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Motivation & target

Not only its abundancy and environmental sustainability, but most notably the variety of
properties are the reason, why cellulose becomes more and more the target of specific research
in several fields of science. Based on the numerous advantages and increasing focus on this
biopolymer, it is one of the main aims to make it accessible to even more fields of application.
Transforming native, fibrillar cellulose into amorphous thin films, that facilitate various
applications is one important step to use cellulose more efficiently. This accomplishment already
applies to the preparation of organic thin-film transistors (OTFT), simulation of bulk material or
immobilisation and adsorption studies of other biomolecules. For achieving even better results
within the named fields, it is inevitable to work on improvements in the patterning of cellulose.

Instead of using methods that are unprecise, laborious or expensive, photoacid generators (PAG)
offer a promising perspective to circumvent these disadvantages. PAGs have already proven
themselves in e.g. resist systems and polymerisation initiation, what suggests their utilisation in

the given task.



Abstract

Knowledge of cellulose is increasing ever since its discovery, thus cellulose is more and more in
the focus of interest regarding its abundancy, sustainability and outstanding material properties.
Within the scope of this work a novel technique of regenerating cellulose thin films by means of
photolithographic methods for the fabrication of patterned surfaces is investigated. In
preparation for future research concerning the achievement of higher lateral resolutions, five
photoacid generators are examined in terms of their efficiency and the properties of resulting
cellulose films. It will be shown, that the acid generating capabilities of tested photoacid
generators differ strongly from each other and they are partially affected by extension of the
chromophore through substitution, while topography and thickness of the obtained layers exhibit
similarity.

Since all experiments regarding the preparation and development of cellulose thin films are
carried out in chloroform, it is sought to create new substrates to accomplish an exchange of
solvent to “eco-friendly” alternatives. For this reason a straightforward method for the
production of trimethylsilyl cellulose with adjusted degrees of substitution is presented, in order

to use ethanol or ethyl acetate as solvents.



Kurzfassung

Seit ihrer Entdeckung riickt Cellulose mehr und mehr ins Zentrum des Interesses, bedingt durch
das steigende Wissen Uber Qualitdten, wie zum Beispiel ihre Unerschopflichkeit, Nachhaltigkeit
und die herausragenden Materialeigenschaften. Im Rahmen dieser Arbeit wird eine neuartige
Methode zur Regeneration von Cellulose-Diinnfilmen untersucht, die sich der Prinzipien der
Photolithographie bedient und die Herstellung strukturierter Oberflaichen zum Ziel hat. So
werden finf Photosduregeneratoren auf deren Effizienz und die Eigenschaften der resultierenden
Cellulose-Filme untersucht, um zukiinftige Forschung bezliglich des Erreichens hoherer
raumlicher Auflésung bei der Strukturierung zu unterstlitzen. Erhebliche Unterschiede in der
Fahigkeit der getesteten Photosauregeneratoren Sdure freizusetzen, sowie deren Abhangigkeit
von Erweiterungen des Chromophors mit verschiedenen Substituenten, werden aufgezeigt,
wobei jedoch Oberflaichenbeschaffenheit und Schichtdicke der resultierenden Cellulose-Filme
grolRe Ahnlichkeit aufweisen.

Des Weiteren wird versucht das, fir die Herstellung und Entwicklung der Cellulose-Diinnfilme
bendtigte, Chloroform durch nachhaltigere und umweltfreundlichere Alternativen wie zum
Beispiel Ethanol oder Essigsaureethylester zu ersetzen. Zu diesem Zweck wird mit Hilfe einer
einfachen Methode Trimethylsilylcellulose hergestellt, deren Substitutionsgrad — in Bezug auf

Silylgruppen — einstellbar ist.



“Stay hungry.
Stay foolish.”
Stewart Brand, Whole Earth Catalog
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Photoregeneration of cellulose

Introduction

Besides other natural polymers such as pectin, lignin and hemicellulose, cellulose represents the
most important structural constituent of primary and secondary plant cell walls.™? Single strands
consist of hundreds to thousands of B(1->4) linked D-glucose units, which form fibrils embedded

in a matrix of aforementioned components (see Figure 1).5!
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Figure 1. Schematic structure of plant cell walls, a) main parts of a plant cell wall, b) constituents present in the primary wall.
from M. B. Sticklen, Nature Reviews Genetics 2008, 9, 433-443

Estimating an annual amount of 10%1-10*2 tons of polysaccharide, cellulose represents the most
abundant biopolymer in the world.[!! It has been used in the form of paper, cotton or wood, as
energy source, building material or textiles for thousands of years.!* Its breakthrough as a
chemical raw material took place in 1838, when cellulose was first discovered as remains of plant
tissue after acidic treatment by the French chemist Anselme Payen.™ > Thereafter, scientists
endeavoured to reveal the structure of cellulose - which could not be achieved until Staudinger’s
pioneering findings concerning polymers in 1920 (see Figure 2) - and to find new possible fields
of application. Some of the milestones that marked the early stages of cellulose chemistry were
the synthesis of cellulose nitrate by Schénbein in 18461, the discovery of Schweizer’s reagent
[Cu(NH3)4](OH)2 - what was mentioned being the first cellulose solvent - in 18571 and the
synthesis of cellulose acetate by Schiitzenberger in 1865.0! First industrial success was achieved

in 1870 when celluloid - the first thermoplastic polymer - was produced by the Hyatt
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Photoregeneration of cellulose

Manufacturing Company based on cellulose nitrate with camphor as plasticiser.[*! Due to safety

issues and difficult and expensive production celluloid was superseded by cellulose triacetate.

OH
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Figure 2. Repeating unit of cellulose; cellobiose

Extended knowledge of the material led to the production of synthetic filaments on the basis of
wood cellulose by the help of regeneration processes. The first example thereof is the utilisation
of aforementioned Schweizer’s reagent followed by the viscose process!%; the most important
industrial method for the production of regenerated cellulose fibres up to the present day. All
processes have to deal with a serious drawback in terms of homogenous reactions: cellulose is
poorly soluble in common organic solvents and water. Two possibilities for bypassing this problem
are subject to continuous research. These comprise the use of complex solvents or solvent
mixtures (e.g. N,N-dimethylacetamide (DMAc)/LiCl, N-methylmorpholine N-oxide (NMMO)) and

the synthesis of cellulose derivatives featuring solubility in certain solvents.
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Figure 3. Overview of the basic chemical steps of the viscose process; step 1: preparation of cellulose xanthate, step
2: regeneration of cellulose
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Photoregeneration of cellulose

The viscose process - invented by Cross, Bevan and Beadle in 1892 - uses the second path; by
reacting cellulose with sodium hydroxide and carbon disulphide, cellulose xanthate with an
average degree of substitution of 0.4 to 0.7 is produced (see Figure 3). The newly created cellulose
derivative is now soluble in aqueous NaOH. After several steps including filtration and degassing
of the solution, regenerated cellulose fibres are precipitated in an acid bath via wet spinning.i*!!
This precipitation process in combination with the reconversion to cellulose, whether from
solvents like N-methylmorpholine N-oxide or ionic liquids for instance, is called regeneration of
cellulose. The industrial application of the xanthate pathway to produce regenerated cellulose
led to the development of several new products like Cellophane®? - a transparent film of cellulose
primarily used as packaging material - and Visil rayon®3 - flame-retardant cellulose fibres
containing polysilicic acid. Further research regarding environmental aspects resulted in the
invention of new methods like the Lyocell process®® or the silyl techniquel** %], both strongly
influenced by the Lenzing AG.

While the Lyocell process uses NMMO/water as solvent for cellulose, the silyl technique utilises
organosilicon compounds to derivatise cellulose creating new materials with varying solubility
depending on the degree of substitution. Despite promising properties of the products the
method was not used for industrial purposes so far.[*® 71 |n turn, the interest in organosilyl
celluloses rose, when scientists took notice of the outstanding properties, in terms of producing
ultrathin cellulose films.[8! Initially trimethylsilyl cellulose - already known in the late 1940s(*°! -
was used to create monolayers, which were subjected to HCl vapour, converting TMSC to
cellulose in situ.??) The method of choice to obtain monolayers of cellulose or cellulose derivatives
is the Langmuir-Blodgett technique, which works well with hairy-rod molecules. The elementary
procedure for generation of thin films involves the application of the layer material on the liquid’s
surface, followed by deposition onto a solid substrate by immersion into or emersion from the
liquid, while the molecules located at the air-liquid interface are subjected to constant lateral
pressure. However, the main advantages of the LB technique - the creation of highly ordered
monolayers with distinct thickness - come at the cost of being expensive and laborious.!*& 21

The introduction of the spin coating technique to prepare thin films?% 23! gllowed for developing
new fields of application, since this method enables fast and reproducible preparation of highly
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amorphous cellulose films. These applications comprise simulation of bulk material?*, adsorption
studies for different biomolecules and their immobilisation!?> 261 and utilisation of dielectric
properties in organic thin-film transistors (OTFT)[2”) with the latter requiring efficient production
methods in terms of patterning techniques.

Here it has to be mentioned, that the development of potent methods for lateral and three-
dimensional structuring of thin films is crucial, in order to exploit some of the numerous
advantages of cellulose. These comprise biocompatibility and low toxicity combined with
hydrophilicity and low fouling properties.* 2> 281 Furthermore cellulose provides a convenient and
straightforward method to cast films in the order of 10 to 50 nm by spin coating!?? 23], which offer
a high surface area and a stable environment for the adsorption of biomolecules.?>321 |n
combination with the fact, that cellulose is an insulator, all these qualities encourage the
utilisation of cellulose for a broad variety of applications as for example microfluidic systems,
microarrays and biochips3], as well as aforementioned OTFTs. These fields of application have in
common, that they are susceptible to miniaturisation in terms of cost reduction (decreased
material and power consumption), flexibility (facilitated transport) and performance (more
components per chip).3* 3% Therefore, it is - as already mentioned - necessary to develop new
patterning methods that allow for an efficient size reduction.

Current methods for this purpose involve enzymatic digestion, soft lithography, deep UV
lithography and combinations thereof, each of them having advantages and disadvantages.
Referring to the enzymatic pathway, basically it is a simple but laborious technique inasmuch as
relying on preparatory work. These preparations can be either local regeneration of cellulose,
with the unregenerated area not being digested, or the application of microstructured
elastomeric moulds to form microchannels between cellulose film and mould, which in turn
requires the fabrication of micromilled templates serving as master for the creation of said
moulds. This accounts for the method having lesser drawbacks regarding precision, which is true
for soft lithography as well. Differences between the latter and enzymatic digestion are limited
to the needed effort, since the lithographic technique uses the same moulds as stamps or
microchannels, transferring biomolecules to a cellulose surface without prior structuring, leading
to similar lateral resolutions. Another method uses masks to partially cover a film of TMSC,
regenerating only the parts exposed to HCl vapour. 2> 21 Deep UV lithography on the other hand

5|Page



Photoregeneration of cellulose

is characterised by vyielding very small feature sizes due to the small wavelengths used. The
downsides include a high energy input and limitations in its usage in terms of materials not
withstanding the exposure to highly energetic UV-light (e.g. OTFT). Regarding the behaviour of
cellulose upon irradiation with UV-light, it has been found, that wavelengths below 290 nm may
lead to cleavage of glycosidic bonds. Further investigations on the photodegradation of cellulose
revealed elimination processes yielding H,, CO; and CO when exposed to UV-light with 253.7 nm,
while lower wavelengths (e.g. extreme UV) resulted in scission of the anhydroglucose unit
(AGU).B% 371 Regarding aforementioned characteristics, another method is needed for making the

patterning process technically valuable and therefore attractive for industrial application.
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Figure 4. Overview of the chemical structures of photoacid generators used within the scope of this
thesis
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In this work a novel method based on the photoinduced alteration of the substrates solubility by
elimination of the acid-labile organosilyl protecting groups is used. The fundamentals of this
technique were first proposed in the early 1980s, when it was attempted to amplify resist systems
chemically.®¥ The compounds required for an amplification are photoacid generators (PAG);
molecules with chromophoric areas, which are able to produce Brgnsted acid upon UV irradiation.
Despite the knowledge of the compounds’ existence had been noted almost a century ago, their
present fields of application involving cross-linking and degradation of polymers and initiation of
polymerisations were discovered much later.3°) According to literature, the effect of photoacid
generators on other cellulose derivatives (e.g. cellulose acetate®® 41) has already been
investigated, with results suggesting a possible viability of the method regarding systems based
on other polysaccharides like chitin or chitosan.
PAGs can be divided into two main classes, i.e. ionic and non-ionic photoacid generators.
Typically, non-ionic systems involve o-nitrobenzyl esters of carboxylic acids, N-hydroxy-
naphthalimide sulphonates, triarylphosphate derivatives and aryl halides generating carboxylic
acids, sulphonic acids, phosphoric acids and hydrogen halides, respectively.*?l While it is
advantageous for these PAGs being soluble in a large number of possible solvents, their main
disadvantage is a lesser thermal stability compared to ionic photoacid generators, although these
properties may be altered by means of different substitution. As mentioned before, the second
group of PAGs are ionic compounds involving onium salts (e.g. aryldiazonium, diarylhalonium,
triarylsulphonium and triarylphosphonium salts) including anionic metal halides such as BF 47, SbFe’
, AsFe and PFg. In contrast to non-ionic species, the thermal stability of photoacid generator salts
is superior, while poor solubility in common organic solvents represents their main disadvantage.
However, the aforementioned possibilities of changing the properties in terms of structural
modification applies to ionic PAGs as well, comprising the alteration of absorption
characteristics.®°
When PAGs are subjected to UV irradiation of a certain wavelength range, they undergo a specific
decomposition process, associated to the type of photoacid generator. Since the degradation
mechanisms of the PAGs used in this thesis are well studied, they are presented in the following.
The five compounds examined are namely N-hydroxynaphthalimide triflate (PAG 1), Boc-
methoxyphenyldiphenylsulphonium triflate (PAG 2), 2-(4-Methoxystyryl)-4,6-bis-(trichloro-
7|Page
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methyl)-1,3,5-triazine (PAG 3), triarylsulphonium hexafluoroantimonate salts (PAG 4) and

triphenylsulphonium triflate (PAG 5) three of them being ionic photoacid generators of the same

kind as can be seen in Figure 4.
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Figure 5. Mechanism of dissociation upon UV-light irradiation of N-hydroxynaphthalimide triflate
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Starting with PAG 1, its reaction pathway upon irradiation is shown in Figure 5. As pointed out,
the first step involves the light-induced activation of the molecule to the excited state, which
happens to the other photoacid generators in the exact same way. In the next steps homolytic
cleavage of the N-O-bond occurs, followed by an intramolecular rearrangement reaction yielding
isocyanate 2. After nucleophilic attack of water and the removal of hydrogen by tosyl radical,
carbon dioxide is eliminated and benzo[cd]indol-2(1H)-one 4 is formed. Investigations revealed,
that several factors have to be considered, in order to maximise the quantum vyield of photoacid
generation. In the case of PAG 1, a hydrogen source is needed, either from the solvent, substrate
or another compound chosen specifically for this task. In terms of solvents, it has been found that
increasing polarity reduces fluorescence and intersystem crossing quantum vyields, which are
assumed to be competitive pathways to acid generation. Another effect that can be attained by
choice of solvent is a modified reaction path meaning a different product is obtained (e.g. ethanol,

see Figure 6). Furthermore the energetic characteristics have been investigated.
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Figure 7. Calculated energy levels of singlet excited states (S), triplet excited
states (T), heterolytic (b) and homolytic cleavage (a) for PAG 1 upon irradiation

Phosphorescence and fluorescence measurements and calculations resulted in a diagram of
singlet and triplet, as well as cleavage product energy levels, which is shown in Figure 7. It can be
seen that homolytic cleavage of N-hydroxynaphthalimide triflate from the lowest triplet state is

an endergonic process, while singlet state homolysis is clearly exergonic. Since fluorescence
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emission spectra recorded during photolysis exhibit an isoemissive point, it has been stated that
photoacid generation should proceed from the excited singlet state. In addition the dipole
moment of the singlet excited state was calculated and compared to the dipole moment of the
ground state. The results revealed only a minor change which means the excited state has a weak

polar character and therefore heterolytic cleavage should not be favoured. 341

R R R
N/K hv N/I\ N)\

| N —_— | N —_— | N + *Cl
clC N ccly ClsC N cCly cl,C N cCl,
PAG 3
R'H L
-cl —_— H'Cl . =

~

o]
Figure 8. Mechanism of decomposition upon UV-light irradiation of 2-(4-methoxystyryl)-4,6-bis(trichloromethyl)-1,3,5-triazine

Examining PAG 3, its decomposition pathway - as proposed in literature - can be seen in Figure 8.
In contrast to PAG 1 there are no rearrangement reactions involved; the chlorine radicals
generate acid directly via abstraction of hydrogen from substrate, solvent or the like. PAG 3
represents a compound that was altered by chromophore substitution, in order to extend the
wavelength range of response as well as to improve the spectral sensitivity and absorption
characteristics. It was found, that the compound exhibits a lack of fluorescence and
phosphorescence, latter denoting an inefficient depletion of the excited singlet state by
intersystem crossing. Additionally, laser flash photolysis experiments demonstrated rather strong
differences between PAG 3 and its parent compound 2-methyl-4,6-bis(trichloromethyl)-1,3,5-
triazine, which include a strong ground state bleaching and therefore interferences in detection
of an already low amount of chlorine, causing the utilisation of titration methods to determine
acid formation efficiency. Energetic reasons for the observed, low quantum vyield are not fully
understood due to a lack of photophysical data and suitable methods for observation of singlet
and triplet states. It is supposed, that a combination of low excitation energies of S1 and T; states
as well as more efficient deactivation processes thereof are the main reasons for the poor

performance.[#6-48l
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The last group of investigated photoacid generators are the ionic sulphonium salts. The pathway
of photoinduced cleavage for the tested compounds is shown in Figure 9. The product distribution
depicted in the same figure represents the summary of possible photoproducts due to its
dependence on the reaction conditions and sulphonium cations used. Photodissociation of PAG
5 - the parent compound - yields diphenyl sulphide 8, biphenyl 11 and (phenylthio)biphenyls 7
with the major products being o-(phenylthio)biphenyl and diphenyl sulphide. The main
percentage of recombination photoproducts is considered to originate from in-cage
fragmentation-recombination reactions or intra-molecular rearrangement. Since the
photoproducts formed still hold their chromophoric character, the possibility of “inner-filter-
effects” and potential secondary photolysis arises, resulting in an altered product distribution
(e.g. biphenyl formed from (phenylthio)biphenyl). The substitution of one or more phenyl rings
leads to different fragmentation pathways. It has been found, that the preferentially cleaved aryl
fragment contained the electron donating group and therefore the major sulphide formed carried
the electron withdrawing group. While the amount of acid generated correlates well with total

product formation, the quantity differs with varying substitution.
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Figure 9. Mechanism of decomposition upon UV-light irradiation of triarylsulphonium salt photoacid generator
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Alkyl ether moieties lower the efficiency (e.g. (4-methoxyphenyl)diphenylsulphonium: 64%
efficiency), whereas a phenylthio moiety provides an increase of 12% compared to triphenyl-
sulphonium, even though the absorption maximum of [4-(phenylthio)phenyl]diphenyl-
sulphonium is shifted to lower energy than (4-methoxyphenyl)diphenylsulphonium. Compared to
other sulphonium salt photoacid generators, the photochemistry of [4-(phenylthio)phenyl]-
diphenylsulphonium is unusual - compared to sulphonium salts containing other electron-
donating moieties (e.g. methoxyphenyl groups) - but has been explained by singlet state
stabilisation and increased intersystem crossing. It has been stated, that the major path of
decomposition is heterolysis while homolysis represents a minor pathway, which is converse in
case of the phenylthio-compound. Furthermore, the photodissociation of the latter proceeds
through the triplet state as indicated above. Inferring from the facts mentioned sulphonium salt

photoacid generators appear more efficient if dissociated by homolysis.[#&->°]
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Experimental

Materials

Microcrystalline cellulose (MCC, Sigmacell Cellulose Type 20), triethylamine (299%), N,N-
dimethylacetamide (DMAc, anhydrous, 99.8%), lithium chloride (99%, anhydrous), potassium
hydrogen phosphate (298%, anhydrous), potassium dihydrogen phosphate (299%, anhydrous),
ethanol (299.8%), N-hydroxynaphthalimide triflate (299%, PAG 1), Boc-methoxyphenyldiphenyl-
sulphonium triflate (PAG 2), 2-(4-Methoxystyryl)-4,6-bis(trichloromethyl)-1,3,5-triazine (98%,
PAG 3), triaryl-sulphonium hexafluoroantimonate salts (50 %(w/w) in propylene carbonate, PAG
4), triphenyl-sulphonium triflate (PAG 5) and trimethylsilyl chloride (TMSCI, 299%, Fluka) were
purchased from Sigma-Aldrich, Steinheim, Germany. Trimethylsilyl cellulose with a degree of
substitution of 2.8 was provided by TITK Rudolstadt, Germany and chloroform (J.T.Baker) was
obtained from VWR International GmbH, Vienna, Austria. All chemicals were used without further
purification except for MCC and LiCl, which were dried for 12 hours at 100°C under reduced

pressure.

Silylation of cellulose

In a typical procedure a 100 mL three-necked flask equipped with thermometer, reflux condenser,
gas inlet and outlet was purged with nitrogen before adding 1.00 g (6.17 mmol AGU) of dried
cellulose. The cellulose was suspended in 30 mL (0.32 mol) of DMAc and stirred for 2 hours at
150°C. The mixture was left to cool to 80°C and 1.80 g (42.5 mmol) LiCl were added. Stirring
continued without heating until the polymer completely dissolved.

Afterwards, 1.76 g (17.4 mmol) of triethylamine were added under vigorous stirring. After
dissolution of the triethylamine occurred, a defined amount of TMSCI was added and stirring was
continued for 24 hours. The mixture was poured into 500 mL of cooled phosphate buffer
containing 3.57 g (20.5 mmol) of K;HPO4 and 1.77 g (13.0 mmol) KH,PO4. The white, solid product

was filtered off and washed 5 times with water and additionally 3 times with ethanol, in case the
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expected DSs; was higher than 1.5. The obtained TMSC was dried for 5 hours in a vacuum oven at
100°C prior to dissolution experiments, which were conducted in different ways for testing
purposes. Small amounts of a sample were put into three glass vial and solvent was added. The
vials were closed and subjected to vigorous shaking, heating and a combination of these methods,
respectively. In order to examine how much of TMSC actually dissolved, the solid residues were
filtered off and the solvent was then removed from the filtrate by vaporisation. All experiments

were repeated with using precipitation in cooled water as detection method instead of drying.

Photoregeneration of cellulose

400 mg of commercial TMSC were added to a glass vial with screw top and magnetic stirrer. After
addition of 20 mL of chloroform the mixture was stirred for 4 hours. The obtained solution was
successively filtered through 1-2 um and 0.45 um syringe filters. The effective concentration of
the achieved solution was determined gravimetrically and adjusted to 10 mg/mL before dissolving
a distinct amount of each photoacid generator (PAG) in separate TMSC solutions. The
concentrations of PAGs in the resulting solutions were 1 %(w/w), 2 %(w/w), 5 %(w/w), 10 %(w/w)
and 15 %(w/w), respectively.

Each solution was spin coated on CaF; platelets, with the substrates being mounted in petri dishes
(@ =50 mm) to saturate the surrounding atmosphere with solvent, after which the thin films were
illuminated for 16 minutes in total. A schematic overview of the steps included in the fabrication
of regenerated thin films is given in Figure 10. Irradiation experiments were carried out with a
medium pressure Hg-lamp (100 W, 66990, Newport). In order to follow the progressing
regeneration, IR measurements were conducted repeatedly after specific time intervals within
the overall illumination time. The same procedure was used for preparation of AFM samples with
silicon wafers (10 x 10 mm?) instead of CaF, platelets. Additionally, these specimens were
developed after the measurement by deposition of the wafers in chloroform for 10 minutes at
room temperature. For film deposition at increased humidity, a container filled with water was
placed into the spinning chamber and allowed to equilibrate for 30 minutes before spin coating.

Prior to use all substrates applied to the procedures described in this section were rinsed
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thoroughly with water and acetone and cleaned with a polymer cleaning solution (First Contact,

|

Photonic Cleaning Technology LLC, Platteville, USA).
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Figure 10. Schematic workflow overview of steps involved in the fabrication of regenerated cellulose thin films based on spin
coating a mixture of TMSC and PAG

Measurement

ATR FTIR spectra were acquired with a Bruker ALPHA spectrometer (spectral range: 4000 - 400
cm?, resolution: 1 cm™), whereas transmission measurements were conducted on a Bruker
VERTEX 80 spectrometer with usage of CaF. platelets as substrates for the thin films (spectral
range: 4000 - 850 cm, resolution: 1 cm™). Data evaluation was performed by using the OPUS
software package (Bruker, Corporation, USA). In order to compare the values of silicon
concentration in the regenerated films the peak height of the Si-C signal at ~1250 cm™ was
calculated and converted to relative percentages.

UV-Vis absorption was measured on a Varian Cary 50 UV-Vis spectrophotometer using quartz
cuvettes with a light path length of 10 mm and chloroform as solvent. The concentration of
sample solutions was adjusted to 10 ug/mL regarding evaluability in terms of the Beer-Lambert
law. For enabling comparability of the photoacid generator efficiencies at given conditions the
respective absorption spectra f(4;) were used as weight functions, which were applied to the
emission spectrum f(E,;) of the medium pressure mercury lamp to receive the specific spectral

irradiance E.7 ¢ of the tested photoacid generators.

Equation 1. EJYC = f(f(Ee,l) * f(A4,))dA
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The obtained functions were integrated to acquire the specific irradiance E;P*“ incident on the

surface of the samples. According equations for this task are shown in the following:

Equation 2. EJPe = ff(E:ﬁ’ec)d/l

In the next step the irradiation time is taken into account to obtain the radiant exposure H;P*,

which is described in Formula 3.

Equation 3. HP*C = EJP*“ x t

Static contact angles were acquired with a Kriiss DSA100 Drop Shape Analyzer with water using a
drop volume of 2.0 ul. This measurement served as an additional method to determine the degree
of conversion over the course of the experiment, since hydrophilicity increases with a decreasing
amount of TMS groups.

AFM images were recorded with a Nanosurf Easyscan 2 FlexAFM in tapping mode using
TAP190AL-G silicon probes (resonance frequency: 190 kHz, force constant: 48 N/m). AFM data
was evaluated with Gwyddion and WSxM SPM data analysis software®!; images were equalised
by cutting off outliers. For thickness measurements, the samples were scratched with the tip of
plastic tweezers applying moderate pressure followed by recording a 20 x 20 pm? micrograph
with an amplitude of 200 mV and 0.5 seconds run time per line. The mean thickness for each
sample was acquired by computing average values of 5 height profiles created by means of the
mentioned software. Roughness was determined on the basis of a 5 x 5 um? image (amplitude:

120 mV, run time per line: 0.7 s).
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Results & Discussion

Synthesis of trimethylsilyl cellulose

In order to shift the process of regenerating cellulose with the assistance of photoacid generators
to economically sound conditions, it is necessary to prepare trimethylsilyl cellulose soluble in
“eco-friendly” solvents, such as ethanol or ethyl acetate. The chosen approach employed in this
work consists of altering the solubility of TMSC via changes in the degree of substitution.

As already mentioned, the silylation of cellulose - being a heterogeneous process conducted in
anhydrous pyridine with trimethylsilyl chloride - was discovered in the late 1940s.'% In order to
increase the maximum attainable degree of substitution, it was necessary to create homogeneous
conditions, since it was not possible to achieve full functionalisation, due to the inaccessibility of
some hydroxyl groups, which are responsible for the complex supramolecular structure of
cellulose induced by strong hydrogen bonding. The most common solvent is a mixture of N,N-
dimethylacetamide and lithium chloride, which was studied and optimised for a long period of
timel®7-%;  other more recent examples for homogeneous systems comprise dimethyl
sulphoxide/tetrabutylammonium fluoridel®® 62 and ionic liquids®> %, both of these being
convenient and straightforward, but expensive as well. Since the target of this work is the
adjustment of DSs; to obtain TMSC soluble in “eco-friendly” solvents, heterogeneous systems are
also qualified for this task.[®® However, the inhomogeneous distribution of silyl groups and
laboriousness in terms of processing are major disadvantages, that cannot be overlooked.

Due consideration should be given to the fact, that cellulose needs to be activated prior to
dissolution, with several possibilities being available for this purpose; preferable methods are for
example heating and solvent exchange. While there are even more methods for activation of
cellulose, most of them either derivatise the substrate (e.g. ethylisocyanate) or pose a risk of
substrate degradation (e.g. alkaline pre-treatment).[®®! Hence, latter approaches are avoided and
it was decided to use thermal activation as the treatment of choice, since solvent exchange

represents a very laborious and time-consuming alternative. It still has to be pointed out, that
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processing of cellulose at elevated temperatures causes degradation as well, which can be

observed by discolouration of the reaction mixture.
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Figure 11. ATR FTIR spectra of Sigmacell cellulose powder and commercial TMSC powder (DSs; 2.8)

In the first step, ATR FTIR spectra of Sigmacell cellulose and commercial trimethylsilyl cellulose

were recorded (see Figure 11). The spectrum of cellulose shows the predicted, broad band of O-

H stretching vibrations between 3000 and 3600 cm™, whereas the spectrum of TMSC only exhibits

a barely noticeable displacement of the baseline in the mentioned area. Other signals associated

with vibrations of the O-H groups as for instance bands at 1334 or 1202 cm™ disappear as well. In

the region of C-H stretching vibrations two new signals arise at 2955 and 2877 cm?, respectively.

These two bands can be related to asymmetric and symmetric C-H stretching vibrations of the

methyl groups attached to silicon which are also accounting for the C-H bending vibration signal

at 746 cm. Further the contributions of the ring system exhibit alteration, which can be

explained by changes in ring conformation due to substitution with bulky trimethylsilyl groups.

Other observed variations between the shown spectra are directly related to the TMS groups.
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Bending and stretching vibrations of Si-C can be observed at 1248 and 832 cm™. All observations

are in agreement with previous results and summarized in Table 1.[23 66-68]

Table 1. Summary of main IR bands observed in the spectrum of commercial TMSC with an average DSs; of 2.8
Frequency / cm™ | Interpretation
3594-3390 | OH stretching

2956 | CH3 asymmetric stretching
2902
2876
1393 | CH;z in-plane bending
1248 | Si-CHs in-plane bending

Si-O-C asymmetric

1118 | stretching

1080 | OH bending

1043 | C-O stretching

958.3 | Si-O-C stretching

832.2 | Si-C stretching

746.1 | CHz in-plane bending

662.4 | OH out-of-plane bending

CH symmetric stretching

Example spectra of some prepared trimethylsilyl celluloses are shown in Figure 12. The signal for
Si-C scissoring vibrations at 1248 cm?, highlighted in grey, is increasing when more trimethylsilyl
chloride is used during preparation. Other significant changes represented by bands for O-H
stretching, Si-C stretching and conformational ring vibrations can also be observed as mentioned
above.

For an estimation of the degree of substitution of the prepared TMSCs, the maximum intensities
of the band at 1248 cm™ of commercial TMSC and cellulose were calculated and plotted against
the degrees of substitution of these. The obtained function was used as calibration curve based
on which the degree of substitution was finally computed. The results of the calculations are
shown in Table 2 and Figure 13. As can be seen, the DSs;i constantly increases with increasing
amount of TMSCl used in preparation with a slight tendency to flatten at higher ratios of silylating

agent.
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Figure 12. Example spectra of prepared trimethylsilyl celluloses; values in brackets represent the molar ratio of silylating
agent compared to AGU achieved by weighing TMSCI prior to silylation

Table 2. Results of solubility tests in comparison to applied ratios of silylating agent and DSs; calculated from IR spectra

Molar ratio Product Solubility

AGU | TMSCI | No. | Calculated DSs; | Ethanol | Ethyl acetate | Chloroform
1 10 | 1 0.1 - - -~ (S)
1 15 2 04 -- - - (S)
1 1.7 | 3 0.6 - (S) - -~ (S)
1 2.0 4 0.9 -(S) - - (S)
1 27 | 5 1.6 - - (S) -~ (S)
1 3.1 6 1.7 -- - - (S)
1 4.0 7 2.3 -- -- +
1 4.2 8 2.3 -- -- +
1 4.5 9 2.6 -- -- +
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Figure 13. Relation of experimental DSs; values of prepared TMSCs calculated from peak intensities* versus the molar
ratio of TMSCI to AGU**; * see IR spectra_ Si-CHs in-plane bending vibration band at 1248 cm™, ** achieved by
weighing TMSCI prior to silylation

In the next step the solubility of the products was tested. Based on previous reports in literature,
ethanol and ethyl acetate were chosen as “eco-friendly” solvents.[®® 791 As shown in Table 2,
swelling occurred for trimethylsilyl celluloses featuring several different degrees of substitution,
whereas it was not possible to fully dissolve one of the samples. A possible reason for this
behaviour could be agglomeration of the polymer chains, due to a high amount of unsubstituted
hydroxyl groups. In case of samples 3 and 4, IR spectra (see Figure 14) show small amounts of
incorporated water, which could result in a stronger hydrogen bond network and hinder the
dissolution of TMSC in ethanol or ethyl acetate. It is feasible as well, that the TMSC regained some
degree of crystallinity during the drying process or incomplete dissolution of cellulose prior to
preparation led up to remaining crystalline domains within the TMSC. It needs to be pointed out,
that the samples with a degree of substitution higher than 2.2 were soluble in chloroform - the
solvent used for regeneration experiments - and TMSC with a DSs; below 1.8 showed swelling

behaviour.
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Figure 14. Comparison of IR spectra of preparated TMSCs 3 and 4 (see Table 2); values in brackets represent the molar

ratio of silylating agent compared to AGU achieved by weighing TMSCI prior to silylation; marked area shows location of
bands denoting presence of H,0

Photoregeneration of cellulose

The other important factor in the regeneration of cellulose, besides the choice of the substrate,
is the photoacid generator used and its specific efficiency. Therefore it is necessary to approach
the problem from different perspectives - namely the ability to effectively convert TMSC to
cellulose and the lamp specific factor of converting light into acid, measured by infrared and UV-
visible spectroscopy, respectively. Another point, that cannot be considered negligible, is the

morphology of the thin film with respect to further uses, which is investigated by AFM

microscopy.
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UV-Vis spectroscopy

In the first place, UV-Vis spectra of the tested photoacid generators were recorded (see Figure
15) and compared to data prior reported, which is shown in Table 3.13-55] |n respect to the
measured data, the extinction coefficients were calculated. Approximate locations of absorption
maxima were confirmed by the documented values, except for (Boc-methoxyphenyl)diphenyl-

sulphonium triflate, for which the manufacturers data was used for comparison.

—PAG 1
r——PAG 2
| ——PAG 3
PAG 4
L ——PAG 5

0.8

0.6 |-

Absorption

0.4

0.2:\
0.0

U= W

. L ! n 1 s | . 1 "
250 300 350 400 450 250 260 270 280 290 300

Wavelength (nm) Wavelength (nm)

Figure 15. Left: UV-Vis spectra of tested photoacid generators recorded in chloroform at a concentration of 10 ug/ml; right:
magnification of the squared area in the picture on the left

Large variances can be observed within the spectral data of the different PAGs both in the
wavelengths of maximum absorption and in the amount of absorbed light. Whilst PAG 3 shows a
very high absorption of 0.8 at a concentration of 10 ug/ml, the other photoacid generators’
abilities to attenuate light are significantly lower. As can be seen in Figure 15, it is not possible to
evaluate correct locations and values of Amax for PAGs 2 and 5 as well as the valid molar mass of
PAG 4. The underlying reason is, that, in terms of PAGs 2 and 5, the method of determination
does not allow for measurements in the relevant wavelength area because of a high noise level
below 250 nm, while PAG 4 consists of a mixture of two different cations, whereby the exact ratio
could not be obtained, neither from literature nor from the supplier (see Figure 4). This led to a
problem in the calculation of the corresponding extinction coefficient and should be the reason

for the deviation of the reported and the achieved values as well.

23 |Page



Photoregeneration of cellulose

Table 3. Calculated values for the extinction coefficients of different PAGs at wavelengths obtained by described measurement
and their comparison to reported values

PAG | Amax/nm | abs | €/ M*LY | €7 (Amax®) / ML
1 341 0.33 11393 10150 (335 nm)
2 --b --b -- -- (255 nm)¢
3 381 0.80 35837 34000 (370 nm)
4 310 0.14 5201 23400 (225 nm)

19500 (305 nm)
5 b b - 18600 (235 nm)

2 previously reported datal*3-°!
b No data achievable
¢ No data reported (Amax taken from supplier)

Table 4. Calculated values for the specific irradiance of different PAGs derived from given formulas (see Experimental section)

PAG | EP*° / mW*m?
1 1.56
3 6.29
1.00

As a possibility to compare photoacid generators, the absorption spectra of PAG 1, 3 and 4 were
used to weight the emission spectrum of the lamp utilized for illumination of the thin films. The
values calculated through integration of the obtained functions are noted in Table 3. The
irradiance data shown is not comparable without considering the different spectral intensities of
the lamp’s emission and varying absorption areas of the photoacid generators. Regarding that,
the ratio between the irradiance calculated and the lamps overall irradiance was used for
comparison and is also shown in Table 4. As can be seen, PAG 1 and 4 are able to work with very
low amounts of energy while PAG 3 is accessing the threefold quantity. Since these values are
lamp specific, they are not comparable to literature and the experiments even have to be
repeated if the light source is changed.

For further evaluation of this data the conversion rate of TMSC to cellulose has to be taken into

account, which is subjected in the next section.

24 |Page



Photoregeneration of cellulose

Infrared spectroscopy
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Figure 16. IR spectra of TMSC containing 15 %(w/w) PAG 4, Sigmacell cellulose* and cellulose regenerated from
commercial TMSC by HCl vapour; time in textbox represents total irradiation time at the time of measurement;
marked area highlights location of bands corresponding to silylgroups; * measured with ATR FTIR
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In order to survey the photoacid generators abilities to regenerate cellulose - and therefore
generate acid - the process of trimethylsilyl group elimination is followed by infrared
spectroscopy. The peak assignment was already stated above and will not be repeated in detail
for that reason.

The spectra shown in Figure 16 represent samples to illustrate the cleavage of TMS groups as well
as a comparison between the effects of different routes of regeneration - namely hydrochloric
acid vapours and photoacid generators. As can be seen, the peak for Si-C bending vibrations at
1248 cm™ significantly decreases over the course of continuous illumination. Since infrared
transmission of CaF, substrates is virtually zero at wavenumbers below 850 cm™, the second

signal belonging to Si-C stretching vibrations cannot be taken into account.
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Figure 17. Process of cleavage of TMS groups from TMSC thin films containing 5 %(w/w), 10 %(w/w) and 15 %(w/w) PAG 1,
respectively; the amount of remaining TMS groups has been determined by IR spectroscopy
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Figure 18. Kinetics comparison of samples containing PAG 1 at a concentration of 10 %(w/w), effect of humidity during
photoregeneration of the films; H,O denotes the sample, where humidity saturated atmosphere was created

Compared to conventionally regenerated cellulose, the cellulose obtained via photoacid
generators exhibits similar peak intensities for silicon bands and therefore it is assumed that both
techniques are capable of fully converting TMSC to cellulose. This can also be confirmed by
comparing said spectra with the spectrum of commercial, microcrystalline cellulose even though
the signals for ring conformation vibrations vary widely.

A possible explanation for the variations mentioned before could be morphological differences
between the measured samples. More precisely, trimethylsilyl cellulose was spin coated onto the
substrates and as a result the molecules are in an amorphous state, while the commercial
cellulose has ordered, crystalline areas, which may show different absorption behaviour due to
strong intermolecular interactions. It has already been stated, that regeneration of cellulose leads
to reformation of hydrogen bonds resulting in cellulose Il crystal structure, whereas commercial,

microcrystalline cellulose obtained from natural sources (e.g. plant, bacteria) mainly consists of
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cellulose I. The most obvious variations in IR spectra can be found in the area of OH-stretching
vibrations, where the native cellulose | allows for an approximate distinction of different hydroxyl
groups, which cannot be observed in the case of regenerated cellulose, due to strong overlapping
(see Figure 16).171

Leading from this argumentation, in the next step the different photoacid generators are
compared to each other. For this reason the consecutive spectra measured over a definite period
of time are used to calculate the peak heights of the Si-C signal at 1248 cm. The values obtained
this way indicate the amount of silicon protecting groups remaining in the investigated thin film
and consequently the completeness of regeneration to cellulose.

The aforementioned time-dependent course of regeneration can now be displayed by plotting
these values against the specific illumination time. Starting with PAG 1, N-hydroxynaphthalimide

triflate, the graphs shown in Figure 17 could be achieved. Typically, an exponential decay can be
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Figure 19. Process of cleavage of TMS groups from TMSC thin films containing 5 %(w/w), 10 %(w/w) and 15 %(w/w) PAG 2,
respectively; the amount of remaining TMS groups has been determined by IR spectroscopy
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expected, but was not observed in this particular case. Since this photoacid generator is known
to work properly from previous researchl’?, all experiments were repeated without major
improvement being acquired. After several tests, the reason for this behaviour was figured out: a
lack of hydrogen sources for acid generation. By adding water into the spin coater, the humidity
in the coating chamber was artificially increased, leading to higher content of water in the film.
Based on this procedure the data shown in Figure 18 could be obtained. As can be seen, the
amount of remaining silicon in the film decreases to approximately 20 % within 4 minutes,
whereas the former sample stayed above 90 % in the same period of time.

In contrast to PAG 1, PAG 2 shows the expected exponential decay, but the overall performance
is much lower as Figure 19 indicates; these observations will be discussed with PAG 4 and 5.
Similar acid generation capabilities were also found for PAG 3. This fact can be explained by the
low quantum yield of this specific due to an extended chromophore, which has already been

reported by Pohlers et al.1*¢%8] Corresponding graphs are shown in Figure 20.
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Figure 20. Process of cleavage of TMS groups from TMSC thin films containing 5 %(w/w), 10 %(w/w) and 15 %(w/w) PAG 3,
respectively; the amount of remaining TMS groups has been determined by IR spectroscopy
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PAG 4 offers the best performance of the photoacid generators within the scope of this work. As
can be seen in Figure 21 the amount of remaining organosilicon protecting groups reaches 20 %
at a concentration of 10 %(w/w). Unlike PAG 1, this extent of efficiency could be achieved without
supporting appliances, which favours the application of this salt. Assuming same improvability
through simple methods as for N-hydroxynaphthalimide triflate, this photoacid generator has a

high potential for further improvement towards lower concentrations.
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Figure 21. Process of cleavage of TMS groups from TMSC thin films containing 5 %(w/w), 10 %(w/w) and 15 %(w/w) PAG 4,
respectively; the amount of remaining TMS groups has been determined by IR spectroscopy

The last PAG to review in this series of tests is triphenylsulphonium triflate, the parent compound
to PAG 2 and 4. It is clearly evident from Figure 22 that PAG 5 is less efficient than PAG 4, but
more efficient than PAG 2. Previous research concerning the influence of substitution on the aryl
groups claimed, that electron donating substituents (e.g. alkoxy-groups) are able to lower the
efficiency by 30-40, except for phenylthio moieties, which can increase the amount of acid

generated to 112 % compared to the unsubstituted sulphonium salt. Scientists assume the reason
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for this behaviour to be a combination of singlet state stabilisation and an increased rate of inter
system crossing. [49-5°]
As can be seen from the previous section, the same experiments as described here were also

conducted with samples containing a lower amount of photoacid generator.
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Figure 22. Process of cleavage of TMS groups from TMSC thin films containing 5 %(w/w), 10 %(w/w) and 15 %(w/w) PAG 5,
respectively; the amount of remaining TMS groups has been determined by IR spectroscopy

Since one of the targets of this work is the achievement of a sustainable method for the
structuring of cellulose thin films, the same experiments as described here, were also conducted
with samples containing a lower amount of photoacid generator, as denoted in the previous
section. As an example, Figure 23 shall show the subsequent loss of trimethylsilyl groups over the
course of the experiment of PAG 4 at concentrations of 1 %(w/w) and 2 %(w/w) relative to the
amount of TMSC in the spinning solution. Compared to higher concentrations, it can be seen, that

the performance is drastically decreased, yielding a 10-fold difference between samples
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containing 2 %(w/w) and 5 %(w/w) photoacid generator. In case of the other PAGs, the results

seem to be even worse, what can be seen in Figure 24 to Figure 27 on the following pages.

However, one observation, that has to be mentioned, is an increase in the amount of remaining

trimethylsilyl groups, which can be found in the data of each sample at low PAG concentrations.

The most probable explanation is the attainment of the detection limit, since IR spectroscopy is

applied to track the experiments. The infrared bands used to detect silicon are located at 1248

cmtin the fingerprint region and therefore can easily be superposed by other vibrational signals,

leading to small interferences in the spectrum. Furthermore, the CaF, substrates account for

additional signal noise. These reasons do not allow for plausible interpretation of data concerning

very small alterations of the total silicon content.
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Figure 23. Process of cleavage of TMS groups from TMSC thin films containing 1 %(w/w) and 2 %(w/w) PAG 4, respectively; the

amount of remaining TMS groups has been determined by IR spectroscopy
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Figure 24. Process of cleavage of TMS groups from TMSC thin films containing 1 %(w/w) and 2 %(w/w)
PAG 1, respectively; the amount of remaining TMS groups has been determined by IR spectroscopy
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Figure 25. Process of cleavage of TMS groups from TMSC thin films containing 1 %(w/w) and 2 %(w/w)
PAG 2, respectively; the amount of remaining TMS groups has been determined by IR spectroscopy
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Figure 26. Process of cleavage of TMS groups from TMSC thin films containing 1 %(w/w) and 2 %(w/w)
PAG 3, respectively; the amount of remaining TMS groups has been determined by IR spectroscopy
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Figure 27. Process of cleavage of TMS groups from TMSC thin films containing 1 %(w/w) and 2 %(w/w)
PAG 5, respectively; the amount of remaining TMS groups has been determined by IR spectroscopy
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Atomic force microscopy
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Figure 28. AFM micrographs recorded before illumination (a), after illumination (b) and after developement (c) and
corresponding height profiles of PAG 1; height profiles represent data on the diagonal from upper, left to lower right corner
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Figure 29. AFM micrographs recorded before illumination (a), after illumination (b) and after developement (c) and
corresponding height profiles of PAG 2; height profiles represent data on the diagonal from upper, left to lower right corner
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For the utilisation of regenerated cellulose in microelectronics or related areas of application it is
important to be aware of several characteristic processes occurring during regeneration. These
morphological changes can be traced by measurement of roughness and thickness of the
deposited films over the course of the experiment. In the scope of this work mentioned

alterations were observed by tapping mode atomic force microscopy.
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Figure 30. AFM micrographs recorded before illumination (a), after illumination (b) and after developement (c) and
corresponding height profiles of PAG 5; height profiles represent data on the diagonal from upper, left to lower right corner

As can be seen in Figure 28 to Figure 30, the surface structure of the tested samples is clearly
changing. One aspect that has to be considered regarding the morphology, is directly related to
the presence of photoacid generators in the thin films. The amorphous structure of the layer can
be further disturbed by photoacid generator molecules disrupting the possibility of rigid TMSC
chains lying flat. In the case of PAG 1, the high crystallinity of the compound itself combined with
high concentrations should be the reason for the formation of aggregates on the surface, since
this effect is drastically reduced with decreased concentration. This proposal is further supported
by data presented in Figure 31. The thickness of the sample containing PAG 1 is reduced by 50 %,
whereas the roughness is not affected during illumination and does not change before treatment

of the photoregenerated layer with chloroform, which causes dissolution of the photoacid
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generator. Contrary behaviour in terms of alterations in roughness can be seen, when comparing
then thin films containing the other PAGs. Development of the samples leads to surface
smoothing, even if the photoregeneration process generates first effects. Except for PAG 1, the
changes in surface conditions occurring during UV-light irradiation can easily be explained by
elimination of protecting groups and therefore morphological modifications of the thin film arise.
The reconversion of TMSC to cellulose causes a reformation of hydrogen bridge bonds providing
a drastical increase in density. In order to facilitate this, the thickness of the layer decreases by
50 to 60 %, which has already been stated.[16 73-76]

As mentioned before, the surface morphology of the sample containing PAG 1 is mainly caused
by the photoacid generator itself in contrast to films incorporating PAG 2 or 5, which can be seen
in Figure 28 to Figure 30. The latter show close resemblance to each other before development,
which is illustrated by the structural similarity of these photoacid generators. A possible
explanation for differences in Figure 29 c and Figure 30 c may be the diverse efficiency since PAG
5is 5 times as efficient as PAG 2 at given concentrations. Remarkably, thickness of films created
with sulphonium salt photoacid generators differ by about 5 %, while variations in roughness

amount to 14 %, despite the different appearance of the final product.
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Figure 31. Comparison of RMS roughness and thickness of depicted PAGs over the course of the experiment (before illumination
(a), after illumination (b), after development (c))
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Contact angle measurement

From the results of static contact angle measurements with water (see Table 5), which are
depicted in Figure 26, it can be seen that the values change by about 5 % in the course of
illumination for both photoacid generators. This can be described by PAG decomposition products
diffusing to the surface of the cellulose film during regeneration due to the increase of density
and therefore the contraction of the film. When the sample is submerged in chloroform, thus
developed, the static contact angle is clearly changing, what is the necessary consequence of the
dissolution and therefore the removal of hydrophobic remains. In fact, the values do decrease,
but not in a sufficient manner, if compared to previously reported data.*® 2% 751 A possible reason
for this observation could be incomplete regeneration; remaining trimethylsilyl groups on the
surface are likely to increase the measured static contact angles. However, the results of this

method confirm a successful regeneration process.

105
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15
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Figure 32. Left: static contact angles of samples containing 10 %(w/w) of depicted PAGs (before illumination (a), after
illumination (b), after development (c)), right: static contact angles of TMSC and regenerated cellulose thin films previously
reportet!> 691, implied data can be found in Table 5

Table 5. Mean static contact angles measured with water, each calculated from 3 individual measurements.

non-illuminated / deg illuminated / deg developed / deg
PAG 1 105+ 0.6 99+0.3 50+4.3
PAG 6 104+ 2.1 97104 44 +3.3
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Conclusion & outlook

Concerning the silylation of cellulose it has been shown that a broad variety of TMSCs referring
to their degree of substitution can be achieved even with a convenient and straightforward
method such as the one used in the course of this work. The lack of solubility of the synthesised
cellulose derivatives in “eco-friendly” solvents is a problem that still needs to be addressed. A
possible explanation for this behaviour is poor dissolution of cellulose in the DMA/LIClI mixture
due to insufficient activation methods or purity issues. The removal of potential residual
moisture, which was detected in some of the samples, represents another promising option. Since
changes to the procedure regarding the mentioned possibilities are laborious or expensive, other
ways of improvement need to be found in order to create a material for new and sustainable
applications.

The investigations regarding the efficiency of photoacid generators produced varying results. On
the one hand Boc-methoxyphenyldiphenylsulphonium triflate (PAG 2) and 2-(4-Methoxystyryl)-
4,6-bis-(trichloro-methyl)-1,3,5-triazine (PAG 3) performed poorly in the given environment,
which could be explained by substituent effects. Since their efficiency and quantum yields are too
low compared to other photoacid generators, further application for regeneration tasks is not
favoured. While laboratory findings of triphenylsulphonium triflate (PAG 5) were mediocre, the
performance of the two remaining PAGs seems to be superior. The acquired data concerning N-
hydroxynaphthalimide triflate (PAG 1) and triarylsulphonium hexafluoroantimonate salts (PAG 4)
makes these compounds being promising starting points for further research. Nonetheless some
improvements need to be made in terms of high photoacid generator concentrations and
resulting film properties, whereby it has to be considered that these variables affect each other

and they are able to alter the final outcome.
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