifugation with subsequent water washing and freeze-
drying. Pinnick oxidation of the reducing ends of LDP-CNCs
(Figure 25b) was carried out under acidic conditions in the
presence of one weight equivalent of NaClO., to yield Pinnick
oxidised LDP-CNCs (POx-LDP-CNCs).

Nitroxyl-radical oxidation

OH OH

E)
OH | yo—% 073 2y 1 3 2oH

Pinnick oxidati
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Figure 25. Oxidation of cellulose under a) acidic nitroxyl-radical (e.g. TEMPO or
AcNH-TEMPO) or b) Pinnick (NaClO2) oxidation conditions.

Pinnick oxidation at the reducing ends of CNCs is commonly
used as the first step in reducing end functionalization,
typically via amide formation leading to nanostructures with
self-assembly potential.99

The insoluble fraction expectedly consisted of minimally
oxidised cellulose, whereas the soluble TOx-LDP-CNC
fraction had clearly identifiable correlations in the HSQC,
not corresponding to polymeric glucose resonances (Figure
26). HSQC-TOCSY and HMBC spectral data for AGA
resonances assignments are found in supplementary
information of publication III.
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Figure 26. Multiplicity-edited 2D HSQC spectra of TOx-LDP-CNCs at 65°C
in  [P1424][OAC]:DMSO-ds (5 wt %). Non-reducing end (NRE) of
cellooligomeric resonances and anhydroglucopyranosiduronic acid (AGA)
unit resonances are marked in green and brown, respectively. The internal
(middle chain) non-oxidised anhydroglucose unit resonances (AGU) are
shown in black.

The RE and NRE peaks corresponding to glucose terminated
chains were also assignable. One might assume that the NRE
C6-OHs should be more accessible to oxidation than any
other C6-OH. However, they were clearly present with the
NRE more abundant than the RE signals, requiring scaling
of the spectra close to the background to visualise the RE
signals (Figure 26-inset).

4.3.2.3. Overview of oxidised nanocelluloses
analyses

The chemical shifts of polymeric units in cellulose (Figure
23, p. 51), including NRE and RE units, were unambiguously
assigned  using  solution-state = NMR  in  the
[P4444][OAc]:DMSO-ds electrolyte. The main monomeric
units in Low-DP CNCs and 4-AcNH-TEMPO oxidised Low-
DP CNCs (polyglucuronic acid) were also assigned (Figures
24 & 26, p. 52 & 54), as were the terminal units for the non-
oxidised and oxidised materials. The latter led to the
identification of the terminal open-chain gluconate moiety
after both the acidic 4-AcNH-TEMPO protocol and Pinnick
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oxidation conditions were used. However, in both instances,
RE groups remained in the oxidised products, indicating a
further need for optimisation of this reaction for different
substrates or the more defined structural characterisation of
substrates for surface oxidation sites, which may undergo p-
elimination, yielding new reducing ends.

NMR analysis in the electrolyte medium seems to be a useful
probe of the stability of these compounds, in addition to
providing the necessary chemical species resolution that
other techniques cannot. This is a direct method to follow the
progress of oxidation reactions. Nitroxyl-radical-type
oxidations (to 6 position carboxylates), under mild acidic
conditions, were quite robust in terms of the resulting
product stability in the electrolyte and under aqueous
alkaline conditions. Thus, avoiding aldehyde formation
under alkaline oxidation conditions was clearly important
for improving the quality of the oxidised products, by
preventing losses and molecular weight reduction due to the
fragmentation of surface chains.

Additionally, in publication III, quantitative CPMG
adjusted HSQCwo (Q-CAHSQC, Figure 27) was
investigated towards the quantitation of the oxidised
products from the low molecular weight LDP-CNC and Tox-
LDP-CNC samples, resulting in a suitable experiment to
yield quantitative data from HSQC, without the need for
calibration against internal standards. Overall, the CH1
signals for the low molecular weight samples were easily
separable with 512 f1 increments (td1), due to their slower T-
relaxation (Figure 27a-b). With the higher molecular
weight MCC, separation of the CH1 resonances was
improved with the higher number of increments (Figure
27¢c-d). There was sufficient separation of the RE-1 and
AGU-1signals, so that f1 resolution could be lowered further
(to allow for increased collection times), whereas the poor
S/N is still an issue for the RE-1 signal in both spectra
(Figure 27c¢-d). This situation was improved somewhat
with the use of the cryoprobe-head, where S/N is
approximately doubled. However, if the quantitation of DS
values is all that is required, lower resolutions are acceptable
to reduce collection times. If resolution eventually becomes
an issue in the quantitation of the DS of some substituent,
for higher molecular weight samples, then ball milling will
likely have to be applied to reduce molecular weights,o1
preventing disproportionate T- losses.
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Figure 27. 2D Q-CAHSQC (quantitative HSQC) 3D projections of the CH1
region for a) LDP-CNCs, b) TOx-LDP-CNCs, ¢) MCC (ns=8, td1=640) with a
room temperature probe-head, d) MCC (ns=8, td1=640) with a cryoprobe-
head, e) MCC (ns=40, td1=128) with a room temperature probe-head, and
f) MCC (ns=40, td1=128) with a cryoprobe-head. F1 is the "*C dimension
and F2 is the 'H dimension. No forward linear prediction was used to improve
resolution.

Despite this technique still not being suitable for the
accurate determination of DPx for higher molecular weight
and low polydispersity samples, accurate DS and
regioselectivity determination will be possible for certain
chemical modifications, even at reducing ends in lower
molecular weight samples, such as model CNCs. However, it
should be stressed that this solvent system and processing
strategy are not only applicable to nanocelluloses but offer
the chance to significantly improve the opportunities for the
quantitative analysis of whole biomass samples, which
contain a significant crystalline cellulose phase composition.

Therefore, all of these results illustrated the potential of this
method for cellulose analyses. Furthermore, currently
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undergoing research might produce novel electrolyte
systems in the short-term, similar to the
[P4444][OAc]:DMSO-ds for NMR analyses of celluloses.
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4.4. Reactivity of ILs — Their non-innocent nature

ILs have gained much attraction in biomass processing due to their ability
to dissolve cellulose.23 31 49 A desirable cellulose solvent needs to be
chemically inert, where the cellulose could be easily regenerated for
example by the addition of a non-solvent, like water. However, certain ILs
have been considered not suitable for biomass processing due to their non-
innocent nature, behaving as RILs with cellulose.24 Most of these ILs
belong to the IMIL family, which opened up a different perspective of the
C-2 chemistry of these ILs (Section 4.4.1). Thus, different options such as
phosphonium ionic liquids262  or SBILs, like 1,1,3,3-
tetramethylguanidinium acetate ([TMG][OAc]),39 among others38cd have
been chosen for cellulose dissolution and processing. However, in
publication IV, this non-innocent nature was also found in [TMG][OAc],
which seems to be a mild acylation reagent not only in cellulose
modification (Section 4.4.2).

The finding of the reactive character of [TMG][OAc] encouraged me to
continue these studies towards the design of reactive ILs with a dual
character, such as cellulose solvents and simultaneous mild acylation
reagents to obtain cellulose derivatives (Section 4.4.3).

4.4.1. C2 Chemistry of IMILs

There are numerous reported investigations on the liability and
acidity of the proton at the C2 position of the imidazolium ring in
IMILs and its implication in carbene chemistry.102 However, the
findings on the relatively slow H/D conversion rates (see Section
4.1) make us consider a complementary alternative for the C2
chemistry of IMILs under neutral (D-O) or acidic conditions (DCI).
While the H/D exchange in neutral conditions has been previously
reported, none of these reports provided a solid mechanistic insight
into the reactivity.103

In publication I, the computational studies give solid support to
the experimental observations on the H/D exchange at C2 under
neutral and acidic conditions. Thus, the deuterium conversion is
demonstrated to undergo via concerted ‘carbene-free’ mechanisms,
as shown in Figure 28, which complement the initially proposed
mechanistic scenario.o4 The transition-state geometry is shown,
where a concerted proton exchange occurs, mediated by H-bound
water molecules.
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Figure 28. Reported mechanism under basic conditions, alternative mechanism
proposed under neutral and acidic conditions in publication | and geometry of the
optimised transition state 6, modelled as proton exchange. Dotted lines in 6, denote
bonds which are broken and formed simultaneously. H-bond distances are shown in

A

The proposed mechanism is proved by the kinetics studies on the
H/D conversion (section 4.1), where the obtained Arrhenius
parameters, according to equation 5 [Eq.(5)], allowed for the
experimental activation energy (Ea.) determination (Figure 29),
which gave very close results to the calculated Ea (31.1 and 31.3
kcal/mol, respectively).

K = Ae~Ea/RT (5)
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Figure 29. Initial 1st order kinetics, as a function of temperature for C2-H deuteration,
in excess of D20, leading to an Arrhenius plot (inset).

Activation energies from computational and experimental results
are of the same magnitude, which gives very strong support for the
suggested alternative mechanism. Furthermore, these findings
agree with the computational observations by Gehrke and
Hollbczki.l3] In addition, no experimental evidence has yet been
produced which has clearly identified free carbene in ionic liquid
solutions.

IMILs were demonstrated to be reactive, not only under strong or
mild basic conditions, but also under neutral or acidic conditions.
Thus, their use in biomass processing or as electrolyte systems for
cellulose NMR analyses would not be recommended.

4.4.2. [TMG][OAc]; a mild acylation reagent

In previous literature, the use of dimethyl sulphoxide (DMSO) as a
co-solvent was reported with 1,8-diazabicyclo[5.4.0]Jundec-7-ene
(DBU) for cellulose chemical modification.los DMSO helps to
reduce the viscosity and allows proper mixing. However, dimethyl
sulphoxide has a very high boiling point and its removal from the
final cellulosic product is challenging. Thus, in publication IV the
utilisation of [TMG][OAc] as a cellulose solvent was aimed for
replacement of the DMSO:DBU solvent system. These studies were
performed in the absence of co-solvent and utilising gamma-
valerolactone (GVL, a more environmentally friendly alternative
than DMSO) as a co-solvent alternative, as shown in Figure 3o0.
Parallel experiments with and without CO. were also investigated
(Table 5).
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Table 5. Studies on the activation of the biopolymer and the effect of CO..
Comparison of DBU:DMSO solvent system’% (experiment 1) and experiments
utilising [TMG][OAc] as replacement. All the experiments were run with succinic
anhydride as esterifying reagent and birch as pulp source at 107°C for 1 hour.

Experiments Reaction conditions Yield (%)
Superbase L Co-solvent CO; pressure (bar)
1 DBUE! None DMSO 5 86
2 None 5 86
: None [TMGI[OAC] vt : -
5 GVL 0 88

el1,8-diazabicyclo[5.4.0]Jundec-7-ene.

The replacement of DBU:DMSO solvent system by [TMG][OAc] led
to similar results, as shown in Table 5. These results showed that
CO: does not really play a role when utilising [TMG][OAc] as a
solvent. This is not totally unexpected, since CO- forms an adduct
with the superbase (DBU), but not with the ionic liquid
([TMG][OACc]). The use of GVL as a co-solvent slightly increased the
reaction yield and helped to reduce the viscosity, ensuring a proper
mixing,.

Interestingly, additional NMR signals (2.043 and 2.796 ppm) to the
typical succinylated cellulose (2.29-2.62 ppm) were found in
diffusion-edited *H NMR (Figure 31) of the reaction products. The
signal at 2.043 ppm corresponds to acetylated cellulose —CH3 and
the signal at 2.796 ppm corresponds to the TMG moiety linked to
the cellulose chain.
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Figure 31. Comparison of diffusion-edited '"H NMR spectra of experiments 1-5 in
Table 5 and 'H NMR spectrum of [TMG][OAc].

The initial observation of the NMR signals at 2.043 and 2.796 ppm
suggests that [TMG][OAc] may act as a mild acetylation reagent for
cellulose. To demonstrate this, an experiment was run with only
[TMG][OAc] and enocell pulp at 107°C for 1 hour. The cellulosic
material after the work-up procedure was not fully soluble in
DMSO-ds indicating low DS, thus the sample was solubilised in the
[P4444][OAc]:DMSO-ds (20:80 wt%) electrolyte.2¢ Diffusion-edited
'H NMR and 3C NMR qualitatively analyses proved the acetylation
of cellulose by [TMG][OAc] (Figure 32).

The acetylation of cellulose using acetate ionic liquids, such as
[bmim][OAc], is known in the chemical literature,24 but this
reactivity was somewhat unexpected for [TMG][OAc], whose use as
a cellulose solvent has been previously reported.39
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Figure 32. Acetylated Enocell in melted [TMG][OAc] after work-up procedure. a)
Diffusion-edited "H NMR. b) '*C NMR spectra of acetylated Enocell.

The current findings of the unexpected reactivity of [TMG][OAc]
encouraged me to continue the investigation towards benzyl alcohol
as a model primary alcohol. As expected, the treatment of benzyl
alcohol with [TMG][OAc] resulted in the formation of benzyl
acetate, which confirms the reactive nature of this IL (Figure 33).
The detailed synthesis of the IL, reaction set up, work up and the
purification procedure are found in publication IV.
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Figure 33. 'H NMR spectra of the reaction products and starting materials. a) 'H
NMR spectrum of the reaction product after work up and purification procedures.
Benzyl acetate is identified as major product. b) Comparison of '"H NMR spectral data
of the obtained fractions during the purification procedure and utilised starting
materials: benzyl acetate (blue), unknown by-product (red), benzyl alcohol (green)
and [TMG][OAc] ( )-

4.4.3. Design and synthesis of RILs and their application

The continuation of this work towards the design and synthesis of
novel task specific ionic liquids (TSILs, publication IV) was
inspired by the unexpected reactivity of [TMG][OAc] and the
interesting research into the formation of strong succinic
anhydride-modified cellulose nanofibres by Sehaqui et al.1°¢ and
the proposed TMG-promoted ring-opening polymerisation
initiation mechanism II by Chan and co-workers.107

Publication IV focuses on the design and synthesis of an ionic
liquid with a succinate functional group. This investigation aimed
at cellulose dissolution or succinylation by its reactivity with the
above-mentioned ionic liquid. Succinic anhydride and TMG were
selected as precursors for the synthesis of ionic liquids, which
consisted of the succinic anhydride ring opening by the nucleophilic
attack of the lone pair of electrons in the nitrogen atom of TMG, in
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a similar manner as in the TMG-promoted ring opening
polymerisation of N-carboxyanhydride.17 The obtained product is
a new ionic liquid, so-called ‘TMG2SA’, due to the stoichiometry of
the synthetic approach, as shown in Figure 34. Two molar
equivalents of superbase were needed to stabilise the carboxylate
formed by the ring opening of succinic anhydride, avoiding further
crosslinking. In other words, the second molar equivalent of super
base acts as an acid scavenger. Detailed procedures are found in
publication IV.

Figure 34. Synthesis of the new ionic liquid ‘TMG2SA'.

According to the above-mentioned aim of the investigation, the
studies continued towards ‘TMG.SA’ utilisation in cellulose
dissolution and reactivity. The first attempt to dissolve cellulose in
neat melted TMG.SA’ failed due to the high viscosity of the
solution. Thus, experiments with the TMG.SA’:DMSO (20:80
wt.%) electrolyte were evaluated. The fibrillation of cellulose
eventually yielded nanocellulose-type materials with one low-
demanding energy step in the absence of acids or other mechanical
treatments than simple mechanical stirring (Figure 35). Detailed
experimental descriptions are found in publication IV.
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Figure 35. Evidences of pulp fibrillation by OM (a-f) and SEM (g-i) images. Enocell
pulp soaked into the ‘TMG2SA":DMSO (80:20 wt%) electrolyte. OM images were
taken directly from the crude reaction mixture, whereas SEM images were taken after
the work up in distilled water. a) Swelling by ballooning. Sample standing at room
temperature over the weekend without stirring. b-c) Helical unwinding and small
needle-like particles. d-f) All of the balloons burst, but secondary cell walls still present
together with very small particles. Winding of the secondary cell walls is highlighted
with red arrows in image d. g-i) SEM images showing both fibrillar-like structure and
nano-sized particles.

It is shown in Figure 35 that pulp soaked into the
‘TMG2SA’:DMSO (20:80 wt.%) electrolyte leads to fibrillation
under gentle mechanical stirring. The fibrillation was observed to
start at room temperature by swelling (ballooning, Figure 35a),
and slowly progressed to helical unwinding, reducing the size of the
fibres to small needle-like particles (Figures 35b-c). Fibrillation
occurred more rapidly at 65°C, yielding nano-sized particles
(Figures 35d-i). The same results were also observed with birch
pulp and MCC. The nano-sized particles were recovered in a high
yield (Table 6). The yields were calculated according to [Eq.(5)],
where Wrn stands for the dry weight of the recovered
nanocellulose-type material and Wic stands for the dry weight of
the loaded cellulose.

Yield (%) = (Wgn/Wyc) - 100 5)

78



Table 6. Recovery of nanocellulose-type materials after work-up procedure.

Pulp Loaded pulp (g) Recovered nanocellulose- | Yield (%)
type material (g)
Enocell 0.177 0.166 94
MCC 0.169 0.152 90
Birch 0.172 0.151 88

The diffusion-edited *H NMR of enocell after work-up procedure
suggests that the IL reacted with the cellulose chain (Figure 36a),
which is also visible in the multiplicity-edited *H-13C HSQC NMR,
showing the esterification of cellulose at C6, C3 and C2 (Figure
36b).
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Figure 36. NMR data of Enocell pulp in IL electrolyte after the work-up procedure. a)
Diffusion-edited 'H spectrum. b) Multiplicity-edited 'H-'*C HSQC spectrum.
Correlation assignment numbers represent the positions in cellulose. The numbers
in parentheses show which hydroxyls are esterified for that resonance, with ‘X’
representing uncertainty around whether additional hydroxyls are esterified or not.
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B-cyclodextrin was selected as an additional model compound to
demonstrate the reactive character of “TMG2SA’ IL. B-cyclodextrin
was chosen due to its simpler NMR spectrum, making the NMR
analyses less tedious. These experiments resulted in the
esterification of B-cyclodextrin at C2 (4.45 ppm) and C3 (5.14 ppm),
but not at C-6 (Figure 37). The inert nature of hydroxyl groups at
C6 is possibly caused by their orientation toward the narrower
opening of the B-cyclodextrin conical cylinder shape.108
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Figure 37. 'H-'3C HSQC of O-cyclodextrin. a) Starting material. b) Esterified -
cyclodextrin in IL electrolyte after work-up procedure.

The observed results confirm the success of the investigation,
addressing the desired reactivity of the designed novel IL
(“TMG-2SA’) towards cellulose chemical modification. The relatively
easy fibrillation of cellulose without involving acids or expensive
mechanical treatments might be explained due to the repulsion of
negative charges at the succinic anhydride-modified fibril surfaces,
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leading to the ‘easy’ isolation of nanofibres.1°¢ Similar
nanofibrillation phenomena by succinic anhydride have been
recently published by Kim and co-workers.1©9 In addition, DMSO
seems to be a suitable solvent for nanocrystal growth according to
the recent work by Meng et al.t10

Overall, ‘TMG2SA’ might offer some possibility as a specific ionic
liquid for the esterification of cellulose towards the production of
nanocellulose-type materials. Due to its reactive character,
‘TMG2SA’ is considered a reactive ionic liquid (RIL). This
investigation opened up a broad window to future possibilities
combining  different  superbases (TMG, 1, 5, 7-
triazabicyclo[4.4.0]dec-5-ene (TBD), TBD derivatives, etc.) and
other anhydrides.

4.4.4. Can there be benefits from the non-innocent nature of
ILs?

In general, the reactivity of ionic liquids is undesirable, especially
when utilising the IL for dissolution purposes or as a reaction
media. This is the case for some IMILs, such as [bmim][OAc]24 or
[TMG][OAc], as recently demonstrated in this work. Nevertheless,
‘reverse’ scientific learning could be adopted from those ‘undesired’
or ‘unexpected’ reactions towards the design and synthesis of future
reactive ionic liquids (RILs) with a specific application. In this
thesis, ‘TMG2SA’ is a good example, leading to the high yield
production of nanocellulose-type materials by a different approach
than previously reported.

There are endless possibilities to produce ILs combining different
acids and bases. Thus, the future discovery of novel systems with
similar synthetic approaches for cellulose chemical modification is
just a matter of time and research.
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5. Conclusions

Overall, this thesis provides an understanding of the chemistry of different types
of ILs and their application in cellulose processing, as well as in the chemical
analysis of pulps. The ILs are applied either on their own or as electrolytes with
DMSO or GVL as co-solvents.

The results and discussion presented in this thesis show the successful approach
towards the mechanistic understanding of the C2 chemistry of IMILs under
neutral and acidic conditions, which completes the understanding of the
mechanistic scenario of the C2 chemistry of IMILs. This work highlights that the
quality of ILs is of great importance.

This work continued the focus on phosphonium ionic liquids, [P4444][OAc] more
specifically, mainly due to its better thermal stability. The activation of cellulose
chemical reactivity by [Ps444][OAc] non-dissolving pre-treatment is
demonstrated, where crystallinity removal is proven to be the driving force in the
enhancement of the chemical reactivity of the studied pulps. Additionally, the
electrolyte [P4444][OAc]:de-DMSO (20:80 wt.%) is demonstrated to be extremely
useful in both the regioselectivity studies of acetylation reactions and the oxidised
nanocellulose NMR analyses. This work showed quantitative HSQC as a suitable
method for the quantification of the oxidised products from the low molecular
weight LDP-CNC and Tox-LDP-CNC samples, demonstrating the potential of this
method for cellulose analyses.

On the other hand, the side reactions of IMILs together with the findings of the
unexpected reactivity of [TMG][OAc] motivated the author to investigate the
design and synthesis of a new, task-specific ionic liquid, ‘TMG2SA’. This novel IL
has been shown to be capable of cellulose chemical modification and cellulose
fibrillation in an innovative approach. The work performed highlights the
potential application of this new type of IL in cellulose chemical modification, the
so-called RILs.

The huge range of plausible combinations of cations and anions to form ionic
liquid-like compounds opens a very broad range of future plausible candidates
for biomass processing. This huge potential of combinations together with deeper
understanding in biomass topics such as cellulose dissolution or delignification
mechanisms, could bring very interesting future perspectives on the research
field. Additionally, more detailed data in the toxicity and recyclability, as well as,
reasonable feasibility (e.g., production cost) of new ionic liquids species currently
utilized in biomass processing are needed for ILs potential expansion at industrial
level in certain areas, such as production of textiles fibers from wood.
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