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ABSTRACT

Lignin is a highly branched phenolic polymer and one of the main constituents of
wood. Millions of tons of lignin arise as by-product in paper industry, but only a
very small fraction is isolated and used in value-added applications.

In this thesis lignin based thin films were explored to serve as photoactive layers.
Such layers are frequently employed in photoresists, materials that change their
solubility upon illumination. The first part of the thesis comprises the
characterization of the lignins (from Sigma Aldrich and Zellstoff Pols AG) in terms
of gel permeation chromatography (molecular weight), nuclear magnetic
resonance spectroscopy (functional groups and degree of substitution) and
attenuated total reflection infrared spectroscopy (functional groups). Additionally
lignin derivatives (trimethylsilylated and acetylated lignin) were prepared by
reaction of the lignins with hexamethyldisilazane and acetic anhydride,
respectively, and thoroughly characterized by NMR and ATR-IR spectroscopy.

The second part of the thesis was related to manufacturing of lignin based thin
films with tunable properties. After thorough characterization of the films
(profilometry, atomic force microscopy, wettability...), their response to UV
irradiation was studied in the last part of the thesis. The neat lignins and lignin
acetates did not feature sufficient photoactivity. The silylated lignins in turn
showed convenient photoactivity in the presence of a photo acid generator.
These photo acid generators induce a desilylation reaction upon illumination
thereby creating a solubility difference. By employing a photo mask upon
illumination, and subsequent development with chloroform, lignin based
patterns were obtained.

This thesis provids valuable insights in the solid state conversion of lignin thin
films and can be considered the first step for introducing lignin into the field of
photoresists.



KURZFASSUNG

Lignin ist ein stark verzweigtes, phenolisches Polymer und einer der
Hauptbestandteile von Holz. Millionen von Tonnen an Lignin fallen als
Nebenprodukt in der Papierindustrie an, wobei nur ein Bruchteil dessen isoliert
und in wertschdpfenden Prozessen verwendet wird.

In dieser Arbeit wurden Lignin basierte Dunnschichtfilme untersucht und deren
Performance als photoaktive Schicht Uberpruft. Derartige Schichten werden
haufig in Photoresistoren, Materialien, welche ihre Ld&slichkeit unter UV-
Bestrahlung andern, eingesetzt. Der erste Teil dieser Arbeit beschaftigt sich mit
der Charakterisierung der Ligninen (von Sigma Aldrich und Zellstoff Pdls AG)
unter der Verwendung von Gel Permeations Chromatographie (Molargewicht),
Kernspinresonanzspektroskopie (funtionelle Gruppen und Substitutionsgrad)
und Abgeschwachter Totalreflexions Infrarot Spektroskopie (funktionelle
Gruppen). Zudem wurden Ligninderivate (trimethylsilyliertes und acetyliertes
Lignin) durch Umsatz mit Hexamethyldisilazane beziehungsweise Acetanhydrid
hergestellt und ebenfalls mittels NMR und ATR-IR Spektroskopie grundlich
charakterisiert.

Der zweite Teil der Arbeit bezieht sich auf die Herstellung von ligninbasierten
DUnnschichtfilmen. Nach umfassender Charakterisierung mittels Profilometrie,
Raster Kraft Mikroskopie und Kontaktwinkelbestimmung wurde die Reaktion der
Filme auf UV-Bestrahlung untersucht. Die reinen Lignin- und Ligninacetatfilme
wiesen nicht gentigend Photoaktivitat auf. Die silylierten Ligninfilme hingegen
zeigten eine ausreichende Photoaktivitdt unter Anwesenheit eines
Photosauregenerators, welcher unter Bestrahlung eine Desylilierungsreaktion
induziert und so einen Loslichkeitsunterschied hervorrufen kann. Unter
Verwendung einer Photomaske wahrend der Belichtung und nachfolgender
Entwicklung mittels Chloroform wurden ligninbasierte Muster erhalten.

Diese  Arbeit bietet Einblicke in die Festkérperumwandlung von
LignindUnnschichtfilmen und bildet den ersten Schritt fur die EinfUhrung von
Lignin in Bereich der Photolithographie.
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1. Introduction

1.1. Lignin

Lignin - from the Latin word “lignum” meaning “wood” - is the second most
abundant biopolymer after cellulose. As one of the main components of wood, it
is the main renewable source of aromatic units and a versatile material with a
rich chemical structure (Figure 1) [1].
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Figure 1: Structural model of lignin by Adler [2].



1.1.1. Structure and Natural Sources

Besides cellulose, hemicelluloses and pectin, lignin is an important component in
vascular plants that helps to maintain the integrity of the matrix. It binds
individual plant cells as well as carbohydrate polymers together, conferring
mechanical strength to the cell wall, protecting plants against microbial attacks
and supporting the internal transport of nutrients and water [1,3-5]. Lignin is
mainly found in the secondary wall (S1, S2), a part of the cell wall, and the middle
lamella (ML), which binds plant cells together (Figure 2). Even though the relative
amount of lignin in the ML is higher than in all other parts of the plant, the
secondary wall contains the major proportion, due to its higher thickness [1].

Figure 2: Model of the cell wall structure of wood fibres. ML= middle lamella, P = primary wall, S1
and S2 = secondary wall 1 and 2; T = tertiary wall, W = wart layer [6].

Wood consists of about 15 - 36 % of lignin, strongly depending on the plant
species. While hardwoods (e.g. birch) are composed of 40 % cellulose,
35 % hemicelluloses and 20 % lignin, softwoods have a higher lignin content,
about 30 % of the total mass [4,7].

Lignin is a complex biopolymer with no defined monomeric repetition unit. Itis a
physically and chemically heterogeneous material consisting of three main
building blocks, called monolignols. A large variety of inter-unit cross linkages
lead to different combinations between the building [1,8]. Monolignols are
phenylpropane derivatives synthesized from phenylalanine through a multistep
process involving various enzymes [7]. The resulting aromatic building blocks of
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lignin differ only in the phenyl functionalization, the most abundant being
coniferyl alcohol, sinapyl alcohol and p-coumaryl alcohol (Figure 3). Lignin is
formed by a random cross-linked polymerization of these phenolic monomers.
This process is called lignification and proceeds via a free radical mechanism
initiated by cell wall-bound peroxidises or laccases [1,4,7]. The phenolic moieties
found in the lignin macromolecules, derived from the monolignols, are then
called guaiacyl (G), sinapyl (S) and p-hydroxyphenyl (H) (Figure 3).

OH OH OH
MeO MeO OMe
OH OH OH
p-coumaryl alcohol coniferyl alcohol sinapyl alcohol
y \ \
NV VYoV VaVaVaVaVaVaVa
/ MeO MeO / OMe
OH OH OH
p-hydroxyphenyl (H) guaiacyl (G) sinapyl (S)

Figure 3: Chemical structure of the most abundant monolignols, coniferyl, sinapyl and p-
coumaryl alcohol, and their aromatic residues in the polymer, guaiacyl (G), sinapyl (S) and p-
hydroxyphenyl (H) [2,9].

Lignocellulosic material of different botanical origin does not only differ in the
proportion of lignin, but also in its composition and cross linking. While
hardwood lignins are mainly built from sinapyl and coniferyl alcohols, lignin from
softwood mainly contains guaiacyl moieties and herbaceous plants and grasses
contain all three basic units (type-H-G-S) [1,10]. In addition to these main
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constituents some other phenylpropane derivatives (e.g. arylglycerols,
secoisolariciresinol, coniferyl acetate or ferulic acid [1]) are present, but at much
lower quantity.

Due to its diverse composition and functional groups, various linkages can be
formed in lignin, contributing to the complexity of this biomacromolecule.
Monolignols can form C-C and C-O intermonomeric bonds (Figure 4). Aryl ether
linkages are the most common linkages with 60 % in hardwoods and 45 - 50 % in
softwoods, as the phenoxy radical is stabilized during the radical bond formation
[1,11]. Other linkages formed between monomeric units are 5-5' (biphenyl and
dibenzodioxocin), B-5' (phenylcoumaran), B-1" (1,2-diaryl propane), a-O-4'
(phenylpropane a-aryl ether), 4-O-5' (diaryl ether) and B-B' (B-B-linked structures)
[1].
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Figure 4: C-C and C-O linkages between monolignols [2].

Lignin, however, does not only intramolecularly form bonds, but also with other
cell-wall polymers like polysaccharides and proteins [2]. This leads to the
formation of complex three-dimensional networks, the so-called lignin-
carbohydrate complex (LCC), with four main types of linkages: benzyl ether,
benzyl ester, phenyl glycoside and acetal [1,10]. The occurrence of such stable



intermacromolecular bonds creates significant problems for the structural
analysis and isolation of lignin from lignocellulosic material [1,10].

1.1.2. Technical Sources

Lignocellulosic material is the raw material used in the paper industry (Figure 5).
In a chemical (or physico-chemical) pulping process, lignin is removed in order to
obtain cellulosic fibers. As discussed before (1.1.1), lignin, cellulose and
hemicelluloses form a close network (lignin carbohydrate complex; LCC), which
makes the separation of these components difficult and requires relatively harsh
process conditions [1].

There is a significant number of pulping procedures implemented in industrial
scale but just as few different extraction methods, which are used to produce
commercially available lignins. There are two types depending on the pulping
procedure. The first type are sulfur-containing lignins, which are obtained in the
course of the Kraft and sulfite processes, which together account for more than
90 % of the chemical pulp production worldwide [10,12]. The second category
are the non-sulfur lignins, like soda lignin, organosolv lignin, steam-explosion

lignin and various others [1].

Figure 5: Wood chips before pulping.

Kraft lignin (KL): KL is produced in the sulfate cooking process, where wood is
treated with an aqueous solution of Na,S/NaOH at temperatures of 155-175°C
for several hours [2]. The resulting fluid (black liquor) is separated from the solid
cellulose, precipitated and neutralized with an acid solution. The dried KL is
hydrophobic, water insoluble, but soluble in strong alkali solutions and has a
lower molecular mass than the original lignin (1,500-25,000 g/mol [13])[2]. During
the process, many reactions take place, resulting in a highly modified lignin
regarding its size, condensed structures and substituents. Lignin-carbohydrate
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linkages and aryl ether bonds are cleaved, while reactions with hydroxyl and thiol
groups take place, introducing new functionalities. The hydroxyl groups present
at alkali conditions can cleave a-aryl ether linkages in phenolic units, forming a
quinine methide intermediate. In a further reaction hydrosulfide ions can form
thiiran intermediates upon elimination of the B-aryloxy group, and eventually a
double bond in a-position [14]. In addition, repolymerization occurs via the
reaction of internal carbanions with quinine methide (via Michael addition) [1].
Despite the high amounts of pulp produced in the Kraft process, only a minor
fraction of lignin is recovered for chemical uses [1].

Lignosulfonates (LS): LS are extracted after sulfite cooking, which is performed
at 140-170°C using an aqueous solution of sulfite or bisulfite salts of sodium,
ammonium, magnesium or calcium. The variation of the salt sets the pH value
for the process, resulting in different reactions and lignin composition [1,15]. In
general, lignin is sulfonated, degraded and solubilized during the sulfite cooking
[13]. Linkages in the LCC, as well as some [3-O-4' bonds are cleaved and phenolic
hydroxyl groups and carboxylic groups are formed. In addition, sulfur containing
groups are introduced as the aliphatic lignin chain is sulfonated in Cq-position via
the intermediate carbocation. The resulting LS are water soluble with both
hydrophobic and hydrophilic properties, have a relatively high molecular weight
(1000-150,000 g/mol [16]) with a high PDI and contain a high amount of ash
[1,13].

Organosolv lignin (OSL): OSL is extracted in the organosolv pulping process by
using organic solvents or solvent mixtures. Two of the more common
procedures are the Alcell® and the Organocell method. Alcell® operates at about
180°C using a mixture of water and ethanol, while in the Organocell method the wood
chips are pressurized at elevated temperatures (170°C, 13 bar) with methanol, ethanol,
alkali and anthraquinone as a catalyst [1]. The resulting OSL are hydrophobic, water in-
soluble, sulfur-free and have a high purity. OSL are only marginally modified, however,
they also have low molecular masses (500-5,000 g/mol [13]) and only represent the
fraction of the lignins in wood, which are soluble in the respective solvent [13].

There are various further processes for wood pulp production and lignin
extraction. Some of those lignins are: Milled wood lignin (MWL), cellulolytic



enzyme lignin (CEL), soda lignin (SL), ionic liquid lignin (ILL) or steam-
exploded lignin [1,2,13].

1.1.3. Utilization and Possible Applications

More than 70 million tons of lignin are produced per year worldwide, but only
less than 2 % are utilized in value-added applications. The majority is used to
generate energy [10,17]. A major part of the electric power of the plant can be
obtained thereby, with some plants even exporting electric energy from the
surplus obtained [1].

There are numerous potential applications for both, the natural polymer and
modified lignin. One of the fields, where lignin is already in use, is quite close to
the energy recovery in paper mills. Lignin is added to briquettes or pellets to act
as a binder and to improve the fuel properties due to its excellent heating value
(26.7 M)/kg) [11.

The binder properties of lignin, especially lignosulfonates, are used in several
applications. Lignin can be added to packing material, reinforcing the packaging
and creating a barrier on the sheets. As additive in pelletized animal feed, lignin
contributes to a balanced nutrition for the livestock. Further, it is used as a dust
repressor on unpaved roads and sport facilities [2,11].

Lignosulfonates are used as emulsion stabilizers in asphalt emulsions, pesticide
formulation and dyes, taking advantage of its amphiphilic properties. Lignin can
also act as a carrier for ionic nutrients or to remove pollutants such as heavy
metals [1].

Due to its highly aromatic character, lignin is known as a free-radical scavenger
[8,18]. Antioxidant, antiviral , and even antibiotic and anti carcinogenic activity
was reported in various publications [19,20].

Furthermore, lignin can be incorporated into polymers, mostly acting as a phenol
substituent, but also as a new, all renewable “bioplastic” (called Arboform) [21]. In
epoxy resins, lignin can be added as a adjunct cross linking agent in classic
epichlorohydrin reactions [2,17].



Lignin nanoparticles can be used as surface treatment in fabrics, utilizing their
UV-absorbing properties, or as a biodegradable nanocontainer, by generating
hollow capsules [1,22].

For many applications, especially in lignin-epoxy resins, the purity of the lignin is
a crucial requirement [17]. Not every lignin sources can be utilized for all
applications and varying compositions may lead to altered properties in the
materials, which is the main challenge in the incorporation of lignin in any type of
material.

Another field of lignin valorization is the production of high-value chemical
products. The unique and diverse composition of lignin makes it a promising
source for all kinds of aromatic compounds. By depolymerisation, the complex
lignin matrix can be broken down to replace chemicals usually obtained from
petrochemical industry [1,8]. Vanillin and dimethylsulfoxide (DMSO) are two
oxidized lignin products.

Vanillin is produced in a three-step procedure (Figure 6). Sodium vanillate is
obtained in an alkaline lignin oxidation step with a copper catalyst [23].
Subsequently, the low molecular compounds are separated via ultrafiltration and
are lead through a packed bed with an acid resin for the final conversion to
vanillin [2,24,25]. The Norwegian company Borregaard is the largest commercial
producer of vanillin from lignosulfonate since 1993 [2,24]. However, there is a
high pressure on the vanillin price and a constant struggle for economical

viability.
R R 0,
HO,5S HO SN Ox
Cu* cCcu*t
OH/H,0 N
OMe OMe OMe
OH OH OH

Figure 6: Reaction scheme of the production of vanillin from lignosulfonate.



Another chemical, namely DMSO, can be obtained from kraft pulping.
Dimethylsulfide (DMS) is the product of a demethylation reaction of lignin upon
treatment with molten sulfur in alkaline media (Figure 7). In the course of this
reaction, two methyl groups are transferred to the sulfur atom. The resulting
DMS is oxidized and converted to DMSO. This process, based on a renewable
raw material, avoids odorous by-products (as in the petrochemical pathway) and
processes the waste stream for the recovery of papermaking chemicals [1,2].

/CH3 @ @
0 NS o O N
HO\/& 9]
I\y O DMS
EOH molten sulfur OH , h.cSen
> 3 3
|/\ OH " NaoH OH
Lignin™ f Lignin oxidation
\CH3 O@ Na® o
/é\
HaC™ > CHs
DMSO

Figure 7: Reaction scheme of the production of DMSO from lignin [2].

By heating lignin to rather high temperatures, it can be utilized as active carbon
material or as syngas in gasification processes. Lignin derived syngas shows the
advantage of a sulfur-free and metal-free raw material and a reduced need of
purification relating thereto [1].

1.2. Lignin Thin Films

Thin films provide a good opportunity to study fundamental properties of lignin
in the solid state. The simplified systems help to investigate many
physicochemical phenomena and surface interactions [3,22,26]. Since the first
preparation of model thin films by Lee and Luner [27], several more advanced
film preparation methods were developed.



1.2.1. Coating Methods

All methods of thin film formation involve some kind of solvent evaporation. The
most basic and first of all applied methods for preparing a thin film is the solvent
evaporation of a drop of material solution on a substrate. Like the first thin films
Micic et al. used a drop of suspension [...] placed on the bottom of a Petri dish and
let it dry at room temperature [28].

In the Langmuir-Blodgett technique, very thin films are deposited from the water
surface by emersing (or immersing) a substrate from the solution. A solution of
e.g. polymer or nanoparticle solution is added onto the water surface. Via
evaporation (e.g. with chloroform) or mixing (e.g. with methanol/water solution)
a layer of pure polymer/nanoparticles is formed (Figure 8). Depending on the
volume of molecules added and the available space on the water surface, a
monolayer of molecules can be formed. By emersing a hydrophilic substrate
from the water and moving the barriers towards the substrate to maintain
constant surface pressure, a homogeneous film is deposited on the substrate
surface [29].

movable barrier movable barrier

— &

substrate

Figure 8: Langmuir-Blodgett technique for thin film formation [30].

Another method for thin film formation is the spin coating technique. After fixing

a substrate onto a rotating disk, a material solution is spread on the smooth

substrate surface and the substrate is rotated at a certain speed to spread the

solution, remove redundant fluid and evaporate the solvent [31]. After the spin
10



coating cycle all of the solvent should be evaporated and a continuous film is left
on the substrate surface (Figure 9). There are many parameters influencing the
film properties, most important; the concentration and viscosity of the solution,
solvent volatility, spreading and wetting properties, acceleration, rotation speed,
spin time and the properties of the polymer itself (complete solubility,
dispersion, formation of aggregates) [31,32].

| — ﬂv-‘ﬂ e - ——

> >

Figure 9: Scheme of the spin coating process.

Spin coating was the technique used in the following work to achieve uniform,
continuous thin films of low roughness.

1.2.2. Thin Films From Lignin Solutions

When spin coating unmodified lignin the possibilities are limited to the solubility
of the biopolymer. Soda and Kraft lignins are poorly soluble in most organic
solvents. To dissolve lignin polar aprotic solvents such as DMSO, DMF or pyridine
or basic aqueous conditions are needed [8]. According to Norgren et al. [31] the
only solvent where no self-aggregation of the lignin molecules was found, was
ammonium hydroxide. NH4OH has another advantage over alkaline solutions
from e.g. sodium hydroxide. Due to its fast decomposition to NH3 and H,0 at
equilibrium, the ammonium ion is readily removed from the solution while spin
coating. This leads to a decrease of the pH value at the surface and a resulting
decrease in solubility of the lignin (due to ion exchange from NH;" to HY).
Another drawback of using NaOH is the salt excess built up at the surface of the
film when the water is evaporated. Sodium ions have to be removed after film
formation by rinsing with deionised water, exchanging the Na® with H" in the
lignin molecule [31].
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Different lignins can be spin coated from different solvents, according to their
solubility. Milled wood lignin, for example, can be spin coated from 1,4-dioxane
(0.5 wt%; 0.4 nm thickness; smooth [33,34]) or an acetone:water solution (9:1;
1.0 wt%; 30-60 nm; smooth [3]).

1.2.3. Thin Films From Lignin Derivatives

1.3.

With the derivatization of lignin the solubility can be altered. The introduction of
hydrophobic groups (e.g. acetyl, trimethyl silyl or palmitate) makes lignin
available for a broader range of organic solvents like THF or chloroform. The
good dissolution behaviour of lignin in these solvents and their volatility improve
the formation of a smooth thin film. By dissolving lignin acetate or palmitate in
chloroform, a mixture of AcL and cellulose derivatives (TMSC) can be used to
create cellulose-lignin blend films [35-37].

Photolithography

Photolithography is the go-to technique for the formation of three-dimensional
reliefs in the production of integrated circuits (ICs) and other microelectronic
devices [38]. It is a method to transfer precise patterns from a mask onto a
substrate or thin film using light. There are two commonly used types of
photolithography depending on the light source; Optical lithography uses light in
the visible spectrum, while UV-lithography uses UV-light. Extreme ultraviolet
(EUV), advanced e-beam, nanoimprint, scanning probe, and ion beam
lithography are some next-generation lithography processes [38,39].

In the photolithography process, there are four main steps (Figure 10): The
application of a photo-sensitive layer onto a substrate, the creation of a solubility
difference via illumination with a mask, the development of the pattern in the
film and the etching of the substrate (or deposition of a new layer) [39]. There
are often multiple layers of materials coated onto the substrate for more
complicated systems and multiple etching [38].
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Figure 10: Photolithographic process. 1) coating of the photoresist; 2) illumination with a photo
mask and light; 3) development of the pattern by solubility difference; 4) etching of the
substrate; 5) removing of the photoresist.
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1.3.1. Photoresist

The photo-sensitive material applied on the substrate is called photoresist. A
photoresist undergoes changes via UV-illumination leading to altered dissolution
behaviour in a specific solvent.

There are two types of resists, positive and negative. Positive-tone resists are
dissolved where the film was exposed to light, whereas the shaded areas remain
solid. Negative-tone resists ensure the removal of the unexposed parts while the
illuminated areas remain. The difference in solubility behaviour can occur due to
a change in the functional groups, an altered polarity or a cross-linking reaction,
for instance [38-40].

1.3.2. Photo acid generator

If light does not naturally change the solubility of a photoresist layer (like lignin),
it can be mixed with a photo-active substance, which induces a reaction. One
class of compounds comprises photo acid generator (PAG), as it produces protons
upon irradiation.

There are different types of PAGs with sulfonic acids, trifluoromethanesulfonic
acid (triflic acid) or HCl. When a PAG absorbs a photon it enters an excited state.
When returning to the ground state a bond can be cleaved and, over a series of
rearrangements, an acid is set free. The produced acid acts mainly as a catalyst,
which makes the photoresist with PAG a chemically amplified resist (CAR). CARs
can cause multiple reactions by only one single photon uptake, amplifying the
impact. This catalytic effect enhances the sensitivity and the overall efficiency of
the photolithographic process [41].

An important step in photolithography with CARs is the post exposure bake (PEB)
often also referred to as dark reaction. This process step allows for diffusion of
the generated acids and smoothing of the spatial distribution of photo acids
after illumination. The diffusion length should be large enough to effectively blur
out the spatial distribution, but small enough to keep the acids from trespassing
the exposed area and to prevent widening of the desired pattern [38,39].
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1.4.

Surface properties

To study the surface properties of lignin is a demanding task. Lignin is a highly
heterogeneous biopolymer, and its composition varies depending on the source
(hardwood, softwood, plant species) and the extraction technique (like MWL, SL
or KL). Up to now it is not possible to study lignin in its naturally occurring,
unaltered form, but only after extraction from wood and some structural
alteration related thereto [3]. Nevertheless, there are numerous studies
[8,22,35,42] on the surface energy and wettability properties of different lignins,
trying to understand fundamental processes in nature (e.g. water and nutrient
transport in trees) and the role of lignin thereby [31].

1.4.1. Surface energy and wetting

Wetting is a term describing the interaction of a liquid with a solid, meaning the
spreading of a liquid over a surface or the penetration into the material. To
determine the wetting ability of a certain liquid on a specific solid surface,
contact angle determinations can be performed (Figure 11). A drop is placed on
the surface and the wetting ability can be calculated as a function of the surface
energy of the solid-gas interface, the liquid-gas interface and the solid-liquid
interface (Figure 11) [43]. Contact angles of less than 90° indicate a wetting liquid.
An example for this is the combination of water on a hydrophilic material. The
water spreads as the adhesive forces (between the water and the solid surface)
exceed the cohesive forces of the liquid. The force resulting from intermolecular
bonds or cohesive forces between the molecules is called surface tension. It “can
be understood from the perspective of the force required to start peeling off a certain
width of adhesive tape (Gao 2009)” [44]. Surface tension is a force, acting
perpendicular to a line on the surface with the units N/m. However, it can also be
given as J/m? and is numerically equal to the surface energy, which is given with
the same units. Surface energy can be described as a measure of the energy
required to form the unit area of a new surface interface [45].

The thermodynamic wetting can be described by the Young equation (eq. 1),

Osg = Va1 + 01 - OSSO + 1, (eq. 1)
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where os; ,0ig and ys are the interfacial free energies of solid, gas and liquid
phase (Figure 11) and Tte is the equilibrium pressure of adsorbed vapor of the
liquid on the solid. 1. is assumed to be 0. The total free energy at the surface can
be described as the sum of the contributions of the polar (hydrogen bonding;
superscript P) and disperse force (superscript D) at the surface. For the case, that
both forces operate, the derived equation for the free energy of the interface
between solid and liquid is (eq. 2):

Ysi = Osg + 015 — Z(JGS%GIDQ + \/afgal’;] ) (eq.2)

Values for 0,° and 0" have been published for many liquids. Therefore disperse
and polar contributions of the surface tension of the solid can be calculated by
measuring the contact angle of two liquids with the same surface and using the
following equation (eq. 3):

(1+C(j/520'1g /Gs ’Gs \/7 (eq 3)
ol

P
‘:/52‘”9 VS. %" gives a straight line and the polar and dispersive
crl lg
component of the surface energy can be derived from the slope and the
intercept, respectively [46].
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Figure 11: Forces in the contact angle measurements and surface energy calculation [47].

The equations presented above do apply for ideal, perfectly smooth surfaces. In
real surfaces the surface roughness can be taken into account by adding a
roughness factor, describing the ratio between the actual and projected solid
surface area (being >1 for rough surfaces). For the validity of this factor, the
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liquid needs to be able to wet the whole surface and penetrate into the grooves.
This ability decreases when the droplet is larger than the roughness by a scale of
two or three orders of magnitude. In this case the Cassie equation (eq. 4; [48,49])

cosOy, = X; * cosOy; + X, * cosBy, (eq. 4)

applies and the surface is treated like a heterogeneous surface, with air as the
second phase. 8y and By, are the contact angles for the pure component with
the contact angle of water with air being 180° and 6, is the measured contact
angle of the aggregate. x; and x, are the area fractions of the different
chemistries [50]. Half a decade later, Gao and McCarthy pointed out, that “contact
angle behavior is determined by interactions of the liquid and the solid at the three-
phase contact line alone and that the interfacial area within the contact perimeter is
irrelevant (Gao and McCarthy, 2007)". Contact angles of surfaces with chemically
heterogeneous islands were investigated and it was shown, that they have no
influence on the contact angle compared to the homogeneous surface if the
island is completely buried under the liquid drops [51,52].

Looking at lignin, the surface energy depends on the composition (origin and
isolation method of lignin), but also on the evaluation technique, the surface
preparation method and consequently the surface height profile. Notley and
Norgren (and in 1972 also Lee and Luner [27]) investigated surface energies of
different lignins. They found, that there were no significant wetting differences
between lignins of different preparation and the surface energy of MWL and KL
is in the range of 53-56 mJ/m®. However, Kraft lignin shows a significantly higher
polar component due to the charged chemical groups introduced during the
extraction process [3,22].

Buono et al. looked at the change of hydrophobicity upon introduction of acetyl
and silyl groups (Figure 12). They found a rapid increase of the water contact
angle and reduced wettability with increasing degree of substitution. It was also
shown that the water contact angle of the used soda lignin (SL) was smaller than
previously reported for Kraft and milled wood lignins, which can be related to the
high amount of phenolic hydroxyl groups in SL. However, it is difficult to
compare the sole measurement of the water contact angle, as it mainly accounts
for the polar proportion of the surface energy and the calculation of the free
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surface energy needs contact angle measurements with at least two liquids with
known surface tension.

Figure 12: Contact angle determination of water drops on different substrates. (From left to
right: silylated, acetylated and regenerated lignin).

1.4.2. Solubility and self assembly

Lignins exhibit different solubility mostly depending on their origin and
extraction process, as mentioned before (1.1.2). The alteration of the natural
occurring lignin is inevitable in order to separate the polymer from cellulose and
hemicelluloses in the wood matrix, thus changing its original properties.

A typical characteristic of polymers is the decreased solubility with increased
molecular mass. Lignin follows this trend to a certain extent, but is far more
dependent on the amount of groups accessible to solvation than the
macromolecular size [53]. Lignin shows intermolecular hydrogen bonding and tt-
T interactions, complicating the solvation in common solvents.

There is a difference between H-bonding from aliphatic and phenolic hydroxyl
groups, with aliphatic OH-groups forming stronger hydrogen bonds than other
types. The fewer aliphatic groups there are in the lignin, the easier is the
solubilisation[54]. In addition softwood lignin should be more difficult to
solubilise than hardwood, due to the elevated content of guaiacyl units, which
exhibit stronger m-1t interactions [55]. Interaction and association between
different structural elements of lignin result in an assembly of organized
macromolecular clusters of different densities [54,56]. This self-aggregation takes
place in order to minimize the free energy of the system and results in
aggregates of well-defined cylindrical building blocks with 4-10 monolignol units.
The building blocks can be arranged in larger aggregates, forming random coils,
two-dimensional objects, isotropic or network-like structures [9].
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2.

Starting Point and Motivation

Lignin is the main side (or waste) product in the paper industry. With the
combustion of the residual black liquor and the utilization of lignin for energy
regeneration a valuable natural material is burnt.

Within the past few years the interest in wood and wood derived polymers
(cellulose, lignin and xylans) and their use in new fields beyond traditional
applications (i.e. paper, textiles or additives) has grown. Research was guided
towards the introduction of renewable materials into conventional processes
and products.

One process, where lignocellulosic components could replace well-known
materials is micropatterning, or more precisely photolithography.
Photolithography is the go-to technique for the formation of three-dimensional
reliefs in the production of integrated circuits (ICs) and other microelectronic
devices [38]. It is a method to transfer precise patterns from a mask onto a
substrate or thin film using light and a photoactive layer, called photoresist.
Currently the most common photoresists are epoxy based polymers, like the
EPON® resin SU-8 (from Shell Chemical) [57], or novolac resins containing a
diazonaphthoquinone as a photoactive compound [58], exhibiting a negative or
positive tone resist respectively. By replacing (or only partly replacing) those films
made of synthetic polymers with lignin for example, could lead to high value-
addition of wood based materials.
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2.1.

Research Objectives

To introduce lignin to this new field of research, basic properties of lignin in thin
films need to be characterized and its suitability as a photoresist needs to be
evaluated. For characterization, the tools of choice are atomic force microscopy,
profilometry, IR-spectroscopy, NMR-spectroscopy, GPC and contact angle
measurements.

After characterization, the main point of interest is to create a pattern in a lignin
thin film solely by UV-irradiation.

The objectives of this research are as follows:

e Characterization of different lignin samples, focusing on solubility
behaviour and differences between batches.

e Derivatization of lignin to change certain properties and making lignin
more available for photo-interactions.

e Formation of tunable thin films of lignin derivatives.

e Observation of the effect of UV-irradiation on lignin and lignin derivative
thin films (structural changes and solubility).

e Optimization of the process parameters for patterning.
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3.

3.1.

Experimental

Chemicals

Kraft lignins were obtained from Sigma Aldrich (Lignin, alkali) and Zellstoff Pdls
AG in cooperation with Marlene Kienberger (TU Graz). The latter ones were
washed with acid, with water or used without washing (Table 1).

Table 1: Desciption of the used lignin samples.

Short | provided . . derivative sample
treatment used in experiments
name | from hames
Sigma o . Ac1ST; Ac2ST;
S1 Aldrich untreated acetylation; silylation Si151: Si251: Si3S1
S2 Pols water washed | acetylation not used
S3 Pols unwashed* acetylation Ac1S3; Ac2S3;
S4 Pols water washed* | acetylation Ac154
S5 Pols acid washed* acetylation; silylation | Ac1S5; Si1S5

*detailed description in appendix

Acetic anhydride (299% from Sigm Cambridge Isotope Laboratories Inc.,
Cambridge, GB a Aldrich, St. Louis, USA), pyridine (=99 %, for synthesis; Carl Roth
GmbH, Karlsruhe, Germany), hexamethyldisilazane (HMDS; reagent grade;
>99 %; from Sigma Aldrich, St. Louis, USA) and chlorotrimethylsilane (TMSCI;
>99.0 % GC; from Fluka, Honeywell international Inc., Morristown, USA) were
used for the derivatization reactions. THF (99% from Carl Roth GmbH, Karlsruhe,
Germany), DMF (99.5 %; from Carl Roth GmbH, Karlsruhe, Germany), chloroform
(99.3 %; stabilized with about 0.6 % ethanol; from VWR Chemicals, Radnor, USA)
and ammonium hydroxide (ca. 28 % in water; from Fluka, Honeywell
international Inc., Morristown, USA) were utilized as solvents. N-
hydroxynaphtalimide triflate (electronic grade >99 %; from Sigma Aldrich, St.
Louis, USA) and 2-(4-Methoxystyryl)-4,6-bis (trichloromethyl)-1,3,5-triazine (98 %;
from Sigma Aldrich, St. Louis, USA) were used as photo acid generators and
hydrochloric acid (37 %; VWR Chemicals, Radnor, USA) for vapour regeneration.
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3.2.

3.2.1.

For the cleaning of the substrates sulfuric acid (95 %) from VWR Chemicals and
hydrogen peroxide (30 %; stabilized) from Carl Roth were used. For the contact
angle measurements Milli-Q water from the internal supply and copper stabilized
diiodo-methane (99 %; abcr GmbH, Karlsruhe, Deutschland) were used.
Pentafluorobenzaldehyde (98% from Alfa Aesar, Haverhill, USA), deuterated
chloroform and DMSO-d (both 99.80 % D; Euriso-top, Cambridge Isotope
Laboratories Inc., Cambridge, GB), 2-Chloro-4,4,5,5-tetramethyld-
dioxaphospholane (95% from Sigma Aldrich), Tris(2,4-pentanedionato)
chromium(lll) (98% from TCI Chemicals, Tokyo, Japan) and cyclohexanole (99 %
from Sigma Aldrich, St. Louis, USA) were purchased for NMR measurements.

Substrates and Materials

Substrates

Thin films were spincoated on glass, silicon wafers and gold substrates. The glass
substrates were cut from standard microscopy slides (from Carl Roth GmbH,
soda-lime glass; 76 x 26 mm), the Si-slides were cut from single side polished
silicon wafers from Siegert Wafers (Aachen, Germany; 675 + 25 pm thick) and the
gold substrates were reused gold coated glass SPR-slides from BioNavis
(Tampere, Finland; D263; 50 nm thick; 1 cm x 2 cm).

3.2.2. C(Cleaning of the substrates

The substrates were rinsed with deionized water, dried under a stream of
nitrogen gas and immersed into “Piranha” acid (peroxymonosulfuric acid). The
“Piranha” acid was prepared in-situ by mixing sulfuric acid (95%) and hydrogen
peroxide (30%) in a 3:1 v/v ratio. Glass and silicon substrates were cleaned for
20 minutes, while gold substrates were only cleaned for 3 minutes and the
“Piranha” acid was allowed to cool down to room temperature beforehand. After
the “Piranha” acid bath, the substrates were rinsed with deionized water again
and stored in deionized water until used. Before spin coating the substrates
were rinsed with deionized water, dried under a stream of nitrogen and again
dried by rotating on the spin coater (from Pollos, Putten, Netherlands) for
10 seconds.
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3.3.

3.3.1.

Lignin derivatization

Acetylation of lignin

The acetylation of ligin was performed with 0.5 g of lignin with a known content
of hydroxyl groups. In a typical procedure, 2.5 equivalents of acetic acid
anhydride (1.15g, 1.06 ml, 11.24 mmol), with respect to the hydroxyl groups
(10 mmol/g lignin) in the dry lignin sample (90 % of the original sample), were
needed for full conversion. Acetic anhydride was thereby added in a molar ratio
of 1:1 with pyridine (1.04 g, 1.06 ml, 13.13 mmol), which acts as a catalyst as well
as a solvent and was added in excess when necessary.

The reaction was supported by microwave assisted heating (Monowave 50;
Anton Paar, Graz, Austria) for better and faster conversion. The temperature of
150°C was held for 1 minute.

The reaction was quenched with about 30 ml of 0.1 M hydrochloric acid, filtered
and washed with water and HCI. The brown filter cake was dried at 50°C. The
yield was 0.509 g (73.9 % with respect to lignin).

3.3.2. Silylation of lignin

For the trimethylsilylation of lignin, 0.68 g of dried lignin were dissolved in 5 ml
THF in an ultra sonic bath (VWR ultra sonic cleaner) for 15 minutes. The
equipment used in the following steps was flushed with nitrogen for 30 minutes
to create an almost inert atmosphere. The dissolved lignin was transferred to a
three necked round bottom flask with a cooler using 10 more ml of THF. The
lignin solution was heated to 70°C (weak reflux) and 2 equivalents of HMDS
(1.94 ml, 1.50 g, 9.28 mmol) were slowly added. The temperature was held at
70°C for at least 4 hours. Then the reaction was allowed to cool down to room
temperature and the solvent was removed. The solid product was then dissolved
in chloroform, transferred to another vessel and dried in the oven for 24 h. For
Si3S1, 3 equivalents of HMDS were used instead of two and 0.3 equivalents of
TMSCI (0.133 ml; 0.11 g; 1.05 mmol for 0.52 g lignin) were added as a catalyst.
The yield was 0.859 g (84 % with respect to lignin).
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3.4.

3.5.

Film preparation

Solutions of lignin and lignin derivatives were subject to spin coating. Lignin is
not fully soluble in water and the most organic solvents, but is readily dissolved
at higher pH. Therefore sodium hydroxide and ammonium hydroxide solutions
were used as solvents for spin coating of lignin. DMF, chloroform and THF were
used to prepare solutions of AcL, while SiL was dissolved in chloroform. All
solutions were filtered through a PVDF filter (CHROMAFIL®Xtra; PVDF-45/25;
0.45 pm; Carl Roth) prior to spin coating. 40 pl of solution per square centimeter
were statically spin coated for 60 s.

The spin coating parameters (speed and acceleration) were varied (1000 rpm,
1500 rpm, 2000 rpm and 4000 rpm) to find the parameters yielding the thinnest
films at a coating time of 60 seconds. In all further experiments an acceleration
of 4000 rpm and a rotation speed of 4000 rpm were used.

The concentration of lignin and AcL in the spin coating solution was varied
between 0.1 and 2.0 wt%. In addition a study on film thickness of AcL and SiL was
done with concentrations between of 5 mg/ml, 10 mg/ml, 20 mg/ml, 35 mg/ml
and 50 mg/ml.

Patterning

3.5.1. IHlumination

For the illumination experiments a Heraeus germicidal low pressure UV lamp
(GPH212T5L/4; 10 W; 425 mA; 30V; 2.7 W UVC output; 26 pW UVC/cm2 at 1 m)
and a SolarConstant MHG 4000 from Atlas (4000 W; Global radiation similar CIE
85 spectrum) were used. The distance between the lamp and the sample was
about 10 cm for the Heraeus lamp and 30 ¢m for the SolarConstant. lllumination
times were varied between 2 and 60 minutes.

For the cross linking experiments a Hamamatsu LIGHTNINGCURE UV-LED spot
light source lamp was used.
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3.5.2. Developement

For developing the substrates were immersed into chloroform and washed for
10 min. Afterwards the films were rinsed with deionized water to dissolve salts
and remove leftovers of the non-recovered film.

3.6. Characterization methods

3.6.1. GPC

For the determination of the molecular mass of a polymer, gel permeation
chromatography was used. The investigation was done with a WGE SEC by Dr.
Bures (112 pl injection volume; A,=0.5 pl mol/g? duration 30 min; eluent THF;
flow rate 1.0 ml/min). For the separation two 5 p MZgel-SDplus linear columns by
MZ Analysetechnik equipped with a refractive index as well as a UV detector
were used. Prior to the measurement, the lignin sample needed to be acetylated
(3.3.1) to be soluble in THF.

3.6.2. Profilometry

For the film thickness and roughness determination a Dektak XT stylus
profilometer from Bruker was used with Vision64 as a software for data
processing. Per measurement 1000 um were scanned over a time of 10 s with a
resolution of 0.33 uym/pt and a range of 6.5 um. The stylus had a radius of
12.5 pm and the stylus force applied was 3 mg. All measurements were acquired
by single acquisition and repeated at least 6 times.

3.6.3. ATR-IR spectroscopy

Attenuated total reflection infra red spectra were obtained with a Alpha FT-IR
spectrometer (from Bruker, Billerica, USA) with the APLHA's Platinum ATR single
reflection diamond ATR module and the software OPUS (version 4.0) was used
for data acquisition and processing. 48 spectra were collected from
400 to 4000 cm™. Cleaned, reused SPR gold slides (from bioNavis,Tampere,
Finland) were used as substrates. Individual adaptive baseline correction and
standardization by peak area was done with Spectragryph (version 1.2.9). The
data were normalized for a better comparability using the aromatic skeleton
vibration peak at 1600 cm-1.
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3.6.4. UV-VIS spectroscopy

UV-VIS spectra of the photo acid initiators were recorded from 210 to 500 nm
with a Lambda 25 spectrometer (from Perkin EImer, Waltham, U.S.) in SUPRASIL
QS quartz cuvettes (from Hellma Analytics, Mullheim, Germany).

3.6.5. Contact Angle measurements

To determine the surface energy of the thin films a contact angle measurement
system (DSA100) from Kruss (Hamburg, Germany) was operated with a drop
volume of 3 pl. The static contact angles of water and diiodo-methane were used
for the calculation of the free surface energy. The contact angle was fitted with
the ellipse-fitting method and averaged over at least 8 measurements on three
samples. Free surface energy was calculated according to the assumptions of
Owen-Wendt-Rabel-Kaelble (OWRK).

3.6.6. AFM

AFM images were recorded with a Bruker Dimension FastScan in tapping mode.
The cantilevers were of the FastScan-A type with a spring constant of 18 N/m and
a resonance frequency of 1400 kHz. The scan rate was 20 pm/s for 10x10 pm
images and 8 um/s for smaller images. All experiments were carried out at
ambient conditions. For data evaluation NanoScope Analysis 1.5 from Bruker
was used.

3.6.7. 'H and *'P-NMR spectroscopy

Phosphorus-31 NMR measurements were carried out with a Varian 500MHz NMR
instrument after in-situ phosphorylation according to a procedure by
Argyropoulos [59], and further developed by Monatil-Rivera et al. [60]. The
doubled amount of solution was produced using 60 mg of lignin sample, 100 pl
of 2-Chloro-4,4,5,5,tetramethyl-1,3,2-dioxaphospholane, as phosphitylating
agent, 200 pl of a 5 mg/ml tris(2,4-pentanedionato) chromium(lll) solution, as
relaxation enhancer, 200 pl of a 10.85 mg/ml cyclohexanol solution, as internal
standard, and filling up to 2 ml with a pyridine/deuterochloroform mixture (1.6:1
v:v). The spectra were obtained using a 500 MHz NMR by Varian with settings
described in the literature [61]. Those spectra were processed and analyzed with
a TopSpin software from Bruker.
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"H-NMR spectra of acetylated lignin were measured using a Bruker NMR with
300 MHz with 4 s delay time and 64 scans averaged. About 20 mg of sample were
dissolved in 0.8 ml of CDCl3 without tetramethylsilane standard. The solvent peak
at 7.26 ppm [62] was used as reference.

Quantitative 'H-NMR spectra were recorded as described above. All samples
were dissolved in DMSO-ds or deuterated chloroform. Internal standardization
was provided by adding 50 pl of a pentafluorobenzaldehyde standard solution
(ca. 100 mg/ml) in deuterated dimethylsulfoxid or deuterated chloroform to all
SiL and AcL samples and by adding a defined amount of
pentafluorobenzaldehyde (between 2 and 7 mg) directly to the sample. For the
analysis of all NMR spectra a MestReNova software from Mestrelab Research,
S.L. was used.

3.6.8. Light microscopy

For a first evaluation of the developing step, a standard light microscope
(Olympus; BX60) was used in BF mode, with a magnification of 2 and the lens
5x/0.13.
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4. Results and Discussion

4.1. Derivatization of lignin

Derivatization is a decent way to modify the solubility of a molecule. Lignin is a
large biopolymer and, despite a huge amount of hydroxyl groups, mostly
insoluble in water and most organic solvents. By introducing more hydrophobic
groups into the molecule via substitution of hydroxyl groups with either acetyl or
silyl groups, the polarity can be decreased. The resulting AcL and SiL are readily
soluble in common solvents such as chloroform or THF.

4.1.1. Acetylation
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Figure 13: Lignin acetylation with acetic anhydride using pyridine as solvent and catalyst.

Acetylation of lignin was the first choice of derivatization (Figure 13), as it can be
directly used for GPC analysis and a procedure has already been established
[63]. However the amount of acetic anhydride added was increased from 1.6 to
2.5 equivalents due to incomplete turnover at lower ratios. In general, microwave
assisted heating provides a huge advantage concerning the reaction time
compared to conventional acetylation reactions. While the acetylated product
can be obtained after about 20 minutes (5 min microwave reaction plus workup)
using a microwave, the reaction takes at least 24 hours and needs more
extensive workup using conventional methods running at room temperature
[63,64].

The equivalents of acetic anhydride were calculated in respect to the amount of
hydroxyl groups in the lignin, which were previously determined in a *'P-NMR
analysis. However, this was not successful for all four samples due to insufficient
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solubility in the necessary solvent for phosphitylation. Samples with unknown
hydroxyl content were assumed to contain about 10 mmol/g OH-groups and
10 wt.% of water.

The completeness of the turnover was verified with ATR-IR measurements of the
dried powders (Figure 14). The IR band at 3600-3000 cm™ resulting from
O-H stretching disappeared during the reaction, as the hydroxyl groups were
substituted by acetyl groups. On the other hand the C=0 band is increased in
intensity as acetyl groups are introduced into the molecule. The resulting bands
could be assigned at 1760 to 1740 cm™ for aromatic and aliphatic acetyl groups,
respectively [65]. At 1190 cm™ a band originating from the C-C-O stretching of
the newly introduced saturated ester was observed. In addition, the absorption
of the band at 1370 cm™ increased, which was assigned to C-H bending in CHs-
group (Table 2).

Lignin
AcL
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Figure 14: ATR-IR spectra of lignin (S5; orange) and acetylated lignin (Ac1S5; blue).

29



Table 2: Assignment of the ATR-IR signals

Signal [cm™] | Assignment Source
3600 - 3000 O-H stretching (phenolic and aliphatic) [1,66]
3200 - 2800 C-H stretching (CH, and CHs) [1,66]
1760 - 1740 CfO stretching from saturated esters (aromatic and [65,66]
aliphatic)
1690 - 1680 C=0 stretching (aromatic; conjugated; nonconjugated)  [1,65,66]
1600 - 1590 aromatic ring C=C stretch (aromatic skeletal vibrations) [1,65,66]
1510 aromatic ring C=C stretch (aromatic skeletal vibrations) [1,65,66]
1470 - 1450 C-H deformation in CHs (asymmetric) [1,65,66]
1430 aromatic skeletal vibrations [1]
1370 C-H deformation in CHs (symmetric) [1,65]
1270 - 1216 C-O-C and C-C-O stretching; G ring breathing [1,65-67]
1254 CH3 umbrella mode (-TMS) [66]
1190 C-O stretch of acetyl group (and other esters) [1,68]
1140 - 1120 C-H in-plane deformation [1,37,67]
1080 C-O stretch of sec. alcohols and sat. esters [66,67]
1030 C-O-C stretch of aromatic ethers [65]
850 C-H out-of-plane deformation (aromatic) [1,67]
840 CH3 rocking (-TMS) [66]
750 CH3 rocking (-TMS) [66]

The conversion was monitored by 1TH-NMR analysis, showing clear signals for
phenolic and aliphatic acetyl groups at 2.34 and 2.11 ppm, respectively (Table 3;
Figure 15). (note: NMR spectra of polymers, especially biopolymers show less
distinct peaks than smaller molecules due to the various, slightly different
environments of the examined atoms).
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Figure 15: Quantitative 1H-NMR spectrum of Ac1S1.

Table 3: Assignment of the NMR-signals

Signal [ppm] | Assignment Source
10.15/10.27 internal standard (in DMSO-d6/chloroform-d) [X]
9.25 - 8.50 -OH [X]
8.9-8.6 unknown

7.5-6.0 aromatic H- [1]
7.26 chloroform (solvent) [62]
6.0-4.0 aliphatic H- [8,69]
5.3 aliphatic -OH [X]
3.9-3.6 MeO- [8]
3.37 water (contaminant) [62]
2.61 H on C-i3 in acetylated [3-1 and -3 substructures [69]
2.52 DMSO (solvent) [62]
2.3 aromatic acetyl groups [1]
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Signal [ppm] | Assignment Source
2.0 aliphatic acetyl groups [1]
2.0-0.5 CH contaminants [1]
0.5--0.5 TMS- [8]
0.00 TMS standard (only in chloroform)

[x] from "H-NMR signal estimations in ChemDraw

4.1.2. Silylation
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Figure 16: Silylation of lignin with hexamethyldisilazane in THF using chlorotrimethylsilane as

catalyst.
C. Nouvel et al. / Polymer 43 (2002) 1735-1743
e—OH + McaslfTT*SiMC_; —> —?—Sch_; + Me3SiNH —0SiMe;
H H }
Dextran - Me3SiNH2

OH + ME3Si_ NHZ

T—O @

S

©
—SiMe; + NHp ——= OSiMe; + NH3

Scheme 2. Silylation mechanism with HMDS.

Figure 17: Mechanism of a lignin silylation of dextran with HMDS [70].

Silylation of lignin by introducing trimethylsilyl groups provides a second way of
derivatization with a different way of regenerating lignin in a further step (Figure
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16; Figure 17). The silylation was based on previously published procedures on
various substrates (from cellulose to dextran) using different silylating agents
(HMDS, TMSCI) and catalysts [8,70-72]. In the first trial 2 equivalents of HMDS
were added under mild conditions as the reaction was only heated to 40°C for
2 hours. The product was then precipitated via addition of 50 ml water,
separated by centrifugation and dried at 60°C over night. The conversion of the
lignin was monitored using ATR-IR spectroscopy as well as "H-NMR spectroscopy,
but showed incomplete turnover. Therefore the reaction conditions were
optimized by adding more HMDS (3 eq.) and 0.3 equivalents of TMSCI| as a
reaction enhancer. The mixture was heated to 70°C for 4 hours, cooled to room
temperature and the solvent was allowed to evaporate over night. When TMSCI
was added the evolution of white fume was observed. This might be due to the
formation of ammonium chloride (NH4Cl) from the ammonia produced in-situ
from HMDS (Figure 17) with subsequent evolution of HCl from TMSCI upon
reaction with hydroxyl groups.

The conversion was checked by ATR-IR spectroscopy (Figure 18). The spectra
indicated a reduction of the itensity of the hydroxyl band at 3600 -3000 cm™. The
band associated to C-H stretching at 2950 cm™ increased due to additional CHs
groups at the TMS-groups and there are Si-CHs vibrations visible at 1254, 840
and 750 cm™ (see Table 2). In further experiments the OH-stretch as well as the
TMS-vibration bands was used to evaluate the regeneration process.
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Figure 18: ATR-IR spectra of lignin (S1; yellow) and silylated lignin (Si1S1; blue).

In TH-NMR spectroscopy the introduction of the TMS-group was proven by the

appearance of peaks at 0.2 ppm (-OTMS) and 0.0 ppm (TMS) (see Table 3; Figure
19).
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Figure 19: Quantitative 1H-NMR of Si3S1.

4.2. Characteristics and properties of the lignin
samples

4.2.1. Solubility
Lignin is insoluble or only partially soluble in water and the most common
organic solvents [8,55]. This can be utilized for fractionation processes [73] and is
the foundation for the solubility differences needed for micro-structuring. By
introduction of a more hydrophobic functionality to the molecule, the solubility
properties change drastically. Silylated lignin (SiL) and acetylated lignin (AcL) are
well soluble in chloroform, THF and acetone, whereas kraft lignin is insoluble in

these solvents.
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The solubility was tested for all lignin samples and selected silylated and

acetylated samples. For the evaluation, 30 mg of dry, (powder) samples were
added to 1 ml of solvent.

Table 4: Solubility behaviour of lignin and lignin derivatives. - insoluble; +/- mostly insoluble; +
mostly soluble; +++ completely soluble.

H20 Amv | THF | CHClz | DMF | EtOH | CH3CN Et20 | Acetone

S1 - +++ | - - +++ | +/- - - +/-
S3 +/- +++ | - - - - - - =

S4 - +++ | - - +/- - - - -

S5 = +++ | +++ | - +++ | - +/- - +/-
Ac1S1 | - - +++ | +++ +++ | - +++ - +++
Ac1S3 | - +/- +++ | +++ +++ | - +++ - +++
Ac1S4 | - - +++ | +++ +++ | - +++ - +++
Ac1S5 | - - +++ | 4+ +++ | - +++ - +++
Si2S1 | - - +++ | +++ +++ | +/- +++ - F+
Si1S5 | - - +++ | +++ +++ |+ + - 1P

The herein used lignin samples exhibited quite different solubility behaviour.
Evstigneev et al. [53] showed that lignin solubility was not only depending on the
molecule size, as in most macromolecules. Decisive for the solubility behaviour
of lignin was the number of groups accessible to solvation. Therefore, the
increase of hydrophilic phenolic hydroxyl groups per phenyl propane unit should
increase the solubility in aqueous sodium hydroxide solution.

This trend was confirmed by 'H-NMR spectroscopy of the acetylated lignin
samples. The water soluble sample (AcWL) had a high ratio of aromatic acetyl
groups to aliphatic acetyl groups, while the water washed sample showed the
lowest ratio (Figure 20). The other samples seemed to align with the tendency of
solubility shown in Table 4. Sample S3 was partly water soluble, containing the
water soluble fractions combined in AcWL and the water insoluble fractions
combined in sample S4.
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Figure 20: Ratio between aromatic and aliphatic acetyl groups in the acetylated lignin samples.
Ac2S3: Pols unwashed; Ac1S4: Pols water washed; Ac1S5: Pols acid washed; Ac1S1: Sigma Aldrich;
AcWL: Pols water soluble.

4.2.2. Degree of substitution

The degree of substitution of lignin was evaluated by *'P-NMR or quantitative 'H-
NMR spectroscopy (Table 3). In *'P-NMR spectroscopy, the number of hydroxyl
groups was determined after phosphitylation [59] and a detailed statement on
the hydroxyl and substituent positions was made. According to Buono et al. [8]
there is a good correlation between 3'P-NMR and quantitative 'H-NMR
spectroscopy concerning the estimation of the number of silyl/acetyl groups,
however the "H-NMR method tends to underestimate the number of functional

groups.

The total amount of hydroxyl groups of S1 was determined by 3'P-NMR
spectroscopy. The other samples could not, or not fully, be characterized by this
method, as the solubility was insufficient in the required solvent.
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For S1, however, a comparison with the "H-NMR spectroscopy results could be
made. The results for total substituent groups from 'H-NMR were adapted to the
*'P-NMR measurements by applying the equation 1 [8]. This makes up for the
underestimation of functional groups of this method (eq. 5).

c(P — NMR) = 0.89¢(H — NMR) — 0.61 (eq. 5)

By calculating the ratio of the acetyl or silyl groups found in 'H-NMR
spectroscopy and the number of OH-groups found in 3'P-NMR spectroscopy, the
degree of substitution can be estimated [74]. The acetylation yields a degree of
substitution of 81 %, while silylation leaves about half of the hydroxyl groups
unsubstituted (Table 5).

Another way of estimating the degree of substitution is by comparing the
number of acetylated groups with the number of silylated groups determined by
"H-NMR spectroscopy, with the assumption of full acetylation of the latter. This,
however, needs to be confirmed by another method (e.g., IR spectroscopy) to
confirm complete disappearance of hydroxyl groups upon acetylation (Table 5).

Table 5: Total number of substituents and degree of substitution

S1 (Sigma Aldrich) S5 (Pols; acid washed)
tot. OH-groups (*'P-NMR) 13.56 (1.77)@
tot. Ac-groups ("H-NMR) 10.22 5.64
tot. TMS-groups (*H-NMR) 5.76 5.53

Degree of Substitution [%]

Ac/adapted P 81 -
TMS/adapted P 48 -
TMS/Ac (56) 98

@experiments should be repeated due to dissolution problems or no full

substitution according to IR.
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4.2.3. GPC and molecular mass

The molecular mass of the lignins was determined by gel permeation
chromatography using THF as an eluent. Therefore, the sample was acetylated
prior to the measurement to provide full solubility.

The number-averaged molar weight of all 4 samples is between 1.8 and 2.1 kDa
(Table 6) which is an expected range for kraft lignins [11,12]. The unwashed lignin
(S3) shows the lowest molecular weight. The water washed (54) sample has a
slightly higher molecular weight, which might be due to the leaching of smaller
polymer fractions, but mainly due to the dissolution of salts. Thereby, the
solubility of demethoxylated lignin is increased and it is washed out of the S4
sample. Acid washed (S5) lignin shows a lower molecular weight. The stand-alone
sample from Sigma Aldrich (S1) shows a molecular mass of 1.9 kD. Overall, the
samples S1, S3 and S5 show comparable M, values. In combination with the
solubility behaviour, this correlates with the statement, that the molecule size
has no large impact on the solubility of lignins (4.2.1).

Table 6: Moleculare weight of the lignin samples

M, [kg/mol] | M, [kg/mol] | M, [kg/mol] | PDI[1]
S1 (Sigma Aldrich) 1.868 7.067 24.58 3.783
S3 (Pols; unwashed) 1.802 5.744 17.42 3.188
S4 (Pols; water washed) | 2.108 8.602 28.56 4.080
S5 (Pols; acid washed) 1.885 6.873 22.22 3.646
4.3. Film formation and characteristics -

thickness, roughness and surface structure

In the first experiments, the aim was to produce thin films as thin as possible.
Therefore acceleration and rotation speed in the spin coating process were
varied between 1000 and 4000 rpm/s and 1000-4000 rpm at a constant
concentration of 1.5wt% lignin in ammonium hydroxide solution. The
profilometry results showed a decreased film thickness at higher acceleration
and rotation speed (Figure 21). A higher acceleration and rotation speed results
in an increased amount of solution removed from the substrate by centrifugal
forces. Therefore less solution is on the substrate during the drying and the films
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are thinner than at lower acceleration and rotation speeds. For all further
experiments 4000 rpm/s acceleration and 4000 rpm rotation speed were used in
the spin coating process.
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Figure 21: Lignin film thickness obtained by spin coating, varying acceleration and rotation
speed.

The second step was to vary the solution concentration subjected to spin
coating. Concentrations were chosen between 5 and 50 mg/ml. Immediately
after the film formation an obvious difference in colour could be seen in the
substrates of different concentrations (Figure 22). This colour effect is due to
interferences within the lignin film when light is reflected at the interfaces, being
partly reflected and partly transmitted [75]. In further experiments the colour of
the films could be used for a first, quick evaluation of the film thickness.
Profilometry investigations revealed a very good correlation between the film
thickness and the concentration of acetylated lignins (R?=0.997) and a good
correlation for silylated lignins (R*=0.977; with and without the addition of a
photo acid generator) (Figure 23; Figure 24). At increased concentrations there
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were more lignin molecules in the spin coating solution, resulting in a higher
viscosity, less loss of material due to centrifugal forces and a higher proportion
of molecules remaining on the substrate during solvent evaporation. With
increasing film thickness also the roughness of the films increased up to 12 nm.

Figure 22: Color variations of AcL thin films directly after the spin coating process.
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Figure 23: Mean film thickenss and roughness of acetylated lignin thin films. With a correlation
of R2=0.997 for the linear fit to the film thickness.
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Figure 24: Mean film thickness and film roughness of silylated S1 thin films. With a correlation of
R2=0.977 for the linear fit to the film thickness.

Whilst the four AcL samples showed quite similar film thicknesses (with only
Ac1S2 being slightly thinner), silylated lignins differed very much in film thickness
between the samples even though the mass concentration was the same in
solution. This could be due to filtration effects (loss of mass and impurities whilst
filtering) or different degrees of substitution between the SiL samples. However,
within the same sample similar trends were observed.

To gain more information on the surface properties of lignin the surface of the
lignin films was investigated by atomic force microscopy. Roughness, film
thickness and especially the surface structure were subjects of the investigations.

The surface of all thin film samples was homogeneous, rather smooth and
continuous over an area of at least 10 pm. The surface roughness was small and
did not exceed 2 nm, except for sample Si2S1 (Figure 25: C; G). The silylated
sample of S1 had a roughness of 10 - 20 nm, which is higher than expected. In
both, the 5 mg/ml and the 50 mg/ml film, an agglomeration of material was

observed. The aggregates had diameters of 30 - 130 nm, being slightly bigger in
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the thinner film, but piled up higher in the 50 mg/ml film. The aggregation
behavior in lignin thin films was previously observed by Norgren et al. [31] for
pure lignin films (spin coated from 0.75 M NH4OH). The reported size of the
aggregates of 10 - 20 nm corresponds with the small, spherical aggregates found
in AcL thin films (1a; 1b; 2a; 2b). Ratnaweera et al. [9] showed, that lignin can
form aggregates of 700 - 1000 A in DMSO-d. Presumably, this is also the case for
SiL dissolved in chloroform. The larger aggregates in the Si2S1 sample compared
to the AcL samples could be a result of the different modifications and the
consequent difference in hydrogen bonding and noncovalent m-1tinteractions
present. A higher amount of carboxyl functions, that are known to aggregate
amongst each other [76], can be found in AcL and might result in a closer
packing. Also the steric demand of the substituents (-OAc and -OTMS) could
contribute to the size difference in the AcL and SiL aggregates. The increased
aggregation behaviour correlates with the slightly lower solubility of SiL than AcL
in chloroform, shown in Table 4.

Figure 25: AFM height images of selected lignin derivatives: Ac1S1 (1a; 1b), Ac2S2 (2a; 2b), Si2S1
(3a; 3b). The films were spin coated from chloroform solutions using a concentration of 5 mg/ml
lignin derivative in the upper row and 50 mg/ml in the lower row. The data scale is
500 nm x 500 nm for all images. The z-value is 6.0 nm for acetylated lignin films and 70.0 nm for
silylated lignin films.
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4.4. Structural changes in lignin due to
regeneration or degradation processes
4.4.1. Regeneration with vapor

Depending on the protecting group used, lignin derivatives can be regenerated
to lignin by re-establishing the original hydroxyl groups. Acetyl groups can be
cleaved using a strong base, for instance ammonium hydroxide (NH4,OH), as the
group of Rojas showed [35,36] (Figure 26). For this purpose, the substrates were
placed close besides a drop of 5ml of 28% ammonium hydroxide in a tightly
sealed Petri dish. The regeneration was carried out over night and could be
accelerated by increasing the temperature to 60°C. However, the regeneration to
lignin was not completed, as ATR-IR spectra show (Figure 27) and no clear
difference in solubility could be observed.

Figure 26: Scheme of the mechanism behind the regeneration of acetylated lignin with NH40H.
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Figure 27: Time resolved ATR-IR of the regeneration of acetylated lignin.

In contrast to acetyl groups, silyl groups can be split off by strong acids (Figure
28). A vapor phase hydrolysis method is already established in cellulose
chemistry for cellulose thin film applications [37,77,78]. For regeneration of
lignin, the method was adapted and 3 ml of 12 % hydrochloric acid were added
to the substrates in a Petri dish for 30 min.

Figure 28: Scheme of the mechanism behind the regeneration of silylated lignin with
hydrochloric acid.
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Figure 29: ATR-IR: Regeneration of silylated lignin.

The ATR-IR spectra indicated the regeneration of lignin (Figure 29). The distinct C-
H and TMS- bands at 3000-2800 cm™, 1254 and 850 cm™ disappeared after
regeneration and a lignin spectrum is obtained.

Atomic force microscopy images visualized a change of the surface structure in
Si2S1 after regeneration (Figure 30) and a growth in aggregate size from about
50 nm to 150 nm, also increasing the roughness from 19 nm to 31 nm. The
thickness was just slightly reduced from 292 nm to 280 nm, according to
profilometry investigations. The reduction of film thickness was expected due to
the cleavage of the bulky silyl groups and concomitant reformation of hydrogen
bonds, similar behavior was already reported for trimethylsilylcellulose (TMSC)
before [79]. However, it was far less pronounced than in the TMSC samples due
to fewer hydrogen bonds formed and the arrangement of the silyl groups. The
growth in aggregates was not expected and cannot yet be explained. The altered
substituents might result in a further aggregation of the regenerated lignin, as
discussed before (4.3).
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Figure 30: AFM images before (above) and after (below) regeneration of SiL (Si2S1). On the left
the height image is shown, in the middle the phase and on the right an overlap of phase and
height sensor to give a better resolution of the 3D image. Data scale 500 nm x 500 nm.

4.4.2. Photoregeneration - tuning of the process
parameters

The regeneration of lignin via illumination of lignin derivatives was tested as
described in 4.4.1. For the creation of patterned lignin surfaces a confined
regeneration must be ensured. This can be obtained by photo regeneration
using a photo mask.

To fine tune the process settings for a photo induced regeneration of lignin, the
following parameters were altered and compared:

e A photo active component to induce regeneration of lignin.
e The amount of photo active material used.

e Thelamp.

e The exposure time.

e The dark reaction time.
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To evaluate the influence of these parameters the film thickness and roughness
were determined with a profilometer and ATR-IR spectra were recorded to
confirm the chemical conversion. In addition, AFM images and contact angle
measurement were performed to follow the surface changes during the
regeneration.

Photo active component

As regeneration with acid from silylated lignin gave the best SiL was mixed with a
photo acid generator (PAG) to in-situ produce an acid when illuminating the
substrate. Two different PAGs were tested in combination with two UV lamps.

As PAG1, with a main absorption peak between 300 and 360 nm, N-
hydroxynaphtalimide-triflate was used (Figure 31). Upon UV-irradiation triflic acid
is formed, which can cleave the TMS group via nucleophilic attack [79]. The same
principle is applied when PAG2, namely 2-(4-Methoxystyryl)-4,6-
bis(trichloromethyl)-1,3,5-triazine, is used. However PAG2 decomposes to form
HCI [40] and has its maximum absorption peak at 320 - 440 nm (374 - 381 nm
according to Sigma Aldrich specifications), as well as a smaller absorption at up
to 270 nm (Figure 31).
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Figure 31: UV absorption spectra of the PAGs. PAG1 N-hydroxynaphtalimide-triflate and PAG2 2-
(4-Methoxystyryl)-4,6-bis(trichloromethyl)-1,3,5-triazine, both measured in a 1:100 solution in
chloroform.

When comparing radiation spectra of the lamps with the absorption spectra of
the two PAGs one can clearly see a significant difference in overlap of the peaks
and a likely difference in efficiency (Figure 32). Solely from looking at the spectral
overlap it can be assumed that PAG2 will have a higher efficiency in regeneration
with both lamps. This was tested and confirmed by ATR-IR spectroscopy and
profilometry measurements after illumination with the Heraeus lamp. The lignin
film regenerated with PAG2 was about 40 % thicker after washing than the one
regenerated with PAG1 and the reduction of TMS-signals in ATR-IR was more
pronounced.

UV-lamps

A comparison of the influence of the two lamps was carried out by illuminating
SiL samples (50 mg/ml) with 5% of PAG2 for 20 min and washing after 3 h of
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dark reaction. The difference between distinct ATR-IR signals in the sample
before and after illumination was evaluated. Thereby the Heraeus lamp showed
efficiencies about twice as high as the SolarConstant lamp. Assessing from the
spectral overlap of PAG1, neither the Heraeus lamp, nor the SolarConstant would
show a good correlation with the absorption spectra thus a low efficiency for
acid generation can be predicted. However, one could consider a reptile UVB
lamp for further application with PAG1, which has a good overlap with the main
absorption peak (Figure 32).
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Figure 32: Comparison of lamp emission spectra with PAG absorption spectra.
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PAG content

An assessment of the optimal amount of photo acid generator was carried out
by varying the PAG content between 1and5% (50 mg/ml SiL; 20 min
illumination; 3 h dark reaction). ATR-IR and profilometry measurements showed
an increase of efficiency with PAG content (Figure 33; Figure 34).
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Figure 33: Thickness of the developed films with different PAG content.
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Figure 34: ATR-IR signals of OH- and TMS-groups depending on the PAG content.

Exposure time

To explore the influence of exposure time on regeneration efficiency the
illumination time was varied between 1 min and 1 h. ATR-IR and profilometry
showed a similar trend, albeit it was more pronounced in film thickness (Figure
35). There was a distinct increase in efficiency until 40 min of illumination time,
but almost no change upon longer exposure.
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Figure 35: Thickness of the developed films illuminated with different exposure times.

Dark reaction time

According to Wolfberger et al. there is another process important for the
desilylation after irradiation. The desilylation reaction does not end when the
exposure to UV-light is stopped, but proceeds in absence of light for up to 24 h
[80]. Photo-generated protons catalyze the reaction, even if there are no more
protons produced. This process is referred to as dark reaction or post exposure
bake and already known from cationic photo-polymerization reactions and
traditional photolithography [38,81,82].

The dark reaction time was varied by extending the time between illumination
and development from 30 min to 24 h. The film thickness of the regenerated
films increases with dark reaction time (Figure 36).
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Figure 36: Thickness of the developed films after alteration of dark reaction times. 50 mg
Si3S1/ml chloroform with 5 wt% PAG2; 20 min illumination with Heraeus lamp.

Evaluation of the optimal parameters:

From the previous experiments the optimal parameters can be combined to
maintain the largest preserved film thickness (lowest lignin degradation?), and
thereby the best regeneration efficiency, during the regeneration process of
lignin from SiL. The lowest decrease in film thickness should be achieved by
illumination with the Heraeus lamp for 40 minutes, using 5 % PAG2 as photo acid
generator and allowing for dark reaction for at least 6 hours.

Surface properties during photo regeneration:

As a first, rough estimation by eye and a good estimation of regeneration after
measurement the static water contact angle and the surface energy of the film
can be used. Surface energies and contact angles of lignin and lignin derivatives
can be found repeatedly in literature [3,8,35,36,83] and can therefore be used as
reference values.
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The water contact angle of SiL is high, with 87° (Figure 37). A high contact angle is
achieved by very hydrophobic materials and can be increased by tuning the
surface roughness, in the extreme case leading to almost perfect non-wettability
and the so-called lotus effect [44]. According to Buono et al. a high contact angle
is already achieved at a small percentages of silylation and conversion of 50 %
should yield a contact angle of above 90° [8]. This finding correlates with a
degree of silylation of 48% estimated by quantitative 'H-NMR spectroscopy. After
photo regeneration the contact angle is decreased and does not significantly
change after development. However, the desired contact angle of pure lignin of
about 50°, which can be obtained by regeneration in HCl vapour, was not
achieved by illumination. This indicates an incomplete turnover in this
regeneration process (50 mg/ml SiL in chloroform; 5 % PAG2; 20 min exposure
time; 3 h dark reaction). However, solubility differences and patterning can be
achieved.
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Figure 37: Contact angle and surface energy during illumination and development
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The surface energy, determined by contact angle measurement of two liquids
with known surface tension (water and diiodomethane), increased over the
course of the regeneration experiment. However, the water contact angle
remained constant after illumination, the contact angle of diiodomethane
changed again after the developing step.

The photo regeneration process was also followed by AFM imaging. There was
no distinct change in surface roughness and appearance during illumination,
however, after washing the film showed an increased roughness (Figure 38). This
could be the result of dissolution of the remaining non-recovered lignin (the
thinning of the film was shown in profilometer measurements to be about 40 %)
and a remaining of insoluble particles from the lignin sample. The phase image
shows relatively high phase differences before illumination. This could be caused
by the PAG, incorporated into the thin film. Legitimacy for this assumption is the
almost constant phase found after illumination, which indicates a chemically
homogeneous surface and the depletion of the photo acid generator. The phase
after development is more diverse again, as the general surface roughness
increases and steps contribute to the phase image.

The size of the aggregates did not change in this experiment, in contrast to the
HCl-regeneration of Si2S1. The distinct sample properties and the way of
regeneration may play a role in this phenomena, but more AFM experiments
would be needed to investigate this behaviour in depth.
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Figure 38: AFM images showing the change of the thin film surface (Si1S5; 50 mg/ml in
chloroform) during the process of photo regeneration (before illumination (left); after
illumination (middle); after washing with chloroform (right)). The upper row shows light
microscopy images during the AFM imaging (with the cantilever out of focus), the second row
shows the AFM height images with a data scale of 500 nm x 500 nm and a z-range of 10.0 nm and
the third row shows the phase from AFM measurements (data scale of 500 nm x 500 nm).

4.4.3. Illlumination without PAG - regeneration, cross-
linking or degradation?
In addition to the regeneration of lignin with PAGs, also the regeneration of pure
AcL and the possible cross linkage of lignin was tested. Therefore lignin and
lignin acetate were subjected to UV irradiation. In a first try, when illuminating
with a 6 W UV-lamp for 20 minutes on a gold substrate, no change could be seen
in the ATR-IR spectra. However, when lignin (5mg/l) was dissolved in diluted

ammonium hydroxide and exposed to UV light (Lightningcure LC4; Hamamtsu)
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for 200 min a slow decrease in the characteristic bands, at 280 and 210 nm, in UV
spectroscopy could be found (Figure 39). The peak at 280 nm corresponds to
unconjugated phenolic hydroxyl groups and aromatic moieties, while the peak at
210 nm corresponds to portions of the unsaturated chains [84]. This decrease in
absorption intensity is a sign for lignin degradation during the UV treatment, as it
was prior reported in literature [84-87], however, at more intense irradiation
conditions and mostly with photocatalysts added.
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Figure 39: UV-VIS absorption spectra of lignin in ammonium hydroxide solution over time.

Figure 40: Illumination of lignin and lignin acetate on a gold slide for 20 minutes.

58



Further irradiation of thin films of lignin and lignin acetate coated from different
solvents was investigated (Figure 40; Figure 41). ATR-IR spectra showed a distinct
change in signals over time. Lignin (1 wt%) from ammonium hydroxide showed a
relative increase in the ATR-IR band at 1160 cm™, while all other signals
decreased over the time of 90 s. Lignin acetate solutions were coated from DMF,
THF or chloroform, regenerated and exposed to UV light. The spectra of
regenerated lignin were comparable showing the decrease of all bands, except
the one at about 1770 cm™.
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Figure 41: ATR-IR spectra of lignin during illumination for various time spans. Coated from (A)
NH40H, (B) THF (regenerated from AcL), (C) chloroform (regenerated from AcL) and (D) DMF
(regenerated from AcL).
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In a study on lignin degradation on TiO, Tanaka et al. stated, that all bands
assigned to aromatic rings disappeared as photo catalytic processes are
oxidations via an OH radical, which degraded mainly aromatic moieties. The
band at 1160 cm™ might be due to SO4* whereas the oneat 1770 cm™ suggested
the formation of carboxylates and/or aldehydes [85].

In contrast, various sources confirm the formation of breakdown products like
benzaldehyde, benzoic acid, vanillin or syringaldehyde, during lignin degradation
with photo catalysts [86-88]. Machado et al. also stated, that lignin degradation
without catalyst is “dominated by the electron transfer between the phenolate anion
and ground state oxygen leading to the breakdown of the phenolic units”, while
catalytic illumination results in a structural fragmentation of lignin [89].

According to Machado et al. the herein observed process might not function over
the same pathway as catalytic degradation, but, nevertheless, seems to yield
similar products. To confirm the statements given above, a more detailed
molecular and elemental analysis (e.g. GC-MS) would be necessary.

Although there is a significant heating of the substrate while illumination, it
seems unlikely that the structural change is caused by thermal degradation only.
The temperatures are too low and thermal degradation should not result in a
breakdown of aromatic structures [90]. However, the increased temperature on
the sample surface might enhance the photo-induced degradation.
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5.

Conclusion

The patterning of lignin based thin films with UV-irradiation was successfully
developed and the process parameters were optimized within the resources
available.

Lignin derivative thin films with low roughness and good homogeneity could be
produced. The film thickness was tuneable with the concentration of the spin
coating solution ranging from 10 to 200 nm.

The structural changes for the solubility differences needed for successful
patterning were obtained by introducing a hydrophobic substituent (-TMS) and
cleaving off the silyl group with an acid upon irradiation. By adding a photoacid
generator and producing an acid for regeneration of lignin in-situ, a good
regeneration and solubility difference between regenerated lignin and the initial
silylated lignin film was achieved.

Alterations in the surface structure of the lignin based thin films were monitored
by atomic force microscopy, showing an increase of roughness and decrease of
film thickness throughout the illumination experiment. This did, however, not
affect the continuity of the residual film and should not be a problem in the use
of this kind of system as a photoresist.

Besides the lignin films with PAG, pure lignin and lignin acetate were tested upon
UV-irradiation and a different degradation behavior was observed. For a detailed
description of the decomposition process and specification of the degradation
products further experiments need to be carried out.

To conclude, the overall goal of this research project was achieved by finding a
lignin based system exhibiting solubility differences upon irradiation. It is still a
long way to go until biobased photoresists may compete with the much used
synthetic polymers in terms of the patterning accuracy and resistance against
etching chemicals, however, a first step towards the substitution of traditional
photoresists has been taken.
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7.

7.1.

Appendix

Sample Preparation for Zellstoff P6ls Lignin
(S3-S5)

Lignin Pols unwashedj (S3)

The lignin filter cake from the pilot plant (80 I) at the paper plant from Zellstoff
Pols AG was precipitated until a pH of 9-9.5 at room temperature. The filter cake
had 69 % of solid content (DS) and 24 % ash in the solid. The sample was taken in
November 2017 and was stored at -18°C and later at room temperature.

Lignin water washed (54)

The lignin filter cake from the pilot plant (80 I) at the paper plant from Zellstoff
Pols AG was mixed with five times the volume of destilled water at room
temperature. The mixture was stirred for 5 minutes, filtered and the procedure
was repeated. There was a loss in mass of the filter cake, as parts of the lignin
were soluble. The resulting filter cake was dired in the oven at 60°C. The DS is 90-
100 % and the ash in the dried sample is about 8 %.

Lignin acid washed (S5)

The lignin filter cake from the pilot plant (80 I) at the paper plant from Zellstoff
Pdls AG was mixed with five times the volume of sulfuric acid (200 g H2SO4 in 1 |
water at 60°C), stirred for 5 minutes and filtered. The procedure was repeated
with water at pH 1. The filter cake was dried in the oven at 60°C and stored in an
exsiccator. The DS is 90-100 % and the ash in the dried sample is about 0.5-1.0 %.
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