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Abstract

Technological progresand economic growth dominates our world. This goes hand in handanith
evergrowing needfor resources especially in the field oénergy production.Environmentally
friendly means of energy production have to be promoted dounteractglobal warming This
process wilhave tobe carried by several pillars. A main pillar will be the conversion of renewable
biomass to more accessible forms of energy. Second generdabtifurets are produced from biomass
sources which also take greenhouse gas emissions and land use into account, e.g. ogulose
enzymatic degradation and subsequent fermentati@ellulose is the most abundant biomass on
earth and its structure is charadrised by muliple crystal phases. Synergistic effects become
apparent when enzymatic degradation is carried out, as some enzymes preferably degrade certain
cellulose phases. In order to be able ¢onduct in situ AFM investigations of the enzymatic
degradation the cellulose substrate has to be well defined and nanoflats work focuses on the
preparation and characterisation of artificial cellulose substrates with tunable properties in respect
of crystal phase and particle densities. Microcrystallindutede (Avicel) is dissolved in the ionic
liquid BMIMCI and driedin the next step theionic liquid is removed by a fractionablvent
exchange, and thethe samples are embedded in epoxy and cut with the ultramicrotomy, yielding
nanoflat surfaces. Depenty on the mixing ratio of cellulose and BMIMCI and further mixing
parameters the substrate properties (crystal phases, crystal distribution) can be controhied.
substrates were characterized witk-ray diffraction, optical microscopy, transmission efiem
microsopy and atomic force microscopy. This showed thassibility of producing cellulose
substrates with mixed or pure crystal phases. A further substrate was characterized. The spin cast
cellulose are fasand easy to produce cellulose substrateghwno necessity for embedding and
ultramicrotomy. They turned out to be ideal testing substrates for enzymatic degradation. Enzymatic
degradations of test substrates and of substrates with different crystalline properties will be
described and compareduRhermore evaluations of cellulosomes (medtizyme complexes) were
performed and their outome is described in this work.

The tunable substrates which were characterized and tested allow for exact observation of
enzymatic degradatioron different phases This willmake it possibleto describe enzymatic
degradation more precisely on a morphological scale, leading to a better understanding of the
involved processes.



Kurzfas sung

Unsere Welt ist gepragt von wirtschaftlichem Wachstum und technischem Fotts€hes bedingt

einen immer gréReren Bedarf an Ressourcen, besonders im Bereich der Energieproduktion. Um
globaler Erwarmung entgegenzuwirken mussen verschiedene umweltfreundliche Arten der
Energieproduktion forciert werden. Dieser Prozess wird von erefr Sdulen getragen werden
mussen. Eine Hauptsaule dieses System wird die Umwandlung erneuerbarer Biomasse in leichter
zugangliche Energieformen seirBei Biokraftstoffen der zweiten Generation werden die
Rohmaterialien auch hinsichtlich ihrer Treibhausgaissionen und Landnutzung bewertet. Ein
Beispiel dafir ist Zellulose die enzymatisch abgebaut und anschlieBend fermentiert wird. Zellulose ist
die am haufigsten vorkommende Biomasse der Welt und ihre Struktur ist charakterisiert durch
mehrere verschiedem Kristallphasen. Wahrend der enzymatischen Hydrolyse treten Synergismus
Effekte auf, da manche Enzyme verschiedene Zellkftaeturen bevorzugen. Um in situ AFM
Messungen durchfiihren zu kénnen muissen die Zellulose Substrate wohl definiert und nanoflach
sein. Diese Arbeit konzentriert sich auf die Herstellung und Charakterisierung kiinstlicher Zellulose
Substrate mit einstellbaren Eigenschaften, beziglich ihrer Kristallinitat und Partikelverteilung.
Mikrokristalline Zellulose (Avicel) wird in einer ionisch Flussigkeit (BMIMCI) gelést und
anschlie3end getrockneDas BMIMCI wird mit einem LOosungsmittelaustausch entfernt und dann
werden die Proben eingebettet und mit dem Ultramikrotom geschnitten, nanoflache Oberflachen
ergebend. Die Substrateigenschafteasden sich durch das Mischungsverhéltnis und weitere
Mischungsparameter einstellen Die Substrate wurden mittels Rontgendiffraktometrie,
Lichtmikroskopie,Transmissionselektronenmikroskopimd Rasterkraftmikroskopieharakterisiert

Dies zeigt die Mdglichkeit von Substraten mit gemischten Phasen auf. Es wurde ein weiteres Substrat
untersucht, die spin cast Zellulose. Diese Substrate sind einfach und schnell herstellbar ohne
Notwendigkeit weiterer Praparation fir FlissigkdRasterkaftmikroskopie Messungen.Das
Substrat stellte sich als ideales Testsubstrat heraus fir enzymatische Hydtol\dieser Arbeit
werden auch Untersuchungen zur enzymatischen Hydrobske den Testsubsttan und den
normalen Substraten beschrieben. Weitensurden auch Cellulosome (Mulinzym Komplexe)
untersucht und die Ergebnisse werden in dieser Arbeit dargelegt.

Die einstellbaren Substrate, die charakterisiert und getestet wurden, erméglichen die genaue
Beobachtung enzymatischer Hydrolyseif unterschedlichen PhasenDies wird eine gwaue
Beschreibung des Zellulos#mus auf einer Nanoskala mdglich machen, was zu einem besseren
Verstandnis der involvierten Prozesse fiihren wird.
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1 Introduction

1 Introduction

The world in which we live in today is marked by an enormous technological progress. Especially
developing countries and emerging economi® urdergoing a rapid economic and technical
growth, causing an evegrowing needfor resources. This does not only affect the sector of food
production but especially the energy production. However, in times of man caused global warming a
ruthless and unsustaable production of energy is way more than just counterproductive.

In order to be ableto cover the soaring energy needs by environmentally friendly means the
alternative energy production will have to be carried by several pillarbt of effort is beig put

into the research of theanost commonly knownphotovoltaics and wind powerA controversially
discussed pillar of alternative energy production is the first generation of bioflieksy are disputed
becausetheir productioncompetesdirectly with food production. The fuels are won from plants
which are rich in starch or sugar like corn or sugar cane. As a consequence, especially in developing
countries, fields areultivatedwith plants for energy production what in turn causes food prices to
rise. herefore research is pushed forward strongly in the field of second generation biofuels. These
biofuels are also gained of renewable sources, but this is done taking into account their greenhouse
gas emissions, impact on biodiversity and land use. Possthleces are for example algae via
fermentation and cellulose via enzymatic degradation and subsequent fermentation.

Cellulose ighe most abundant biomass on earth aadveryversatile material which inter alia has
been used by mankind for thousands of years as building materidioaetbthes.Described broadly

it is a biopolymer of glucose units whith produced byplants, algae, microorganisms and more.
Furthermore cellulee is insoluble in water and also in most organic solvddepending on its
source it has a different structure and morphology. In enzymatic cellulose hydrolysis the cellulose is
degraded by enzymes (biocatalysts) into its glucose components (sacchiarjieghich can then be
fermented into bioethanol. Even though the mechanisms of hydrolysis are well known empirically
much hasstill to be investigatedabout the degradation on a structural and morphological scale.
Enzymatic synergism effect, product iniion and more effects are starting to be understood by
nanoscale investigations. For this in situ AFM investigations have proven to be a powerful tool,
allowing in liquid measurements and visualising the enzymatic degradation on a nanoscale. Using
this technique the synergistic effects of enzymes attacking certain cellulose phases were visualized
[1]. But these measurement methods call for appropriate, well defined reambflat substrates. In

order to be able to visualise for example synergistic effects it is necessary for the samples to show
multiple cellulose crystal phases, as natural cellulose does.

This work focuses on the preparatiand characterisatiorof artificial cellulose substrates with
tunable properties in respect of crystal phase and particle densilies.method of preparation was
introduced to this project by Judith Dohr and was further improved to yield reproducible substrates.
In this process the cellulose is dissolved in an iagigd. Then it is dried and the ionic liquid is
removed in a solvent exchange. The result is samples which can be embedded in epoxy and cut with
the ultramicrotome, finally yieldinganoflat cellulose samples (called FSEC) which are suitable for
investigatons of enzymatic degradation. The characterisation was done by a multitude of means. X
ray diffractometry, optical microscopy, transmission electron microscopy and atomic force
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microscopy were applied, revealing the properties regarding crystal phasergsthl distribution.

l.e. it is now possible to produce multiphasic cellulose substradeish allow the observation of
enzymatic activity with specific crystal phases. Since the production of this substrate is very time
consuming a new test substrate wisdroduced and characterized. The spin cast cellulose (SCC) is an
easy and fast to produce cellulose with reanoflat native surface making embedding and
ultramicrotomy cutting unnecessary. Characterization of the SCC revealed similar properties like
certan FSEC samples. Also investigations of enzymatic degradation have been conducted, further
confirming the usability of SSC as test substratesitu AFM dgradation investigations have also
been performed for a relatively new classppbmisingmulti-enzyme complexes callecellulosomes.
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2.1 Cellulose

Cellulose is a biological polymess statedin literature severaltimes before,t is the most abundant
biologicalmaterial on earttwith an estimated annual production ab*-10'tons by plantsput also
by bacteria, algae and fung], [3]. It is often found to form a composite with lignin and other
polysaccharide [4]. Although the knowledge on cellulosibiosynthesis is growing rapidly many
answers are still to be foun@).

Cellulose is wateinsoluble tough and has been used by mankind in a multitude of ways, e.g. as
construction material orfor clothing Due to its abundance it represents a potential source of
renewable energy. The problem with this is that cellulose is very stable by ragr@ot easy to
decompose. In order to produce biofuels the cellulose has to be converted. Two main ways of
conversion are being researched on: biochemical and thermochemical. The biochemical conversion
is carried out by hydrolysis (e.g. enzymatic, dilute acid or condewti@cid hydrolysisand followed

by fermentation resulting in ethanol. The procedure of thermochemical conversion usually starts
with gasification or another thermal treatment. The resulting ethanol or other fuels is gained by
catalytic synthesis or fernmeation of the gas or liquifB].

For more information on cellulose than is laid out in this chapter please reféf,f3].

2.1.1 Molecular structure

Cellulose is a linear polymer and it consistb-@Fglucopyranose unittanhydroglucose unitsAGU))
covalentlylinked byb-1,4-glucosidic bondsHig.1). The pyranose ringsdopt the thermodynamically
favored®“C, chair conformation and every second one is rotated 180° in the plane. This conformation
is stabilized by intramolecular hydrey bonds leading to chain stiffneséntermolecular hydrogen
bonding is responsible for binding between molecules and the development of cellulose crystals. The
chain ends with a C4 hydroxyl group (Aeaucing end) and on one side, and with C1
unsubsttuted hemiacetal feducing end) on the other sid8], [4], [5].

The degree opolymerization (DP) is the number of monomeric units in the polymer. The DP of
celluloses depends on the origin and treatment and its values range from 100 (e.g. cellulose powder
after milling) to 4000 (Valonia)3].

]
HO 4 HO H
HO 0 X 0 3 O
CH,OH L 3 OH CH,OH N2 8]
G
Non-Redueing Anhydroglucoss unil, AGU Reducing
End-Group {n = value of DP) End-Group

Fig.1: Molecular structure of cellulose with numbered carbon atorff.
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2.1.2 Supramolecular structure

Cellulose appears in a multitude of polymorples, (b, II, 11, Ik, IV, IV;) [3], [6]. Polymorphism is the
characteristic of a solid material that it can exist in different forms or crystal strustérererywell-
known example for polymorphism is carbon and its forms graphite, diamond, graplage
fullerene

Most natural cellulose is of the polymormillulose | **C NMR has kealed that this polymorplsan
actually be distinguished dke two polymorphs cellulosed and b [5]. The main difference can be
found in the unit cellWhile @llulose & has a triclinic unit celith one chain the celluloseb|
consists of a monoclinic cell with two chaifsee Fig. 2 for unit cell of b). Both phases can exist
within a single crystalline fibrilt has been proven, that thmetastable & phasecan be converted to
the more stablel by hightemperatureannealing3], [7].

Cellulose llis obtained from cellulose | when it has undergone either regeneration (dissolving and
precipitating) or mercerization (swelling in sodium hydroxide and removing swelling §§ent)

The transformatin is irreversiblebecausecellulose 1l is thermodynamically more stable than
cellulose |.Research on thestructure of cellulose Ipresentedtwo anti-parallel chainsand a

monoclinic unit cellKig.2) [3].

Cellulose Iiland II}, canreversiblybe generated from cellulose | and cellulose Il, respectively. The
phase change iperformed by swelling with liquid ammonia or amines and consecutive anhydrous
removal The structure of cellulose Il depends on if it was formed of cellulose | or Il, the unit cell of
cellulose lllismonoclinic(Fig.2) [3].

Cellulose IMs formed by heating cellulose Il in glycerol. PodéymorphslV, and I\ come from the
polymorphsilll, and I}, respectivelyTheunit cell was reported to be orthogonal and is displayed in

Fig.2[6].

b=8.20 b=7.96
S I
,' g a=909 .’ Pid
a=778 ' P &l
[ 1 o o
] ]
1 ]
[ Jrp— - - d -
1B 1
b=8.13
voocll I}
a=4.48 ' '
> a=803| '
' '
) 1
v '
l.-__-_____-_-’
1, v
Fig. 2: Proposed unit cells for the cellulose polymorphb, II, lll, IMT RAYSYAaAA2Y aY nldegiee§Riso A Y

perpendicular to the drawing and is between 10.31 and 10.38A
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Even thoughamorphous celluloséhas been described in literature, it probably does not exist in the
AOGNROG aSyasS 2F GKS GSNXY aF Y2NLIK2dzaé X Fa GKAA
lack longrange order and crystal characteristics. Nevertheless the regions identifiachagphous
possess a certain degree of ordéi. Amorphous cellulose is understoodragiions with disordered
chains, although shottange order is possible.

2.1.3 Morp hological structure

The morphological structure describes the structural organization of cellulbsan be found in
form of fibrils, fibers, tissues, layers, cell walls and many rig]re

In nature the cellulose is ually in form of fibers. For example, in primary cell walls the cellulose
chains are less ordered and not oriented, while the chains are organised into more densely packed,
parallel microfibrils in secondary cell wa[lg}

A very interesting point about regenerated cellulose is in the morphological possibilities it offers.
Depending on the solvent and regeneration process the regenerated cellulose can be manufactured
in nearly any morphology, likebgrs or films.This capability is the basis of this thesis which uses
regenerated films as source material for artificial cellulose substrates.

2.2 lonic liquids and cellulose dissolution

lonic liquids (IL) are molten saltsTo melt a salt the strong ionic bd between the anions and
cations has to be overcome, which generally demands high temperatiiéen molten, the liquid
salt consiss entirely of ions.Lsare basically a subgroup ofolten salts dividedfrom them by their
melting point, which idower than the boiling point of water But the main difference setting them
apart from molten salts is the fact that they can be treated like normal solf8hts

One reason why so much effort is being jntb ionic liquids is the amazing properties they have.
They have a huge liquidus range (the temperature range between boiling and freezing point) and are
non-volatile organic solvent$8]. ILshave exellent stability and are not easily flammabFeurther

they are almost entirely recovable (>99.8%6)and reusble[9]. And finally there is a vast amount of
different ionic liquids available. This neskfinding a suitable IL as solvent relatively easy [(d@dor

a lineup of 67 ionic liquids).

lonic liquids are often regarded to as green and environmentally friendly soljELisThis is done
eventhough ILs show toxic behavitowards bacteria, algae and cefl]. The argument in favor of

ionic liquids is that duao their nonvolatility their volatile organic compound emissions can be
mostly avoided, which is a major problem with traditional organic solvents. This makes the ILs more
environmentally friendlyin comparisor{13]. Even though the vapour pressure is immeasurably low
most ILs are readily soluble in water, whereby they can cause environmental damage easily. In all
these discussions it should not be forgotten, that once ionic liquids are used in iladlagiplications

the risk of accidental spilling or contamination rises immensely.
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A lot of effort isput into the research ofcellulose dissolutionn ionic liquids.Celluloseis relatively
difficult to dissolve;neither water nor most organic solventan fulfill this task, but @ny ionic
liquids dissolve cellulose with varying maximum cellulose corédit In the context of our work we
concentrated on BMIMC(1-N-butyl-3-methylimidazolium chloride) which isone of the most
commonly usedThe chemical structure of BMIMCI is displayed-ig. 3. Moultrop et al. showed
with *C NMR studies that cellulose is disgal and disordered in BMIMCI, but not degradéd].
Further studies have proposed the solvation to be propelled mainly by the chloride ions in the IL.
They interaction is thought to take place betwetre chloride ions and the hydroxyl protons of the
cellulose [15]. These interactions disrupt the hydrogen bonding in the cellulose and thereby
dissolving itBMIMCIs maximum capability of dissolvingjesehas been reportedo be between6

wt. % and 15 wt. 9d.3], [16].

1” 2 1‘

.
HEC\N/\N CH
3
2' {
(S \;‘ 4

cl
4 5
Fig.3: Structure of BMIMCJ17].

Additional information on BMIMCI and on other ionic liquids can be found [&rl1], [15], [18].

2.3 Cellulase

Enzymes are biocatalysts which reduce the activation energy of specific reactions. Already small
amounts are activand they are not consumed by the reactiQuhey can be reused over and over
again. Even though they accelerate conversion speed, enzymes do not shift the position of
equilibrium. Every enzyme has an active site which is responsible for the catalytiomedhe

active site works with the substrate in a kiegk principle. The catalytic mechanism can be driven by
hydrogen bonding, ionic bonding, electrostaticardactions and covalent bonding. There are several
types of enzymes like nuclease, proteasgntbase and hydrolase. The group of hydrolase are
enzymes which catalyse hydrolysis, and include cellulase.

Cellulases are enzymes which specifically degrade cellulose welithiose components. The
process of degradation by cellulases is usually @@ieymatic hydrolysis of cellulose or cellulolysis.
Cellulases arenainly produced by microorganisms (bacteria, fungerobes, anaerobeg$l9]. The
cellulases used for further research in this work were from the fumgghoderma ReeseThis
enzyme system was chosen because it is one of the most investigated and because of its ability to
secrete large amounts of cellulageurthermoreit provides all necessary components for cellulose
degradation For more information specifically on Trichoderma Reesei ref@Qp[21], [22].

There are multiple ways of producing cellulases. In order to make the production of bioethanol
economical and profitable the refinement of cellulases has to be as cheap and efficient as possible,
and a lot ofeffort is being put intaesearchthat.

All cellulases used in measurements waeparedby DI Manuel Eibinger an®I Dr.Patricia Bubner
from the Institute of Biotechnology and Bioproce$schnology.




2 Biological and chemical fundamentals

Cellulose can degrade to cellobiose and oligosaddbsiin presence of water, but the process is not
very likely to happen at room temperature. The cellulases only accelerate (catalyse) the degradation.
Cellulases tend to have cellulebinding domaingCBD) in addition to the catalytic core. The CBDs
cause anonhydrolytic fiber disruptiomf the cellulose[21]

Enzymes are a weltudied and large field. Much more information can be found in atiogr
literature [23] [20].

2.3.1 Hydrolytic Enzymes

There are three main enzymes ®fichoderma Reesedn whichthese investigations concentrated.
They arethe endoglucanase (E@nd the two exoglucanases calledllobiohydrolases (CBH1 and
CBH2. Together they show synergistic effects, accelerating the cellulose degradation immensely
(see[1] for more information)

2.3.1.1 CBH1

CBHL1(EC 3.2.1.91)s an exoglucanase and ia$a catalytic core domairfFig.4) and a CBDIn
general exoglucanases cleave from freudose chain ends, separating cellobideam the chain.
CBHJattacksthe reducingends. The cellulose has to thread through a tunnel in which the active site
is located22].

Fig.4: Side view of the catalytic core domain of CBH1, with cellulose threading thrd@gh

2.3.1.2 CBH2
CBH2ZEC 3.2.1.91i} also an exoglucara and is quite similar to CBH1s catalytic core domain is
shown inFig.5. The main differencés that CBHattacks the norreducing end, cleaving cellobiose.

Fig.5: Front view of thecatalytic core domain of CBH24].
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2.3.1.3 EG

EG (EC 3.2.1.4) is an endoglucanaseé cuts cellulose chains at random places, increasing the
reducing and nosteducing ends. Thisaisesthe posibility of degradation by CBHind CBH. The
structure of EGshows a grabber and trench with which thellalose is degraded={g.6). It works
best am amorphouscellulosedue to its form.

Fig.6: Side and bottom view of EG 3, displaying the grabbing tref.

2.3.14 CBD

Cellulose binding domains are not enzymes, but part of them. They are chemically inert, but modify
physical and chemical properties of materials. CBDs can be used for cell immobilization and protein
engineering. Furthermorethey can cause nonhydrolitic fiber disruption, allowing for faster
enzymatic degradatiof25].

2.3.2 Cellulosomes

Cellulosomes are mulénzyme complexed.hey consisof a scaffolding (or scaffoldisubunit which

is responsible for the organization of the various kinds of cellulases. The cellulases bind to the
scaffolding by its dockerin domains which interact with the cohesion domains of the scaffolding. This
allows multiple and varying cellulasea one complex. Synergistic effects become easily accessible
and important through this setting26], [27]. Cellulosomes look like a very promisiogtion for

biofuel production. Therefore a lot of effort in research is recently going into researching them.

For more information on cellulosomésrn to [26], [27], [28].
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3.1 Ultramicrotomy

Over the last decades various sample preparation methods have been developed for microscopic
investigation techniques (e.g. TEM, SEMMA These preparation methods can basically be divided
into preparation of surfaces, preparation of thin layers and preparation of thin[20{s

Ultramicrotomy is a mechanical process to alira-thin slicesdown to 20 nm[29] or gainnanoflat
surfaces.

All ultramicrotome cuts were done Iryg. Claudia Mayrhofer at thénstitute for Electron Microscopy
and Fine Structure ReseaydiUGraz.

3.1.1 Working principle

The specimen is usually embedded in a resin and thewved pasta stationary knife of glass or
diamond repeatedly. In each cycle the sample holder (and with it the sample) is moved a certain,
adjustable distance in direction of thienife. The thickness of the cut slice corresponds to the
forward feed of the sample holdelhe quality of the cuts depends on cutting parameters and the
sample material. Main cutting parameters are knife type, knife quality, knife angle, cutting method,
temperature, feed speed. Material characteristics whicfiluence ultramicrotomy arefor example
compressibility and plasticity.

The ultramicrotome used for the samples in this work is displayédgir. Samples of kaés can be

seen inFig.8. Some knies have a trench which can be filled with liquicg(evater, buffer solution).

The trench has two main applications: thin slices, which were cut, float on the liquid and can be
collected for further investigatiorand it also enables cutting of wet samples without letting them
dry.

Fig.7: Ultramicrotome (Leica EM U@$T) [30].
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Fig.8: Ultramicrotome-knives. Three different diamond knes (with and without trench, different angles) and a glass
knife.

For further information orultramicrotomy and knies see referencf29].

3.2 X-ray diffractometry

X-ray diffractometry (XRD) is a basic method of material characterizaltioses elastic scattering of
Xrays from atoms toretrieve information on atomid molecular/ crystallographic structureThe
main points ofX-ray radiation, X-ray generation, X-ray detectors and crystallographyhave been
described in detail elsewhel@1], [32]. The discussion here will just shortly describe diffraction
generaland X-ray diffraction of polymerg cellulose

A diffraction experiment consists of an incident beam which is directed to a sahaleertain angle

(g) and the diffracted intensity is measured. A simple approach to explain the diffracted intensity is
the. NJ 3 3 Mdichfcdan ddound by geometricatonsiderations. The incident beam is diffracted
by the lattice plains (different parts of the beam are diffracted by different plains). To get optical
interference the additional travelled distance has to bemaltiple of the X-rays wavelength I()

resulting in/ ¢Q i Q& . Where n is a natural number, d is the distance between atomic

planes, hkl represent the Miller indices of the Bragg planeaisdthe angle between incident beam
and scattering plane. This is alider the condition that the otgoing beam angle is equal to the
incoming one.The interference peaks which occur at certain angles then allow conclusions to be
drawn on the crystal size, symmetry and perfection.

For characterizing polymers there are multiple methods. Which one tmsshalepends on the
specimer®@ form, its orientation, etc[31]. Krassig2] for example mentions that small anglray
scattering can be used to determineethaverage molecular mass of cellulose. He furthermore
describegshe possibility ofcellulose characterization byray diffraction by small angléSAXSand
wide angle XROWAXS)Also powder diffraction and singlerystal techniqgue can be used for
cellulose characterizatigmrmaking it possible to determine.g. degree of orientation, crystallinity
and crystallite dimensions (with varying results, see chad), unit cells and polymorphic
composition.

Unless mentioned differently, all XRieasurements were performed with &iemens D501
diffractometerd / dzyh M NI RALF GA2Yy T { T8 MEhfdidE measimgmedsad D S NIV |
was theg-2g-method. In evaluation a linear baseline was subtracted from the spectrum and the

curve was smoothed with a Ffiller. Furthermore, the curves were often integratively normied

allow relative comparisons of different diffraction peaks

10
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3.3 Raman spectroscopy

Raman spectroscopy investigates the inelastic scattering of light on solid or liquid samples. The
incoming monochromatic light is absorbed and excites an electron into a virhsthble energy

state. Light is remitted when the electrorelaxes. If the electron relaxes into a different vibrational

or rotational state then it started from the emitted photon has a different wavelength then the
incoming light. This effect is called Stokes shift and-&takes shift, for downshift and upshif

energy respectively. The spectra (intensity over shifted wavelength) which are obtained by these
measurements allow rapidetrieving of a sampl@ chemical composition molecular structure
bonding effectsinternal stressand more The theoretical bekground and more details dhe use of
Raman spectroscoman be found in literaturg¢33].

All Raman measurements in this work were conductetg. Dr.Boril Chernev on a Horiba Jobin
Yvon LabRar800 HR, 1024 x 256 px Pekomoled CCD, confocal Olympus BX41 Microscope. Laser
633 nm (HeNe), Objective x100 (NA=0.9), Grating with 30@4m

3.4 Scanning electron microscopy

In Scanning electron microscopy (SEMyau$edelectron beam interacts witla sample. The beam
scans the samplgoint by point,one line after another. Each point represents a position on the
sample with certain properties. The beasample interactiorat each pointgenerates a myriad of
evaluable signals The signals usually used atiee ones generated by secondary electrons,
backscattered electrons and characteristicays. Secondary electrons agenitted valenceelectrons
which are excitedupon inelastic scattering and show low energies (per definition < 50 eV). This
allows them oty to travel a short distance of a few nanometer which therefore providest
resolution The contrast of secondary electrongriginates mostlyfrom sample topography34].
Backscattered electronare primary electrons which were elastlty (back)scatteredfrom sample
nuclei therefore revealing high energies. Since they can travel a much longer distance they stem
from deeper areas which worsens the lateral resoluti@ontrastis from differencesin average
atomic number the higher the Z the higher the backscattering) But the SEM has some major
limitations like vacuum constraints (higlacuumis necessary) and sample constraintey mustbe
vacuum tolerant and electrically conductiv&urther information can be found in literatur35],

[34].

All SEMmeasurements in this work were conductedh DI Dr.Harald Plank on a FEI NOVA200
FIB/SEM Dual Beam Microscope.

3.5 Transmission electron microscopy

The Transmission electron microsco@EM)takes advantagef the electrons duality of particles
and waves appointing a wavelength to the electron via the de Broglieelagth ( "Qa 0).
Wherel g is the de Broglie wavelength, h is the Planck constagtisnthe particle mass and v its
velocity.A TEM is basically constructed like an optical microscope, but with eleagnetic lenses
instead of lenses of glaséhe sample is penetrated by an electron beam, the 4atasorbed part of

11
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the beam is then recordedheoretically the same rules for resolution limits apply for the TEM as for
the optical microscope. This would make a TEMSs resolution higher by a factotafrpared with

the optical microscopes resolution (visible light= 0.4 ¢ 0.8 um; electrons accelerated with 20
200kV: | = 8.6 - 2.5 pm [29]). Nevertheless, due to neperfection of electron lenses the real
resolutionof a TEM is a lot less, around (3 for state of the art instrumentg36].

Even though the TEM offers amazing resolutmossibilitiessuch as chemical bond mapping in
between individual atomssome problems arise. Interpretation can be difficult as the recorded 2D
imagesactually represent a 3D projection in transmission directi@nother problem is that the
electron beamcan severelydamage sensitive samplesich as biological materiaBut the most
difficult part is the sample preparation as the samples have to be thin enough to not absorb to
much of the electron beamThicknesses under 100 nm are suggested,hfgh-resolution TEM
50nm and less is absolutely requirg¢8b].

Further information can be found hef@6].

All TEM measurements in this work wemnducted bypl Arno Meingast andDl Dr.Harald Plank on
a FEI Tecnai F28ll images captured areem-lossfiltered brightfield images.

3.6 Atomic force microscopy

The atomic force microscope (AFM) is an extremely versaibeoscopewhich, unlike mostother
microscopesgenerates imagesn a nanoscal® @ G FSSt Ay 3¢ . BRiigmionyp & Gf 2z
bound to imaging and measuring, manipulations can also be condu@egending on the
measurement mode it allows to retrieve a sam@l@-dimensionaltopological information, surface

properties (e.g. roughnes®lasticity, hardness, adhesiomyaterial differences, magnetic domains

and many more. In the AFM it is even possible to imaggtinmeasurements of biological processes

in liquids.

The AFM igart of the group of scanning probe microscopes, which use probes (tips) to retrieve
information. In the early 1980s Gerd Binning and Heinrich Rohrer invented the scanning tunnelling
microscope (STM) which works by detecting the current flowing betweamalge andavery closely
positioned tip.Nevertheless theSTM is very limited when detecting materials which are not well
conducting This lel to further developmentbeing carried outwhich led to the invention of the
contact mode AFM. Since then the AFBishundergone a rapid development leadimger aliato
amplitude modulation AFM, in situ liquid imagimgultifrequency AFM, and higbpeed AFM37].

This chapter will onlpresentan outline on how an AFM works. It will also contaitrief section on
liquid imaging inAFM g@lso liquid celAFMor LCGAFM. For more informatioaon AFM consulf26],
for AFM of biological samples catis[38].

All AFM measurements in this work were conducted on a Dimension 3100 (Digital Instruments,
VEECO) with a Hybrie¥»Z closed loop scan head and a Nanoscope [Va controller (Bruker).

12
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3.6.1 Fundament al principles

The functionality of a AFM is actually quite simple amdll be explained on basis &ig.9, where it
is compared with the humamotoric andtactile abilitieswhen sensinglt consists of four main
parts:

1&2: Tip & Cantilever

3: Motion system

4: Detection system

Sensing with our fingers is similar to sensing with the very sharp tigMiign the tipcomes along
height changes th cantilever(2) it is attached to bendsThe same can be thought of to happen in
the arm were the joints allow for adjustment. While muscles are used to move the arm and finger a
motion system (3) takes on that task in the AFM. Not entirely unlike theckesisvhich move the

arm the motion system is driven by piezoelectric actuators. The last main component is the
detection and feedback system (4). The detection system can be compared to nerves and eyes in a
human and the feedback corresponds to the braimah links the detection system with the motion
system. The detection system registers deflection of the cantilever when the tip moves over
changing heightsMany different systems exist for the detection system. In the first ARMSs
tunneling current was sed to detect deflection. Also sedénsing cantilevers with piezoresistive
layers have beedeveloped[37]. Nevertheless the most common system of detection is by optical
means (as displayed #ig.9). In optical detections systems usually a laser beam is reflected from
the end of the cantilever and detected by a four segment photodetedtoallows simultaneas
acquisition of cantilever deflection and contortiofihe feedback system (which is not displayed in
Fig.9) will register the signal detected and tell the motiorst®m what to do in accordance to the
applied measurement technique.

Fig.9: Thebasicprinciple ofatomic force microscopy39]. The components &, 4 are explained in the text.

3.6.2 Components

The main componentgcantilevertip system, motion system, detection and feedback system,
imaging formationill be explained in more detail in this chapter.

13
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3.6.2.1 Cantilever-tip system

The probablymost important part of an AFM is the cantilevigp system. Two examples are
displayed inFig.10. The tip is on the end of the cantilevand the whole system is attehed to a

glass chip to enable easier handling.

The tip is a micrdabricated spike. Its geometry is influential on the quality of measurements. Sharp
tips resolve fine structures better than dull tips but are afeore sensitive and take damage easier
(Fig.11). The lateral resolution is mainly determined by ttigs apex The smaller the apex is the
higher the possible resolution getStandard commercially availablips have a radius of 510nm
althoughalso smaller tips are available with radius down to 2[Bj.

The cantilever has two basic geometries, triangular and rectandtilgul Q). The vshaped triangular

ones wereoriginally intended to be stiffer and more resistant to lateral forces. Sader and Sader
conducted measurements on macroscopic cantilever modeisl @erified that rectangular
cantilevers have a higher lateral force resistafid®]. The force which is applied on the sample
depends on the spring constant of the cantilever. Longer cantilevers &dower spring constant

and therefore exert less force to the sample. But it should not be forgotten, that a longer cantilever
has lower sensitivity in optical detection systems as the displacement of the reflected beam is
inversely proportional to the legth of the cantilever.

The cantilever determines the operation mode. Depending on geometry and spring constant the tips
can be applied for contachode, noncontactmode, tapping mode or force spectroscopy.

Fig. 10. SEM images ofypical cantilever (top: triangular, bottom: rectangular) and tips (top: pyramidal, bottom:
tetragonal)[39].

fine tip dull tip

fine particles fine particles
! :
1 (N}
, 1 1
" ol
intrinsic well additional NOT
broadening resolved broadening resolved

Fig.11: Influence of a fine tip (left) and dull tip (right) on the image quality39].
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3.6.2.2 Motion system

Two basic motion system types are used in modern AFMs: either the tip is moved or the sample is
moved by piezoelectric actuatar¥hey can be arranged in sevanalys. The first arrangement used

by Binnig was a tripod which is rather imprecise. The tube scanner (as depidtayl i) is more
precise and allows greater scaneas. Their disadvantages are that far motions in x or y direction
lead to an arc in the trace and that the tube scanner is rather slow. In the meantime newer and
better scanners are starting to be available in high performari@éds438].

In general pezoelectric scanners struggle with the usual problems of piezoelectqditysteresis,
creep, agingandthermal drift. There are countermeasures which can be taken (softwaaitims

and closedloop scanners)But regular calibrationshould be dongo compensate for sensitivity
changes.

main axis (0 V) main axis (0 V)
1

negative
oV voltage

positive
voltage

Il

=" \_4.

main axis
displacement

Fig.12: Piezo tube scanner uncontracted (left) and contracted (rigl®9].

3.6.2.3 Detection and Feedback system

Only the optical beam detection will be explained here. Other detection methods are described well
in literature [26]. The detection by optical means is displayedrig13. A laser beam is focused on

the cantilevers end from where it is reflected to a photo sensitive detector (or PSD). The PSD detects
the position of the laser beam. When the caniiée bends the laser is reflected to another position

on the PSD which gives feedback on the bending of the cantilever. The smetexstblecantilever
deflection is around 0.01 nm if the system is set up {&31].

PSD
Laser )
/ force control via

reflection PSD Laser Z-movement
displacement

/

bending {

P | =

Fig.13: Optical beam detection with straight (left) and with bent cantilever (rigH§9].

The tedbacksystem is the link between the detection and the motion sgstdt processes the
incoming signals from the PSD and controls the piezo scanner depending on the operational mode
and the user set controlling parameter like integrational gain or proportional gain.
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3.6.3 Tip-sample interactions

AFM images basically depend on the force between the tip and the sadplthe tip approaches
the sample it experiences different forcedrom long ranggelectrostatiq to short range(electron
repulsior). The forceslependnot only on the tipsample ditance but also on the cantilevéip and
sample materiahs well aghe environment of measurement cditions (air, inert gas, vacuum or
liquid).

The main forces which act between sample and tip are listddbiel:

Tablel: Tipsample interaction forces.

Potential dependence

Tipg sample separation § Dominant interaction type 61 T6X0OX02 YA

>~10 nm Electrostatigmagnetic)

Van der Waals interaction
(dipole-dipole interaction)
€ - e repulsion
(Pauli principle)

~10 nm to~0.5 nm

<~0.2nm

et glle

For further consideration the electrostatic (magnetic) forces can be ignored since the working
distance is usually smaller than 10 nm. Then the forces on the cantdawebecalculated fronthe
sum of the attractive Van der Wagi®tential (o ) and the potential of the electron repulsion
(@ ). This is also known as the LenndahesPotential(with r the tip-sample separation)

w w w l_ l_
A qualitative depiction of the Lennatbnes potentia(blue line)is displayd inFig.14. In the green
region the attractive forces predominate, while in the red region the repulsive forces dominate.

Repulsive Attractive
Force | Force

ol
<

Jump to
Contact

| m—Force | = Repulsive

= Attractive
Total Interaction
I . _ R — ._| Threshold Force

for Cantilever

Potential
Force

I Non-Contact
Bl Real Tapping

0 Tip - Sample Separation r

Fig.14: Schemait drawing of the Lennardlones potential between tip and samp[&9].
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Ergo when approaching the surfadbe tip will first feel attractive forces and will be pulled in
direction of the sample, bending the cantilever domards (this is used for measurements in the
attractive region which can be more material sensitive). When the tip is only a few angstroms from
the sample the strong Pauli repulsion becomes predominant and the tip is repelled, causing the
cantilever to bend upwards(measuring in the repulsive regiogives very precise topological
information and high resolution).

There are also other forces which interact between tip and sample like adhesion and capillary forces
[37]. Capillary forces are probably one of the most resolution limiting influences in AFM. \ivater

the vapour present in air, condensates between the tip and the sampketif lwith its small adius
resting on the sample is a perfeaticleation site Water can also already be on the sample if the
surface is hydrophilic. In both cases a meniscus between sample and tip will be formed which will
greatly disturb imaging.

3.6.4 Operation modes

There areghree main modes of imaging:
9 Contact mode
1 Non-contact mode
1 Tapping mode

In this chapter also tapping in liquid will be described.

3.6.4.1 Contact mode

The tip is in direct contact with the sam@esurface without any excitation. The tip is relatively soft
and noved over the sample with constant cantilever deflectidine piezescanner compensates
changes of the deflection, allowing readout of vertical changes of the safiipésapplied force is
always constant ang set in the instrument softwaraVith a four gment PSD also contortion of
the cantilever can be evaluated giving results on local friction values.

Through the constant appliefdrce both tip and sample have to be very insensitive as they will take
damage quickly otherwise. Contact mode can alsodrelacted in liquids.

3.6.4.2 Non-contact mode

In this case the tip never touches the sample. The cantilesvekcited by an additional piezo at its
resonance frequencyand with pre-set amplitude. Itsoscillation is dampedthe amplitude is
reduced) by the attrative long range van der Waalerces This mode enables true atomic
resolution[38]. The advantage is that nearly no force acts on the samleving imaging of highly
sensitive samples. Nevertheless these measurements are quite difficult to conduct. If the tip gets too
Of2asS G2 GKS arywtsS Ald YAIKG KAG Ad FyR |faz
repeatedly the tip is bood to be damaged. This is especially difficult for rough samples.
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3.6.4.3 Tapping mode

In tapping mode the cantilever is also excited by a piezo to the cantilevers resonance frequency and
a set amplitudgblack curve irFig.15). When the cantilever approaches the sample the amplitude is
damped(blue and red curve ifig.15). The sampldip interaction can be evaluated by the damped
amplitude. The system is set to maintain a constant damped amplitude, thus applying a constant
force.

The cantilevers resonance frequency depends on its geometry, size and material and under normal
conditionsii KS a2 F 0 ¢ I-Ndry ©¢ yi & ! @A & nyBuithRayfreqied§ sweepls i§hdzS
frequency is then used for the external excitation. Common values for the resonance frequency are
between 15 kHz and 450 kHz.

The set up enables selecting the workinginee for imaging. Depending on the amplitude setpoint
the images are acquired in the attractive or repulsive regime. Imattractive regimethe tip is not

in contact with the sample which is advantageous for sensitive samples. It also provides high
resoltion. The tip softly (the force depends on the settings) taps the surface when ireplodsive
regime Often this allows for more stable imaging, as watemiscus does not influence
measurements in this regime. But the sample can be damaged as tisecopstantly tapping on the
surface.

T T T m T % T
Lower oAy o
Amplitude Setpoint e—3» Free
6 - S ! Oscillation
2 Higher )
© :
S 4l Damping Amplitude
= Decay
E ,
34 : ) L Coupled 7
! AN\ FAA Oscillation
24 : N f """"""" 4
14 O o ir)o 3
T T - Kl T T
0,6 0,8 1,0 1.2 1.4

/0 0

Fig.15: Oscillation amplitudefor free oscillation and coupled oscillatiof89].

Another imaging method while tapping is the phase modéen the piezolexciter) excites the
cantilever (excited) the whole system can be seen as a driven damped oscillator with a phase lag

between exciter and cantilever (vhen far from sample and undamped). The lag for free oscillation

is detected and set to zero by theontroller. The tipsample interaction damps the oscillation
resulting in a phase lag which indicates the interactidttractive forces cause lower resonance
frequencies, while repulsive forces cause higher resonance frequencies. Thus the working regime
can be detected and controlled by the phase signal. Generally the phase isigiregjuired at the

same time as the height image amelds topological information on the materiabmoposition,
mechanical hardness, viscoelasticity and m@&&.

Often higher resolution can be gained with phase images than with height images and can be a
useful additional information in addition to the topographic imagdsvertheless, phase lag strongly
depends on tle materialg two different materials might not appear as such due to similar lag.
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3.6.4.4 Tapping mode in liquid

Measuring in liquid opens a whole new world for AFM imaging. It makes possible to visualize
biological samples and processessitu For implementatio a special sealed tip holdea special
cantileverand a liquid cell (seEig.16) are necessary.

Fig.16: Left: 3Dimage of liquid cell with hole for injection system (1) and temperature sensor[g2). Right: picture of
the in-house built liquid cell.

There are a few things that drastically change in lig@de advantage is that capillary forces are
avoided. But in turnhe cantilevers resonance changes due to the aqueous environmaaking
proper tuning difficult. When oscillating in liquid the cantilever has to also move the surrounding
liquid, causing a reduced resonance frequency with broadened peak. Also the deflection is not
symmetric anymore. The oscillation is mainly distorbedthe bottom, but this leads to the fact that

the cantilever oscillation cannot be approximated with a sinusoid anymore. Thus the contribution of
higher eigenmodes to the excitation have to be taken into accdBi. How all these factors
influence the resonance behavior of cantilevers is display&dgri 7. The left image shows a normal
cantilever in a norral air environment. The resonance peak is very thin and distinct. The right image
is the tuning curve of a liquitinaging cantilever in a NaC buffer solution. The resonance curve shows
a multitude of peaks, of higher modeghe resonance curves are vergeific for the cantilever and
they can differ strongly for two cantilevers even if they are from the same b&tepending on the
imaging liquid, the sample, the temperatuaedthe cantilever different peaks yield different results.

ns

0s
20 40 &0 a0 100 120 kHz ] 10 15 20 23 30 33 a0 kHz

Fig. 17: Tuning curves ofdifferent cantilever. Left: soft cantilever for tapping mode (in dry environemnt). Right:
cantilever in liquid for tapping mode in liquid.

The main additional forces in liquid are theuble layer forcesTheyarisewhen a surface is charged
Then the surfacattracts oppositely charged ions from the solution whiather at it The clustered
ions forma charged layer on the surface with an electrostatic potential which decays exponentially.
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It can be generallyagd that if the imaging liquid is of greater ionic strength the tip will undergo less
electrostatic repulsion. In literature it is suggested to add small quantities of salt to shield the tip
from buffer influence$38].

3.6.4.5 Other modes

Owing to the AFMs versatility there are a multitude of other modes, this is just an excerpt:
1 Chemical force microscopy (CFM: chemically modified tips for mapping chemical groups
i Electrostatic force microscopy (EFEMyualitative changes of surface potential and

polarizability

Magnetic force microscopy (MFMnapping of magnetic domains

Conductive AFM (CAFM): mapping of current through sample and tip

Kelvin probe microscopKPFM): quantitative changes of surface poigint

Lithography

X

= =4 =4 4 =

Many moremeasuremenpossibilities arise from combining AFM with other methoftss is a short
list of combinations which are commercially available
T Ramamg AFM
SEM¢ AFM
AFM¢ LangmuifTrough
CrycAFM
X®

= =4 =4 =
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4 Mechanical and IT design

This chapter is about the mechanical construction #imel software which was developed in the
course of this thesis. The first part of this chaptea idetailed description cin oil bath which was
developed to enable sample preparation witha steady strounding. The second part is on the
database which was developed to keep the samples clearly organized.

4.1 Oil bath

The oil bath was developed in order to provide a steady well definedenvironment while the
cellulose is dissolved in the ionic liquid (sefeapter 5.1.2 for more details on the preparation
process).

The oil bath is shown iRig.18 (left) and its inlet irFig.18 (right). The inlet is put into the oil bath to

stabilize the sample vials. The oil bath is filled wittand put on a magnetic stirrer with integrated

heating. The filled sample vials are easily pushed through a Styrofoam inleti¢s&8 left) which

insulates and keeps the vials from tilting. The cover has a hole wherel@0PfEmperature sensor

can be it through which gives the laging platefeedback on the oil temperatuar.

The bottom of the oil bath is kept very thin in order to not have too much distance between the
YIIySGAO AGANNBNI IyR GKS alYLXS @GAalfad ¢KS al YL
uniform temperature. Six samplvialscan fitonce,enabling the preparation of six different samples

with the same settings dhe same time

For the technical drawingplease seé\ppendix A

Fig.18: The oil bath with sample vials and cover (left) and iitdet (right).
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4.2 Sample database

This project (ags the case withmost projects)is faced withthe organizational problem of long
sample preparation times and several people working on it at once. A database was developed in
order to be able to keep traalf the samples and the steps they go through while being processed.

4.2.1 Key points

The database was programmed in Microsoft Access. The strustasedesigned according to the
task at handand the mairelementsare displayed irfFig.19:

/Sample management \\

aJnique sample numbers/name
(automatic sample name suggested)
uSample progress traceable
uSearchable by any parameter
«Documents can be attached
uMixtures can be entered
\uSampIe description standardized

. -~ _
/Backup management ‘ /User management
wAutomated regular backups wlogin
«Entire database backuped wAssignable permissions

wJser name automatically tracke
with sample entry

o ‘ Ao

’r FELMIZSE integrated

uProject number is recorded

o

Fig.19: Cornerstones of the datadse.
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4.2.2 User-Interface and database structure

A screenshot of the sampldata entry screenis displayed inFig. 20 exemplaily for the entire
database systemThe unique sample description can be seen among others at the topelhss
attached documents in the table on the bottom.

For the database structur@lease seé\ppendix A.

Sample Entry

Sample number: |95 | @
Pr : :

oduced from |?3 IZ| Add Record
Short Description: [FsEC [ =] [Wew short des.
Do |TA |z| Delete Record
Date: [20.06.2012 |
Time: [10:32 |
Mixture number: |12 |Z| New mixture
Long Description, 14%
additional info,

fur beobachten des solvent exchange im XRD:
als pg, nach 30%, nach 50% usw...

treatment, efc.:

Project number: |12?89 |Z| New project

Sample Name: |‘3E- FSEC 14% M12 20.06.2012 TA 12789 | SBuggest Name

Attached documents:

Edit - File path - Description -
Edit  X:\projects\projects by number\127xx\12789_FWF XRD des fsec-Verlaufs
*

Datensatz: M 1vonl L3 T i Kein Filter | |Suchen

Fig.20: Screenshot of thessample of thedatabasedata entry screen
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5 Preparation of nanoflat cellulose substrates

Every scientific process relies on reproducibility. This automatitedigs to the necessity of
reproducible specimen if they are to be used for investigations. But also the process of production,
the method of measurement, goals trying to be achieved by these measurements and external
precepts can be determining parametenssample preparation.

In the case of this work it was the goal to produce tunable cellulose samples whichtlztic¥FM
supported in situ visualization of enzymatic degradation. For these investigations the samples are
required to benanoflatfor two reasons. The profane one is that the AFM is limited to a maximum
heightdifference of approximately 7um. The second reason is measurement reteteel flatter a
sample is the easier its to detect change of topologymorphology and texture Certainly a
homogeneous sample is also preferable, as homogeneous samples increase the reproducibility
strongly.

Producing adequate and reproducible substrates can be quite difficult, especially when dealing with
unknown processeduring the production The manufacturingprocess used by Ganner, Dohr and
coworkers is based di6], [41] but contains some factors of uncertainty.

This chapter will first explain theanufacturing process used before and then will go into detail
about the changesntroduced and what happened to the substrate due to these changes. The
chapter will finish with a short description of the preparation of spin cast cellulose which is yan eas
and fast to produce test substrate.

5.1 Preparation of standard cellulose samples

This chapterlays out the preparation method used for the standard cellulose sambpédsere
modifications have been applied.

5.1.1 Previous method of preparation

The procedure fosample preparation as described here is based on the work of Judith[45jhr

The base material fothe samples is microcrystalline Avicel PH101 (further denoted as Avitel).
short, the producion is as follows:

TheAuvicelis dissolved in an ionic liquid awddied. Then a fractional solvent exchange is carried out
to remove the ionic liquid. The final step is embedding the subsiiratepoxy and then cutting it
with the ultramicrotome.

The mainstates and the procesing steps that lead from one state tnother are displayed in
Fig.21.
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Drying between
glass plates

-

Heating &

-

mixing

primary
gel
(P9)

Avicel &
BMIMCI

Fractional solvent
exchange

fractional
solvent
exchagned
cellulose
(FSEC)
Ultramicrotomy Embedding
(dry and wet) in epoxy

Fig.21: Flow chart of the main states and tle processing steps of the samples during preparation

i) Heating and mixing:

lonic liquid isout into a Petri dishand then placed on a heating plate at 10Qfail liquid. Then up to
15 wt. % Avicel is added slowly into the Petri diskl the solution is stirred for 24 hours at which
point the mixture is supposed to be a completely blended and very viscous gel (saerchagor
more information on cellulose dissolution in ionic liquids).

ii) Drying;

In this step the gel is prdried between to glass plates as is showrrig.22. Separation plates left
and right of the gel insure a uniform thickness. After one week ofdpyegthe primary gel can be
removed. The primary gel is still very soft and formable, butiqaid anymore ig.25 middle).

Fig.22: Primary gebetween glass platef24].
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5 Preparation of nanoflat cellulose substrates

iii) Fractional solvent exchange:

The fractional solvent exchange is a multistep exchange process to remove the ionic liquid from the
sample. Theprimary gel is cut into fragments and then tlselvent exchange is performed with
varying water/ethanol ratiosas suggested by Doh#2]. The exact procedure ghownin Table2.

The resulting fragmentsare very hard, igid and distorted (sed-ig.23) and are called fractional
solvent exchanged cellulose (FSEC) from here on.

Table2: Protocol of the fraction&solvent exchangen cellulose fragments

Ethanol concentration Fragment exchange time
30% EtOH 15 min
50% EtOH 15 min
70% EtOH 30 min
70% EtOH 30 min
80% EtOH 30 min
90% EtOH 30 min
90% EtOH 30 min
100% EtOH 30 min
100% EtOH 30 min

Fig.23: Cellulose fragmentafter fractional solvent exchang24].

iv) & v) Embedding in epox& Ultramicrotomy

The following explanation follows the graphical depictiorrig.24. Before the ultramicrotomy can

be performed the fragmenst are embedded in an epoxy. The epoxy isquiewith a milling machine

to reduce the cutting surfacerhen a precut is performed to expose the cellulose cross section. In
the next step the cellulose cross section is exposed to the buffer solution to allow swelling. Finally
the last ultramicrotome cut is performed with an oscillating diamond knife tles & liquid trench.

Done his way the sample is constantly wetted. This process yi@dsflat surfaces with very low
roughnesslt should be noted thathe distorted fragments complicate ultramicrotomy intensely as
the embedment is not evenly distributekbading to many fragments breaking out of the epoxy.

Small Sample Embedded Sample Pyramidal Ultramicrotome Buffer Exposure Ultramicrotome
Piece [Epoxy) Pre-Cut Pre-Cut Fine Cut

DAdAADA

Fig.24: Cellulose ultramicrotomy sample preparatioi2].
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5 Preparation of nanoflat cellulose substrates

5.1.2 Improvements

A major problem in the sample preparation was that the results were always varying, depending on
various unknown factors. Therefore some improvemerts the sample preparationwere
introduced

i) Heating and mixing

The first problem identified was founith the heating and mixing of the Avicel with the BMIMCI.
Previouslythis wasdone in an open Petri dish. This results in two main problems. The surrounding
environment can influence the mixing, as for example water (humidity) reduces the solubility of
BMIMCI drasticallyj13]. Furthermore it is not entirely sure to which temperature the gel is actually
heated, aghe heating plate cannot hold the temperatuat exactly 100°C.

In order to prevent these mblems an oil bath has been designed (see chagtéy. A PTL00
temperature sensor can be attached to the heating plate, controlling the oil temperature more
precise. Also environmental influences can be avoided as the samples are stirred in closed sample
vials.

ii) Dryin
This process has only been altered minimally. The glass plates are now heated to the gel
temperature before the gel is applied.

iii) Solveit exchange

This step has also been improved. The solvent exchange itself is done as before, but on whole flakes
of primary gel (se€ig.25 left andmiddle) instead of fragments. Letting the samples air dry after the
solvent exchange vyields crumpled and distorted flakes, which are difficult to process in
ultramicrotomy. Therefore the cellulose flakes apeit between pulpfree wipes which are drenched

in Ethanol Fig.26) and weighted down. This allows the samples to dry slower. The result is again a
very stiff and rigid cellulose flake, but it is extremely flg(25 right). The native surface is even flat
enough to allow AFM imaging on it without any further preparation like ultramicrotomy (chapter
6.6.0)

Fig.25: Cellulose substrategprimary gel (left and middlepnd FSEC (right)
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Fig.26: Cellulose flake aftesolvent exchange and before last step of drying

5.2 Preparation of spin cast cellulose

Spin cast cellulose substrates were started to be used as an alternative to the samples introduced
above.They are fast and easy to produce, and are therefore predestined as testing subStrate.

they are alreadyhanoflatby the production process (sptoating) they can be used in the-AREM
without the need of ultramicrotomy. Even though at the moment gubstrate consists of only very
amorphous cellulose 2 (for more information on the properties see chapf@r it is thinkable to

spin several layers with diffen¢ properties to get versatile samplg43].

Some of the samples whicle investigated were received fromo.Univ-Prof. Mag. Dr.rer.nat.
Robert Schennacfrom the Institute of Solid State Physics, TU Graz, AuSdtlzers were made in
house by DI Thomas Ganndheywere produced by dissolvingrimethylsilyl cellulose(TMSC)n
Xylol and spin caisty it on a sample carrier (e.g. silicon waf@f)e layer hickness can be controlled
by the ratio of TMSC to its solvent and by spinning multiple films over one andthethin filmsare
then expsed to HCI vapor whickubstitutes the trimethylsilyl by a proton with the result of
regeneratedcellulose43].

Further information on manufacturing and properties can be founjj, [45].
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6 Characteriz ation of cellulose

In order to tune cellulose samples one has to be able to characterize them. This ctiepteibes
various ways of characterization and shows results for samples which were prepared as explained in
chapter5.1.2 This will lead to a clear understanding of the samples properties and how they can be
adjusted according to ones needs.

6.1 X-ray diffraction

XRD is an easy, straight forward and relativait fnethod for measuring samples discusseth
more detailin chapter3.2. Applied on cellulose dllowsto get results for a samp cellulose type

as well ador its crystallinity indexXchapter2.1). The spectra of cellulose 1 and cellulose 2 are clearly
distinguishablg?2], [46]. In additionthe crystallinity degree of each cellulose type can be calculated
with different methods [47], [48], [49]. Of course each of these methods has advantages and
disadvantages, some are quite complex to calculate or need standardized samptesgare. But

the main problem which occurs in these calculations is thatdéeved crystallinity degree varies
widely even for one sampl@®ark et. a[47] compared three methods and reped the crysallinity
index of Avicel PHOL1 to be between 60.60 and 91.P6, depending on the method of calculation.
This leads to the conclusion thqualitative tendencies can be found by directly comparing spectra
of different samplegventhough XRD cannot be uséat exactquantitativeresults with cellulose

The measurementsn this chapter are aimed at clarifying the properties adllulose as it is
processed during its preparation for AFMsitu investigations. The measurements have been
conductedin betweenall preparation steps to understand the processes and structural changes the
samples go through, starting with microcrystalline Avicel cellulose and ending with comparing
different FSECs.

6.1.1 Microcrystalline cellulose Avicel

The XRBpectra of microcrystatie Avicel FFig.27) was taken in order taharacterize the starting
material and understand the changes it goes through during the procesHigspectrum was taken
from 10° - 60°with anincrement 0f0.02°and astepdwell time of 3 seconds

The referencespectra ofcellulose 1 andellulose 2are also displayed iRig.27; they are taken from
the Master thesis of Judith Dof#2]. TheAvicel cellulose imainly of the typecellulose 1 but partly
amorphous
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1.0 - .
— Avicel
Cellulose 1
05 Cellulose 2
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Fig.27: XRDBspedra of microcrystalline Avicel ellulose

6.1.2 BMIMCI on mica

The determination of the spectra of the ionic liquid BMIMCI is quite importarit iasa crucial part
of the sample preparation witthe cellulosebeing dissolved in it.

In the purpose of recording thepectra sme BMIMCI was heateand a drop was spread omica.
This substratavas chosen because the ionic liquid hasekatively high surface tension and was
difficult to measureon standard surfaces like SiOr glass In contrast, mica shows a very high
surface polarity which is highly beneficial in this cad® spread dropletvas then analysed in the
XRDFig.28). Micaisvery strondy crystalline ordeed which @uses very intenspeaks.The scan was
interrupted in the vacancy of these peaks &void damage of theX-ray detector. Espedlly
interesting is the peak aroun@5® which partly coincides with the main peaksceflulosel and
cellulose2.

4009 ———BMIMCI
Cellulose 1
— Cellulose 2
300
)
= 200
‘©
c
|5 J m‘*” ,»
E
100 -
0 o Jlﬁ'rl by ma )li"‘ T T 1
10° 20° 30° 40° 50° 60°
20

Fig.28: XRDBspectraof BMIMCI onmicain comparison with cellulose 1 and cellulose 2 main peak positions
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6.1.3 Primary gel: long time g el forming processof a single side gel

In the process of producing the samplese theated cellulose - ionic liquid mixture is wedged
between two glass plates and then left for a week. During this tinmetacompletely understood
gelation processakes placgchapter5.1.2). The measurements in this chapter were conducted to
get an improved structural understanding for these gelation processes including possible
recrystallization and / or phase changes

A drop of a 14 wt. % gebas applied on a glass substrafehis was done at that point in the
manufacturing process where typically the gel woulddreed between glass plate§he drop was
subjected toXRDmeasurementsat varying time intervaldo investigate the temporal evolution
However, this sample (singlés gel) was exposedsignificantlylongerto the environment than the
usually prepared samplessténdard gels and P&G). Therefore the resilts are not entirely
comparable Neverthelessthe measurements give a good idea of what is goingdonng drying
when considering lte spectra inFig. 29. The smallhorizontal shift of the main peak at 25°
(downwardpointing left arrow)is not significantenough to allow a profoundrgumentation but a

big influence in thigpeak is from the ll(chapter 6.1.2. This peak decreases as the time passes,
possibly indicating a decomposition of thmmic liquid The peak at 35¢upward pointingright arrow)
growswith time and corresponds with the quarter length of one cellobicssed comesmost likely
from the ordering along thelirection of the fibres. It thus depends on the fibrillar alignment into
chainsand the length of these crystafalong the crystal axis: (004%9], [50].

0.0016

| 1h
0.0014 - 5h
| 20h
0.0012 - 3d
| 15d
~ 0.0010 4 \ Cellulose 1
= ] J Cellulose 2
> 0.0008- iR \ Avicel
&  0.0006 - i
E i I." | .
0.0004 - A R
i A L
N
00002 |/ Y S
| ‘.‘! vt . ‘.‘_».\ | - -:\‘
Ng LA | ‘*\Tw»vv'v-wmn_‘,f T R e SO S
0.0000 =5 | i il P e S .
10° 20° 30° 40° 50° 60°
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Fig.29: XRDspectraof a single sideggelover a longer time period

6.1.4 Primary gel: c omparing a single side gel with standard PG

Since the normal samples are not as much in contact with the ambient aias of interest to find
out if the results of the measurementdescribedin chapter 6.1.3 are significant for the normal
samples. Theomparism of spectra of the single sidgel (14 wt. %)and thestandardPG(14 wt. %)
can be seen irig.30. Eventually the differences are actually quitmnspicuousA major problem,

in addition to the problem of interaction with the surrounding environmemnthich negatively
influences this measurement and especially twnparability,is the surface of the samples. While
the standardPGhas averyflat surface, thesingleside sample has a strongly curved surface as it has
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been appliedas a drop on the glass caari Nevertheless one can deduce thatecrystallizations
taking place while the sampledsying

000187 Standard PG 7 d
0.0014 ] Single side gel 1 h
’ Single side gel 3 d
0.0012 4 Single side gel 15 d
' ] Cellulose 1
S 00010 Cellulose 2
S | Avicel
2 0.0008 i
= :
% ] : ‘ \
£ 0.0006 1 SN
0.0004 - ‘
-, |
1 '.r ,A.\ .i" ! \"-\ N
000024 | /NS . e
0.0000 = , NS el ¥ VPR Bt Mo st S .
10° 20° 30° 40° 50° 60°

Fig.30: XRDBspectraof standardPGand single side gel.

6.1.5 Primary gel: comparing low (4 wt. %) and high concentration (14 wt. %)

Measurements comparing primary gels of 4 wt. % and 14 wt. % were conducbeder to further
investigate the difference of mixtures. The X&ictrain Fig.31 indicatea shift fromcellulose 2 to
cellulose 1 as the amount of Avicel in the mixture rises. The spectrum &f@id wt. % is higher at

an angle of 15° which concurs with the double peékellulose 1 in that region. At an angle of 35°
the spectrum of thePG14 wt. %shows a shouldedue to a small peak. This peak indical@msger
crystalsin the hidher concentrated geJ49], [50]; it also coincides with a peak of AvicEhe main
peak at 22° shifts to the right for lower concentration, because of the higher ionic liquid
concentration in that sampleThese findings suggest, thateti4 wt. % primary gel contaifsnger
crystals i.e. probably undissolved Avic&hese findings of undissolved cellulasa also be found in
literature [13].

00018 PG 4 wt. %
0.0014 ) PG 14 wt. %
. l AN Cellulose 1
0.0012 4 Ce_llulose 2
; Avicel
S 0.0010 /
T | ‘
> ‘;"
£ 0.0008 /o
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T 00006 .
p ”N \ -
b % B (’ N
00004+ I /A 4 \
E I la | I l h = \
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0.0002 - |\ oy, \ Y,
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AT [ ) W -‘.\"-‘é.‘ g
0.0000 42l Ll | L : ———
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Fig.31: XRDcomparing 4 wt. % and 14 wt. % primary gel®ft circle: double peak of cellulose Right circle: peak at 35°
indicates larger crystal length.
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6.1.6 Solvent exchange: comparing low (4 wt. %) and high concentration (14 wt. %)

An important step in the processf producing the samples is the fractional solvent exchafage
described inchapter5.1.2. In this process the ionic liquid is removed from the primary gel by a
multistep procedure with varying water/ethanol ratios. When the samples have dried from the last
step in the solvent exchange they are hard dmdtle. The measurements in this chapter where
done toshedsome light orthe changes the samples go through ithgrthesolvent exchange

The samples were scanndxfore the solvent exchange, every few steps during the process and
after the solvent exchangén the steps closer to the end of the process the samples started to dry
while taking the XRBpectra. To preent the sample from rolling up it was cut into squares of
approximately of 2x2 mm after theolvent exchangstep with 50 % Ethanol. These smaller flakes
rolled uptoo, influencing the measurement negativejynowever, muchess than ifone tried to do

the measuremenbn one whole piece.

The XRBpectra of thePG4 wt. % and of thePG14 wt. % are shown iffrig. 32 and Fig. 33,
respectivelyThe black arrows show the direction of the solvent exchange process. A major problem
with these spectra was finding a proper waf normalization in order to compare them. As a
straightforwardapproach we normalized the spectra to the main peak with the consequence that
absolute variations are inaccessible while relative interpretations are.valid

Forthe PG4 wt. %, which is shown Fig.32, the spectra develop a peak around 40° for the first few
steps. In the next few stepmnging from 50 % over 70 % to 90tBése peaks become much more
distinct andthe spectrareveal furthernore another highly defined peak around®while the central
peak related to the IL is strongly decreasifbe spectrum shows a clear absence of cellulose 1 as
the main peak is clearly over timeain @llulose 2 peakand there is a local minimum at 3B&hich
would not be the case for cellulose. Bl these findingsndicate that the sample consists mainly of
cellulose 2.

1.0 5 Wav'a —— Before solvent exchange
Vi After 30 % Ethanol
After 50 % Ethanol
0.8 / After 70 % Ethanol
/ \ After 90 % Ethanol
[ After solvent exchange
= o064 | Cellulose 1
3 : / Cellulose 2
© | .
- oy Avicel
= I
2 04- f’ |
) [
0.2 A
’.' Y ;; |
/ he AN A | h S
A i NI et D e Ve e
0.0 === T i T = T s (E— |
10° 20 30 40° 50 60

20
Fig.32: XRDBspectra ofthe fractional solvent exchangef a 4 wt. %PG
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ThePG14 wt. % is displayed ig.33. It is similar to theone describedabove,with the main peak of

the spectra first shifting to the right and then further to the left than thbad started out
Nevertheless the structure of the sample seems to stabilize a lot faster with the spectra moving way
less in the later steps #m they did for the 4 wt. %G During the solvent exchange the spectra
develop a peak around 40° like the previous sampleo &ie main peak shifts to about 21°, but is
slightly further to the right than the FSEC 4 wt. %, indicating thatbablysome cellulose 1 is in the
sample.

1.0 YO VAN —— Before solvent exchange
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A\ \ After 50 % Ethanol
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L 044 | \
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Fig.33: XRDBspectra ofthe fractional solvent exchange of 84 wt. %PG

6.1.7 FSECoverview from 4 wt. % to 14 wt. %

In the XRBmeasurementsabove it has becomevidentthat the samples changeheir composition
when the mixtureratio is changed. Depending on the literature the maximum cellulose that can be
dissolved in BMIMClith the procedure as described ithapter5.1.2 is supposed to béetween

6 wt. %and 15 wt. %13], [16].

For our measurementsamples were prepared in steps of 2 wt. % from 4 wt. % to 14 wt. % in order
to find out if and how the samples change for different mixing ratios. The results are displdsigd in
34. It has to be noted, that the dottedgpectraof the FSEC 12 wt. % was recorded with a diffekent
ray diffractometer Siemens D500%ray Diffractomete)) and therefore the comparison of intensities
with the other spectra is only possillie a certain extentOur resuls supportMazza[13] who found

that the cellubse is only dissolvable unépproximately8.75 wt. % by turbidity measurementgor
higher concentrations the cellulose is not fully dissolved but partly dispersed in the ionic liquid.
Nevertheless, e spectra of the 10 wt. % sample shows no noticeable chaonggparedto the
lower concentrations, Wwile for the samples of higher concentration the main peak around 23°
becomesstronger which indicates cellulose 1. Furthermore, there is a disbrmadening around

15° visible which also indicates the presence of cellulose 1. These two clear charggss stigngly

the existence of cellulose 1 in our samples.
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Fig.34: XRDBspectra ofFSE@vith varying wt. %

6.1.8 FSECcomparing stirring times:

20

4 wt. % and 14 wt. % -24 hvs.68 h

One major problem of the samples is thgatialhomogeneity. The samples originally produced were
stirred for 24 hoursSuchstirring times are usuallysufficientfor samples of low concentration but as

the concentratiorrisesand as the cellulose is not fully dissolydte final samplesre then not tilly
homogenousafter 24 hours(see chapteb.1.2for method of preparation and sample pictures, see
chapter 6.2 for optical microscope images of homogenous/heterogene®@sand FSECSs). In
avoidance of these distribution problems the samples were stirred longer (68 hours) resulting in

improved homogeneity

The comparison of FSECs of low and high concentration and for different stirring toimsdgedn
Fig.35. It shows longer stirring time influences the cellulagdte strongly. The main aspect is that
the long stirred celluloseseems to benore amorphous than the shostirred one.As the main peaks
become lower and broadeBut still the 14wt. %68h sample seems to contain more cellulose 1 in
comparison to thespectrum of the 4wt. %68hFSEC.
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Fig.35: XRDspectra of FSEC with varying wt.&6d varying stirring time
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6.2 Optical microscop y

The optical microscope is the easiest way to obtain images from samplesier to get information

on the composition and homogeneity of samples imaffesn primary gelsand FSECs which have
been prepared byltramicrotomywill be compared in this chaptetfmages of native FSEC samples
revealed no interesting results and are not displayed in this work.

6.2.1 Primary gel: Dissolving & Dispersion

As mentioned above, the mixing ratio of cellulose and ionic liquid influences the properties of the
samples. High concentrations (above 10 wt. %) of Avicel cellulose are thought to be not fully
dissolvedby the ionic liquidFig.36 shows the optical microscope image of a 4 wt. % 2hdFig.37

is an image of a 14 wt. % 68rimary gel. Both images are typical smchsamples.

It can be seen, that in the low concentration samffiég.36) no residuesare left and the gel is
homogeneousThe black and light circles (indicategred arrow$ are air bubbles in the gel.

In the high concentration sampl@=ig.37) a high number of small crystatein be seen (a few are
highlighted by red arrows)Jp to this point it can only be assumed that these small crystals are
undissolved Avicel cellulose (of the type cellulose 1), which would agree with the resultsifoun
chapter6.1. Anticipativeit can be said, that the results of chap®B confirm this assumption fully.

Fig.36: Image of a 4 wt. % 24 PG Fig.37: Image of a 14 wt. % 6B PG
Red arrows indicate air bubbles Red arrows indicate crystals.

6.2.2 Distribution in dependence of the stirring duration

In chapter 6.1.8 the differences between short stirring and long stirring duration have been
investigatedwith XRD. In this chapter the same is dai@optical microscop. Fig.38 and Fig.39

show images of the same primary gel with short and long stirring duration, respectively. These gels
then went through the rest of the manufacturing procegs FSEGhey were embedded irpoxy

and cut in liquid with the ultramicrotome. The images of thesaesscuts are displayed iRig.40 for

short and inFig.41for long stirring duration.

Short stirring duration:
The optical microscopy image afhort stirred PG (Fig. 38) shows areas of agglomerated crystals
(indicated with A) and areas where tiRGis homogeneous and no crystals can be seen (indicated

36
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with B), suggesting that the Avicel in these regions besn fully dissolvedThe ultramicrotome cut
was performed in a region with argglomeration This regiorns clearly crystalline as can be seen in
the image of thecut (Fig.40) and is mainly undissolved Avicel (see chapt8y

Long stirring duration:

Theimage of dong stirredPG(Fig.39) shows none of thse agglomerationglhe crystalqthree are
indicated by black arrowsare evenly distributed over the entire sample which results m a
ultramicrotome-cut (Fig.41) which is a lot smoother than for the short stirring duration

b

Fig.38 Image of a 14 wt. % 2APG Fig.39: Image of a 14. %8h PG
The A indicates agglomerated crystals, The arrows indicate crystals.

the Bindicates homogeneous gel.

/1

Fig.40: Image of a 14 wt. % 2A FSEC, embedded Fig.41: Image of &4 wt. %68 h and 14 wt. %68h FSEC,
epoxy. The arrow indicates the FSEC. embeddedn epoxy.The arrowindicates
the 14 wt. %68h FSEC

In low concentration samples the Avicel is fully dissolved, leading to a clear gel. Higher
concentrations cannot be fiy dissolved resulting in a dispersion of crystals in the gel. The stirring
time influences the homogeneity of the sample strongly. Short stirring time leads to agglomerations
of crystals, while in long stirred samples the undissolved crystals are dislpexgenly over the
sample.
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6 Characterization of cellulose

6.3 Raman spectroscopy

Ramanspectroscopy is a straigibrward method for characterizing sampl@sth respect to their
chemical signatureFor cellulose iallowsretrieval of information onthe band assignmentf1],
lattice structure [52], degree of crystallinity[53], quantitative analysis of thepolymorphic
modifications cellulose 1 and cellulos¢52l], amorphous structurgs52]. Ramanspectraof the ionic
liquid BMIMCLtanalsobe found in literature further information can be founah reference[55].

In our investigations wenainlywanted to determine the structre (crystallinity, polymorphisiretc.)

of the samples. For receiving quantitative measurements of the crystallimityutd benecessary to

have well defined standardized samples to compare witlthich are very complicated to establish

and widely absent in the scientific fieldlherebre, this chapter concentrates on obtaining
gualitative results on the samplg®lymorpls. Aswith the previous investigationsamples from

4 wt. % to 14 wt. %have beerexamined. This chapter will start with comparing spectra of cellulose 1
and cellulose2, discussing which peaks are usable for evalugtiolgmorphismand why this is
possible. Then evaluations of various spectra will give a cellulose 1 / cellulose 2 ratio and the chapter
will finish with a comparison of the newly obtained samples with sheples used in this project

prior to this work.

6.3.1 Introduction: distinguishing betw een cellulose 1 and cellulose 2

The typical spectra of cellulose 1 and cellulose 2 can be found easily in the corresponding literature.
Fig. 42 shows the Ramaspectra of bothpolymorpts. Also the typical frequencies for each
polymorphare depicted graphically.

(1) bacterial cellulose, cellulose |
(2) crystalline, regenerated cellulose |l

| \\ ~ l l "y
| 896+ l w l
\ / 576+ 518 g1t (2)
I \f s \ s | N/\j/ \ff
vars Viace) oo — 379’
N \ \\ 435"
\120: \ -

457/ .
997 ! =y,
969 404 894" i {\J o
90 se6" | \\ (1)
- v
N At ™

| L | 1 | L | L | L | L 1
1400 1200 1000 800 600 400 200

Raman intensity

Wavenumber/em’

Fig.42: FFRaman spectra of cellulosgolymorphs in the range 1500 150 cm' (typical frquencies highlighted: cellulose
1 (*and orange arrow} cellulose 2 (fand purple arrows)56].

38



6 Characterization of cellulose

The Raman frequencies of cellulose 1 and celluloged2their vibrational assignments are listed in
Table3. The column on the right indicates if the peaks have been used for further evaluation and in
which context (galuation was conducted in two ways).

Table3: First three columns: FIRaman frequencies antheir vibrational assignmenfor cellulosel and cellulose 2in the

range1500¢ 150cmt* [56]. Column on the right: Thesdands have ben used for further evaluations

Cellulose 1 Cellulose 2 Approximate assignment of the vibrational modes | Used for
Bacterial cellulose | Regenerated cellulosg further
(cm?) (cm?) evaluation
1476n% 1 CH) scissors
1461m+ 1 CH) scissors
1455w L ClH0 aoOAaaz2zNBR FyR + o6/ hl
1406w 1415sh L CBUY + o1/ /u0vxX 4 061/ ho0X
1377ms 1373ms L @3 L+ o1/ /JUuXEX 4 061/ h0X
1335m 1335mw, sh GUI + o1/ /00X 4+ o1/ h0X
1318 sh 1307 sh GUI + ol //0XE 4+ o661/ h0X
1293w GUI + o1/ /0X L+ o661/ h0X|X(632
1281 sh GUI + ol / /00X 4+ o661/ h0X
1262mw+ _ @/l + 61/ hox 1 &6/ hl o X(6.32)
1251 vw, sh @/Zl + o1/ /00X 4 o0l /h0X
1234 vw, sh . e0/Zl 4+ ol /00X 4+ 61/ h0OZX
1202 vw 1202 vw _ /2l 4 dI//h/0EX 14 0d hl 0
1151m Ao/ /0O A 6/ h0 NAYy3I o6NB
1142m, sh A o0/ /0T A b6/ h0 NARAYy3 o6NB
1120ms 1115ms, sh A o0/ h/ 03 3te02aARA0OT NI| X(6.3.3
1095 vs 1095 vs A o0/ h/ 03X 3te02aARAOT NI| X(6.3.3
1042 vw, sh Ao/ /00X A 0/ hoO
1035 vw, sh A o/ /00X A 0/ hoO
1023 vw, sh A 6/ 10X A 6/ h0
997w 9/ |
969 vw 969 vw Q)/ |
904w, sk 2 L (C(1) H()
894 vw 896 mw-++ 1 (C(1) HQ)
609 w _ o0/ /10
576 w+ £ 0/ h/ 0 NAyYy3
556 w* £ 0/ h/ 0 NAyYy3
518 mw 518 w, sh t 6/h/0 Jte2d02aARAO0 X(6.3.2
502 vw {1 o0/h/ 0 Fted02aARAO0
493 vw 491 vw, sh 1 6/ h/ 0 3fte02aARA0 X(6.3.2
457 mw 456 mw t o6/ // vz + 6/ /h0vZX NAYSZ
435 m* t o6/ / /0 + 6/ /h0Z NAMAYS3
418 mw+ t 6/ / /0 + 6/ /h0Z NAYSZ
379 m* 373 mw, sh + o/ / /v + &6/ hvx + 6/ /h
352 m+ + o/ / /v + &6/ hvx + 6/ /h
345 mw* £ 6/ /10X + o6/huvoX L+ o6/ 1/h
329 w* £ 6/ /10X + o6/huvoX L o6/ 1/h
311 w, sh+ _ 06/ /hbv
258 vw, sh _ 06/ hl Vo
171 vw* 0/ h1lo
*+Frequencies are most suitable for following the polymorphic transformation of cellulosenfio(dellulose 2 (+).
**++Band shape is suitable for following the polymorphic transformation of cellulose 1 (**) into cellulose 2 (++
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6 Characterization ofellulose

6.3.2 FSECcellulose 1 / cellulose 2 - ratio for different mixtures: integrative

comparison of selected peaks

Ramanspectra of FSECs in steps of 2 % from 4 wt. % to 14 wt. %ene taken in order to
characterize the samples regarding there cellulose 1 and cellulose 2 content. In order to do this the
spectia of each samplavhere recorded and significant peaks (for the cellulpséymorpts) were

then selected to be integratively compared with each othEwo daracteristicFSE®aman spectra

of cellulose 1 and cellulose 2 and the enlarged peaWsich were choserior compari®n, are
displayed irFig.43. The red spectra is taken from a white spot of an inhomogeneous FSEC 14 wt. %
that had be stirred for 24kseecrystalline agglomeratioin Fig.38) and which corresponds to a
cellulose 1 spectrum. The black speatris taken from a FSEC 4 wt. % and matches a cellulose 2
spectrum.
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— Cellulose 2
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Fig.43: Characteristic Raman spectra for cellulose 1 and celluloge PSECsnd the selectedareasfor further
evaluationin this chaptet

Measurements of Avicémicrocrystalline cellulose havealso been conducted. Twaharacteristic
spectra can be seen ifig.44. In comparison to the spectra Fig.43 the intensity rises strongly in
the low frequencies due to fluorescence. Therefore only the peaks marked 1 and 2 were evaluated

integratively.
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—— Avicel spectrum 1
Avicel spectrum 2

Intensity (a.u.)
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Fig.44: Raman spectra of Avicel cellulose

The relevant integratedaireas of the Raman speatwere then set in relation to each other to
enhance the significanagf the resultsand plotted as a function of the wt. % of the samHe&(45).

The ratio is caldated for the vertical axis to correspond to the cellulose 1 / cellulose 2 ratio in the
sample. From this it follows, that the samples with low concentration consist of only cellulose 2. At
approximately 10 wt. % the samples start to include cellulosgligher concentrations result in
higher cellulose 1 content in the samples. This supports the findings up to here: in low concentrated
samples the cellulose is fully dissolved and is inpiblgmorphcellulose 2phaseafter regeneration
(fractional solventexchange). The maximum limit of digsdn is at approximately 8t. %. After

this limit the cellulose is not fully dissolved in the gel wherein the residual Avicel cellulose (of the
type cellulose 1) is dispersed. After regeneration the samples corigistlolose 1 and cellulose 2.

For longer stirred sampl€68h) the differences between 4 wt. % and 14 wt. % equal out a bit more
probably because more of the cellulose is dissolvedritoee homogeneously mixedely Avicel is far
above the other valuess itconsistonly ofthe polymorphcellulose 1.
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Fig.45: Ratios of the areas from the Raman specfaa samples with different wt. %Area ratios are equivalent to
cellulose 1/ cellulose 2, ratio. Left: without error. Right:with error.
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An analysis of theleviationof the considered areas for integratidietween spectra of each sample

is shown inFig. 46. The comparable strong deviatioaf the resultscan be explained with
inhomogeneity of the samples (compare with error bar$ig.45). The low concentration samples
are more homogeneous and theme show less deviation. Under 10 wt. % the deviation is relatively
low. For higherconcentratedsamples the deviation rises strongindicating strong inhomogeneity.
The rising deviation further supports the idea of undissolved Avicel in the saPpieAvicel shows

a very low deviation and a strong homogeneitlycan be concluded, thabnger stirringof high
concentrated sampke reducetheir inhomogeneity.

®m  24h stirring
184 A 68h stirring
*  Avicel u

Deviation between spectra (%)

24 ]

o

T T T T T
4 6 8 10 12 14

Cellulose concentration (wt. %)

Fig.46: Deviationbetweenselected areas oRaman spectrdor each analysed sample

6.3.3 FSECcellulose 1/ cellulose 2 -ratio for different mixtures: peak ratio

The same spectra (6 samples from 4 wt. % to 14 wt. %) as in the previous cbhah@miere used

for evaluation. Unlike beforghe calculationnow comparesthe height oftwo peaks(after a three

point baseline was subtracted and the spectra were normajidadneasurements ahe by Schenzel

et. al it can be seen, that the ratio of the peaks change, depending on the ratio of cellulose 1 to
cellulose 754]. The selected peaks are showrFig.47.
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Fig.47: Characteristic Raman spectra for cellulose 1 and cellulose 2; andwbepeaksselectedfor further evaluationin
this chapter.

The higher peak was divided by the lower one, number 2 andFlgid7. respectively.The results

are displayed irfrig 48. Again they confirnthe theory of fully dissolved Avicel turning into cellulose

2 for low concentrations. At higher concentrations cellulose 1 can be found in the samples,
indicating undissolved Avicel crystah the sampleAs this evaluation is less reliable as the one
above (chapte6.3.2 the results diverge more (as can be seen especially for FSEC 12 wt. %).
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1.35+

Peak ratio (a.u.)
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Fig 48: Peakratios from the Raman spectrbor samples with different wt. %

1.25

6.3.4 Mapping

Mapping of a part of a FSEC 14 wt. % was carriedwaito the known spatial inhomogeneity also
reflected in the strong deviations ifig.45. For this the spectra were compared and the result can
be seen as map. IRig.49 the left image is an optical microscope image with the superimposed
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mapping, the right image shows the mappindargerresolution. The spectrthat were selected for

the mapping can be seen ig.50.

The reasornthat the difference between cellulose 1 and cellulose 2 can be identified so émsily
definite proof that the two polymorpls can beclearly distinguished with Raman spectroscopy.
Furthemore, the map shows a cellulose 1 crystalldded in a cellulose 2 matrix anqutovides
further evidence for a solubility limit and undissolved Avicel crystals being the source of the cellulose
1 in high concentration samples.

¥ (un

0 2 % @ 15 10 5 0
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Fig.49: Left image: optical microscope image with superimposed map. Right image: Mapping of the selected region
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Fig.50: Raman spectra: the selected spectra for mapping

6.3.5 Comparing standard FSEGwith samples produced by Judith Dohr ( 14 wt. %)

Raman measurements were also conducted on samples produced by Judith4Rphmr order to

make a transition to the samples used in her and Thomas GaRf#tkmaster thesis. These
samples were not produced in theery same way as the ones in this thesis, the process is described
in chapter5.1.1 Two spectra of Judith Dohrs sample are compared with the spectra of two new
samples and are displayedhkig.51. FSEC 14 wt. % is characteristic for cellulcasdlFSEC 4 wt. %

for cellulose 2. Both curves have a relatively good overlap, indicating that the previously used
samples are inhomogeneous, and consist of both cellybatgmorpts.
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—— FSEC 14 wt.%

—— FSEC Judith Dohr
FSEC 4 wt. %
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Fig.51: Raman spectracomparing new samplewith Judith Dohrs samples

Intensity (a.u.)

200

6.3.6 Why Raman and not IR?

Raman spectroscopy has some major advantages over IR spectroscopy, even though in cellulose all
vibrational modes are potentially Ramaand infraredactive. With Raman spectroscopy the lew
frequency region is easily observed, while causing difficulties in infrared spé&atrthermore
systems with high polar bonds (e.g. water) have intense infrared bands, but weak Raman intensity
due to the relatively low palrizability. This leads to water nearly not influencing the Raman spectra

of cellulose.Lastly, ellulose is often optically heterogeneous and scatters ligtnongly. In IR
spectroscopy it is problematic when processéser than absorption cause attenuiain of the beam.
Scattering losses varying with the frequency over the IR region are caused by the refraction index
going through large changes near absorption bands. For Raman spectroscopy these refraction index
changes do not present a problem because #xcitation frequencies and absorption bands are far
from eachother [51].

6.4 Scanning electron microscopy

Scanning electron microscopy allows morphological (shape, size, etc.) and chemicg&rayia
analysis) characterization. A major problem is that the samples have to be conductive or at least
coated to avoid charging. Alternatively the sample can be metal shadowed or sfairlednother
approach is the ESEM (environmental SEM) which releases the SEM of the restraints of high vacuum
and even allows measurements in a changeable atmosphere. But the ESEM has the drawback of
resolution loss.

During this workFSEC samples were embedded, cuhwiltramicrotomy and thencoated with
carbonto viewwith a SEM, but nalear and reliableesultscould beobtaineddue to the mentioned
reasons
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6.5 Transmission electron microscopy

This method enables the investigation of ulthdan specimen.In cellulose shapes and size
distribution of microfibrils and crystalline nanoparticlesn be retrieved with this methofb 7], [58].

The difficult part about these measurements is the preparation of the thin samples as the resolution
of the TEMcan belimited by the sample thickness. Different methods have been reported in the
literature. Kirshnamachari et. 7] prepared the sample in a way that the cellulose whiskers were
embedded in a latex matrix which resulted in sufficient contrast. ElazHafraoui et. a[58] used
negative staining and cry®EM for their investigations of crystalline nanopatrticles.

This chapter concentrates on obtaining quantitative results of the crystal size and distribution in the
FSEC samples. Again specimen from 4 wt. % to 14 wt. % (in s2pg.d%) have been examined.
The ultrathin cuts which are necessary for TEM investigations wegpared by staining with
Ruthenium and ultramicrotomeutting in liquid with an oscillating diamond knife

6.5.1 Preliminary investigations

The goal of the preliminary investigations was to find out if it was possible to distinguish
FSE@wt. % and FSEC 14 wt. % with the TEM and the applied staining method. The results can be
seen inFig.52. The left image (FSB@t. %) shows only very little spots compared to the right
image (FSEC 14 wt. %). If assumed that these black spots are cellulose crystals then this further
promotes that high concentration sangs consist of undissolved Avicel crystals (celluldse
embedded in a cellulose 2 matrikbove all it shows that measurements with the TEM are probably
possible.

Fig.52: TEM images of FSEC 4 wt. % (left) and FSEC 14 wghth. @lack points are cellulose crystals.
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High-resolution imagegFig.53) of these black spotaere taken. The black spoclearly show lattice
fringes(green arrows), confirming that the black spots aferystallinenature. With these results it
is clear that the TEM is a suitable method for evaluating particle /crystal distribution in the samples.

Fig.53: Highresolution TEM images of two cellulose crystalkeft: recorded image. Right: enlarged images showing
lattice spacingGreen arrows indicate areas with visible lattice spacing.

6.5.2 Crystal distribution in FSECs : overview from 4 wt. % to 14 wt. %

After receiving the posive results of the preliminary investigations a complete set of FSEC samples
from 4 wt. % to 14 wt. % (in steps of 2 wt. %) was prepared for measurements. Images were
recorded with the TEM and then evaluatgdaphically for particles / crystals. The redalshown in

Fig.54. Unfortunately the evaluation of the FSEC 12 wt. % was not successful, but the others yielded
interesting results. The particles per um? stayatiedely constant for low concentrations. At 10 wt. %

the concentration starts to rise slightly. The FSEC 14 wt. % shows a high particle density, indicating
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relatively large number of undissolved Avicel crystals in the sample. This entirely supports and
confirms all findings in previous chapteifhe comparison with the Raman based chagdzation of

the cellulosel / cellulose?2 ratio Fig.45) reveas a strong agreementThissuggests that the small
crystals observed via TEM are celluléseneaning an increasingystalline content as expected.
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Fig.54: Particles per um?2 for samples with different wt. 9%&valuated from TENmMages.

6.6 Atomic force microscopy

Evaluating AFNMmages for sample characteristics like crystal size, crystal distribution, etc. is always
risky of not being representative, as the images only show small regions of the surface. This is
especially problemat when the samples are inhomogeneous. For homogeneous samples it can be
used to confirm results of measurements conducted by other m¢&ais

The specimens undergo an embedding process and cuttitiy the ultramicrotome as they are
supposed to be ultrdlat for the insitu visualisation of enzymatic degradation. After this the samples
might have a thin film of smeared cellulose due to the process of cutting. So the first step was to
look at the ndive surface of the samples. Then cross sections were evaluated in dry environments
and finally in the liquid cell.

6.6.1 Native surface measurements of FSEQn dry environment

The revisedoreparation process of theellulosesamplesgenerates very flasamples. They are flat
enough to allow AFMneasurements of their native surfa¢gig.55). The height images of the FSEC

4 wt. % reflect the finer structured surfacmmpared with the FSEC 14 wt. %. The phase images
show this even more. The phase image of FSEC 4 wt. % also shows some brighter spots which could
indicate a different crystal phase or contaminatidtevertheless the surface is not representative

for the cu samples, as it is not entirely clear what happens to the surface during the manufacturing.
The native surface of the FSEC is therefore not suited for characterizing the samples, embedding,
ultramicrotome-cutting and viewing the cross section is necesdarfurther investigate sample
properties.
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Fig.55: 10 um AFMheightimages(top) of the native surface of FSEC 4 wt. % (left) and FSEC 14 wt. % (right). The
respectivephase imagesre below.

6.6.2 Dry ultramicrotome cuts in dry environment

Three samples (FSEC 4 wt. Y% 2BSEC 14 wt. % B4FSEC 14 wt. % BBwere embedded in resin
and prepared for AFM imaging. The corresponding height and phase images are dispkigesbin
The height images show the direction the samples were cut, a preferential direction is viiele.
phase imagesat the right)display a finer structure for the low concentration and the long stirred
sample than for the high concentration short stirred one, indicatiaginer structure and smaller
crystallites.
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110.0 nm 25.0°
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70.0 nm 10.0°

0.0 Height 10.0 um 0.0 Phase 10.0 ym

42.0°

0.0 Height 10.0 ym 0.0 Phase 10.0 ym

Fig.56: 10 umAFM height images (left) and phase images (right F&EC 4 wt. % 24(top), FSEC Mt. % 24h (middle)
and FSEC 14 wt. % ®3(bottom).

50



6 Characterization of cellulose

6.6.3 Wet ultramicrotome cuts in the liquid cell

Two samples were embedded @poxy, precut, immersed in a buffer solution (NaC) and then cut
with the ultramicrotomeunder liquid conditionsThe samples were then examined with the AFM in
the liquid cell, which was also filled with buffer solution.

10 um images are displayed fig.57. The FSEC 4 wt. % shows a curved su(faitle a radius of
approximately 10 um) which is due to furtherswelling after ultramicrotomy while the other
sample is generally flatter but with a higher roughness. An analysis of the roughness of these
pictures is inTable4. Before analyzing a plane fit of the second order was executed on the FSEC 4
wt. % in order to reduce the influence of the curved surface onréisellts The higher concentrated
cellulose substrate has a higher genefabngeand also shows a higher roughness than the low
concentrated one. The phase imadéqg.57) of the FSEC 14 wt. %osvs regions of the same color
(black arrows) indicating different material composition in these regions and an inhomogeneous
sample.The ghase image of the FSEC 4 %tis more regular in comparison, except for some spots
which are of topological cause.

Table4: Roughness analysis of two FSEC samples (as displayed.&7).

Sample type Z-range Ry
FSEC 4 wt. % 68 | 263 nm 17 nm
FSEC 14 wt. % 68| 356 nm 38 nm

Smaller regions were also scanned, 1 um images are shokig.BB (same samples as above). The
height images of both samples show a preferential direction which was probably caused by the
ultramicrotomy cutting.The results of a roughness analysis are diggd inTable5. Again the FSEC

14 wt. % is rougher than the lower concentrated sample. Nevertheless the differesigmiificantly

less than in the big scan, whichrcbe explained by the selected imaging region and the fact that
images of 1 um are less representatiidhe phase images reflect the same behavior as the phase
images of the 10 um scanbhe FSEC 14 wt. % shows regions of same colors, while the FSE& 4 wt.
is more uniform. This indicates ththe low concentrated specimeare more homogeneous in their
composition.

Table5: Roughness analysis of two FSEC samples (as displayegd.58).

Sample type Z-range Ry
FSEC 4 wt. % 68 | 83.4 nm 10.1 nm
FSEC 14 wt. % 68| 77.7 nm 11.6 nm
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Fig.57: 10 um AFM height images (left) and phase images (rlght) of FSEC 46&h%top) and FSEC 14 wt. % B8
(bottom). Black arrows indicate inhomogeneities.
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Fig.58: 1 um AFM height images (left) and phase |magegf(t) of FSE@ wt. % 68h (top) and FSEC 14 wt. % B8
(bottom).

52



6 Characterization of cellulose

6.7 Alternative sample : spin cast cellulose

The cellulose samplashich are usuallysed forthe in situ visualization ofnzymatic degradation
take long to prepare, as they undergo many steps until tlaeg usable for measurements.
Nevertheless they have the big advantage of tunabititfowing production of samples with specific
properties For preliminary testing a fast and easy to use substrate is desirdhie has been
uncovered with the spin cast celbse. It is dast and relatively simple to produadternative.The
process of production is described in chapfe®. Spin cast cellulose samples arearacterized in
this chapter.

6.7.1 X-ray diffraction
TheXrayRAFFNI OlGA2y 2F &aALIAYy OFaid OStfdzZ 2aS Aa LI NI

6.7.2 Raman spectroscopy

Raman spectra were taken for the spin cast sampigsg9). In lower frequencies the intensity rises
strongly (as in Avicel, see chapt®B.2 due to fluoescence effectsTherefore only the area 1 and
area 2 (sed-ig.43) could be used for further evaluation. Even though the spectra look similar to the
ones taken from FSEC samples the intensities are distributed differently due the different
composition.

—— Spin cast spectrum 1
'\ —— Spin cast spectrum 2
‘ Cellulose 2

Intensity (a.u.)

1A

Lo %«w j‘wf‘“’*”w o

T T 1
1600 1400 1200 1000 800 600 400 200

Raman shift (cm™)

Fg.59: Raman spectra of spin cast celluloaed cellulose 2 (FSEC 4 wt..%)

The two regions mentioned above were then used for further evaluation. They were integrated and
set into relation. The result can be seenHig.60 were it is compared with theesults of the FSEC
samples.lt can be concluded that the spin cast sample is similar to the low concentration FSEC,
being of thepolymorphcellulose 2.
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6 Characterization of cellulose
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Fig.60: Ratios of the areas from the Raman spectra fpin cast cellulose compared with standard samples and Avicel

Area 1/ Area 2 (a.u.)

6.7.3 Transmission electron microscopy
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6.7.4 AFM-Analysis of the topology in dry and liquid environments

Dry environment
Images of the sample in normal environment have been tgkém61). A fine structure can beeen
in these measurements. Théydrophilicity of the cellulose makes measurements difficult

decreasing the possible resolutioRoughnesanalysisyields a ZAange of 8.4nm and an &erage
roughnesof 1.1nm.

5.0°

0.0 Height 1.0 um 0.0 Phase 1.0 ym
Fig.61: 1 pum AFM height image (left) and phase image (right) of spin cast cellulose

54



6 Characterization of cellulose

Liquid environment

The dry samples were themmersedinto the liquid cell which was filled with simple distilled water.
Measuring in liquid raised the resolution immensely, making it possible to visualize the fascinating
fibrillar structure of the spin cast samples (see AFMh8ght image Fig.62) with a lateralfeature

of approximatelyl.5 -2 nmdiameter(see green arrows iRig.63).

Fig.62: 500 nm AFM 3ineight image of spin cast cellulose in liquid cell

The fibrillar structure swelled while immersed in watBig.63 showsthe spin cast sample directly
after immersing and approximately 45 minutes after. The blue arrows show a characteristic fiber
which increased its size during incubation in wataraddtion to single fibers also certain regions
swelledmore than others (red circlesjndicating a vertical swelling. After about 30 minutes the
swelling was observed to be widely saturated.

A roughness analysis is displayedTiable 6. It shows that the totalZrange (due to irregular
horizontal swelling) rises. The average roughness changes only slightly.

Table6: Roughness analysis afvollenspin cast cellulose (as displayedHig.63)

Immersion time Z-range Ry
5 minutes 13.9 nm 1.5nm
45 minutes 17.8 nm 1.6nm
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