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SUMMARY

Sustainable and environmentally friendly materials gain increasing attention in time of cli-
mate change. A promising alternative to traditional petrol-based materials is cellulose, one of
the most abundant biopolymers obtained from trees, plants, algae and bacteria. The processing
and refinement for improved and new materials using nanocellulose particles is the major
focus in cellulose research.

In this thesis, the extraction, production and characterization of cellulose nanofibrils (CNFs)
from two different softwood pulps by TEMPO-mediated oxidation is described. Using CNFs
as building-blocks, we further studied the structure-property relationship of self-assembled
materials such as hydro- and aerogels as well as the mechanism of CNF adsorption at the air-
water interface.

Chapter 1 introduces to the current research in the field, describing the mechanisms of nano-
cellulose extraction and thereof formed structures and materials. This chapter highlights the
most important accomplishments and challenges in nanocellulose research, providing the mo-
tivation for this thesis.

Chapter 2 presents a systematic alteration of process parameters to produce CNFs from
bleached and unbleached softwood pulp by TEMPO-mediated oxidation. Atomic force mi-
croscopy (AFM) combined with statistical image analysis provided insights into the
nanostructures of individualized CNFs and allowed for a comparison between samples pro-
duced with different production parameters. We confirmed and quantified the shortening of
fragments due to both increasing mechanical treatment (sonication in our study) and higher
surface charge density of the CNFs. Having collected data over a set of differently charged
CNFs and various sonication times allowed us to predict the exact impact of the production
parameters. Further, we observed morphological differences between samples from bleached
and unbleached pulps. We were able to determine the twisting periodicity of the CNFs from
the different pulp samples and found a decrease in periodicity with increasing charge density
by analyzing high-resolution AFM height images. These findings can help adapting desired
nanostructural properties of CNFs to specific applications.

Chapter 3 describes the analysis of the bulk behavior of the previously characterized CNFs.
Trying to upscale the production, we found that additionally to the beforehand studied param-
eters (sonication and charge density) the concentration of the pulp during the mechanical
treatment played an important role. Thereby, we realized that the mechanical disintegration by

sonication to individualize CNFs was limited by the dynamic overlap concentration C** of

2



CNFs, which was proportional to the inverse aspect ratio of the fibrils. Rheological analysis
revealed that the dynamic overlap concentration also depicts well the transition from viscous
to elastic behavior of CNF dispersions. Further, we utilized the rheological analysis of hydro-
gels to determine the mesh size experimentally, resulting in a value of 81 nm for 0.06 wt%
hydrogels and found a good agreement with predictions from scaling arguments (88 nm). The
production of aerogels from the hydrogels by supercritical CO,-drying turned out to be much
more complicated as they are super hydroscopic, fragile and sticking to any surface. Thus, the
aerogels were very delicate to handle and prevented us from performing mechanical analysis
with the available equipment. More effort to improve the applicability of the aerogels is need-
ed and could be realized by functionalization with hydrophobic molecules.

In Chapter 4, we investigated the mechanism behind the stabilization of interfaces by cellu-
lose. Using the CNFs with varying contour length and surface charge densities, we were able
to follow their behavior at the air-water interface. In diffusion-limited experiments, CNFs
adsorbed at the air-water interface within 24 h, reducing the surface tension due to the for-
mation of highly viscoelastic interfacial layers. We found that lower surface charge densities
of the CNFs accelerated the interfacial adsorption, leading to an increase in surface pressure
and thus a decrease of the surface tension of around 10 mN/m. Neutron reflectivity experi-
ments revealed a surface coverage of ~ 40% and qualitatively suggested a contact angle
smaller than 90°, since CNFs remained mainly in the water phase. We concluded that the sur-
face charges limit the interfacial adsorption and lead to lower surface coverage. Moreover, the
low contact angle is most certainly the reason for the poor foaming capacity of CNFs.

Chapter 5 deals with the electrostatic complexation of CNFs and amyloid fibrils from (-
lactoglobulin (BLG), oppositely charged polyelectrolytes to create hybrid materials. We stud-
ied the interaction of the two polymers at different concentrations as well as the impact of the
pH. Further, we presented a proof-of-concept for a core-shell filament with a conductive gold-
crystal core and an insulating CNF shell.

In short, this thesis discusses the impact of production parameters on the morphology of
TEMPO-CNFs and the formation of self-assembled materials from these CNFs. Thereby, the
focus lays on the influence of the properties of the individual CNF as building block to the
properties of the thereof formed structures. This understanding provides the foundation for

designing materials and self-assembled structures by a bottom-up approach.



ZUSAMMENFASSUNG

Nachhaltige und klimafreundliche Materialien gewinnen immer mehr an Bedeutung.
Zellulose ist eines der am héufigsten vorkommenden Biopolymere, das aus Bidumen,
Pflanzen, Algen und Bakterien gewonnen wird. Die Verarbeitung und Veredelung zu
verbesserten und neuen Materialien zu finden, steht im Mittelpunkt der aktuellen Forschung
auf diesem Gebiet.

Diese  Doktorarbeit  beschreibt die  Herstellung und  Charakterisierung  von
Zellulosenanofibrillen (CNFs) aus zwei verschiedenen Nadelholzzellstoffen durch TEMPO-
Oxidation. Unter Verwendung der CNFs als Bausteine untersuchten wir die Struktur-
Eigenschafts-Beziehung von selbst zusammengesetzten Materialien wie Hydro- und
Aerogelen und den Mechanismus der Adsorption an der Luft-Wasser-Grenzfliche.

Kapitel 1 fiihrt in die aktuelle Forschung auf diesem Gebiet ein und beschreibt die
Mechanismen der Extraktion von Nanozellulose sowie die daraus gebildeten Strukturen und
Materialien. Dieses Kapitel hebt die wichtigsten Errungenschaften und Herausforderungen in
des Forschungsgebiet hervor und liefert die Motivation fiir diese Arbeit.

Im ersten Manuskript (Kapitel 2) studieren wir die systematische Anderung der
Prozessparameter zur Herstellung von CNF aus gebleichtem und ungebleichtem
Nadelholzzellstoff durch TEMPO-Oxidation. Rasterkraftmikroskop (AFM) in Kombination
mit statistischer Bildanalyse ermoglichte Einblicke in die Nanostrukturen einzelner CNFs und
einen Vergleich zwischen den Proben, die mit unterschiedlichen Produktionsparametern
hergestellt wurden. Wir konnten den Effekt der Verkiirzung der Fragmente sowohl durch die
zunehmende mechanische Behandlung (Ultraschallbeschallung in unserer Studie) als auch
durch die hohere Ladungsdichte an der Oberfliche der CNFs bestitigen und quantifizieren.
Der systematisch gesammelte Datensatz ermoglichte uns eine genaue Auswertung der
Auswirkungen der Produktionsparameter und ldsst damit Vorhersagen machen. Dariiber
hinaus beobachteten wir Unterschiede zwischen Proben von gebleichtem und ungebleichtem
Zellstoff, jedoch wire eine tiefer gehende Studie erforderlich, um die genauen Ursachen fiir
die Schwankungen zu ermitteln. Bei der Analyse der AFM-Bilder konnten wir die Periodizitit
des Verdrehung der CNFs aus den verschiedenen Proben bestimmen und fanden eine
Abnahme der Periodizitit mit zunehmender Ladungsdichte. Diese Ergebnisse helfen,
gewiinschte nanostrukturelle Eigenschaften der CNFs spezifisch den Anwendungen
anzupassen.

Das zweite Manuskript (Kapitel 3) beschreibt die Analyse des Bulkverhaltens der zuvor
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charakterisierten CNFs. Bei dem Versuch, die Produktion zu erhohen, stellten wir fest, dass
zusitzlich zu den zuvor untersuchten Parametern (Beschallung und Ladungsdichte) die
Konzentration des Zellstoffs eine wichtige Rolle spielte. Dabei stellten wir fest, dass der
mechanische Zerfall durch Beschallung zur Herstellung individualisierter CNFs durch die
dynamische Uberlappungskonzentration C** der CNFs begrenzt war, die proportional zum
umgekehrten Formfaktor der Fibrillen (bestimmt bei niedrigen Konzentrationen) war.
Rheologische Messungen ergaben, dass die dynamische Uberlappungskonzentration auch den
Ubergang vom viskosen zum elastischen Verhalten von konzentrierten CNF-Dispersionen gut
abbildet. Zusitzlich konnten wir die rheologische Analyse von Hydrogelen nutzen, um die
Maschenweite experimentell auf 81 nm fiir Gelen von 0,06 Gew.-% zu bestimmen und fanden
eine gute Ubereinstimmung mit Vorhersagen aus Skalierungsargumenten (88 nm). Die
Bildung von Aerogelen aus den Hydrogelen durch iiberkritische CO,-Trocknung erwies sich
als wesentlich komplizierter als urspriinglich angenommen. Die getrockneten CNFs waren
enorm hygroskopisch, und die Luftfeuchtigkeit bei normalen Raumbedingungen war hoch
genug, um die Aerogele innerhalb weniger Tage schrumpfen zu lassen. Aufgrund ihrer
Zerbrechlichkeit und Klebrigkeit an Oberflichen waren die superleichten Aerogelen sehr
empfindlich in der Handhabung. Diese ungiinstigen Eigenschaften und die extrem niedrige
Dichte hinderten uns daran, mit der verfiigbaren Ausriistung mechanische Analysen
durchzufithren. Weitere Anstrengungen zur Verbesserung der Anwendbarkeit der Aerogelen
sind erforderlich und konnten durch Funktionalisierung mit hydrophoben Molekiilen realisiert
werden.

Im dritten Manuskript (Kapitel 4) untersuchten wir den Mechanismus hinter der
Stabilisierung von Grenzflichen durch Zellulose. Anhand der CNFs mit unterschiedlichen
Konturlangen und Oberflichenladungsdichten konnten wir ihr Verhalten an der Luft-Wasser-
Grenzfliche untersuchen. In diffusionsbegrenzten Experimenten adsorbierten die CNFs
innerhalb von 24 h an der Luft-Wasser-Grenzfliche und reduzierten dabei die
Oberflichenspannung durch die Bildung hoch viskoelastischer Grenzflichenschichten. Wir
fanden  heraus, dass niedrigere = Oberflichenladungsdichten der CNFs die
Grenzflichenadsorption beschleunigten, was zu einem Anstieg des Oberflachendrucks und
damit zu einer Abnahme der Oberflichenspannung um etwa 10 mN/m fiihrte.
Neutronenreflexionsexperimente ergaben eine Oberflichenbedeckung von ~ 40% und legten
qualitativ einen Kontaktwinkel kleiner als 90° nahe, da die CNFs hauptsdchlich in der
Wasserphase verblieben. Wir kamen zu dem Schluss, dass die Oberflichenladungen die

Grenzflichenadsorption begrenzen und zu einer geringeren Oberflichenbedeckung fiihren,
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darilber hinaus ist der niedrige Kontaktwinkel der Grund fiir die geringe
Schaumbildungskapazitit der CNFs.

Die vierte Arbeit (Kapitel 5) befasst sich mit der Komplexierung von CNFs und BLG-
Fibrillen, entgegengesetzt geladener Polyelektrolyten, zur Bildung von Hybridmaterialien.
Wir untersuchten die Wechselwirkung der Polymere bei verschiedenen Konzentrationen
sowie den Einfluss des pH-Wertes. Ferner prisentierten wir einen Proof-of-Concept fiir einen
druckbaren Koaxialdraht mit einem leitfihigen Gold-Nanokristallkern und einer isolierenden

CNF-Hiille.
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Chapter 1

Introduction

1.1 Motivation

Climate change and resource management are some of the most challenging problems we are
facing in the 21* century. Humanity is using more resources than can possibly be produced in
a sustainable way, risking destruction of planet earth as a habitat for successor generations.
These problems lead to the need of rethinking social and environmental behavior of our socie-
ty, causing an increasing demand of sustainable and environmentally compatible solutions.
Coal and petrol-based fuel were the foundation of the industrial revolution in the 18" century.
However nowadays, the dislocation of tremendous amounts of CO; into the biosphere leads to
serious consequences to our environment.

There is an emerging request for green solutions to replace petrol-based resources. Not only
fuel for transportation, but also materials for packaging and commodity should be substituted
in a sustainable way. The need for providing attractive alternatives from petrol-based materi-
als challenges academic as well as industrial researchers. Thereby, the properties of the well-
established materials need to be maintained or even improved, so that industry benefits from
the adaptation to green and sustainable alternatives. Furthermore, for a broad acceptance of
the sustainable innovations, the safety of these materials needs to be guaranteed.

Due to the abundancy, renewability and excellent mechanical properties, cellulose is one of
the biopolymers with the highest potential to fulfill these challenges. In recent years, a broad
variety of new applications and innovations using cellulose emerged, where self-assembled
materials and nanomaterials produced from cellulose arose as a peculiar field with great pro-
spects.

In this doctoral thesis, I used cellulose nanoparticles to study the structure-property relation-
ship of self-assembled nanocellulose materials. The following introduction provides an over-
view of the production of cellulose nanoparticles as well as the formation of self-assembled

structures.



1.2 Cellulose materials

Cellulose is the structure providing compound in the cell walls of trees, plants, bacteria and
algae. Due to its flexibility, low weight and high mechanical strength, human society has ex-
ploited cellulose as an engineering material for thousands of years and the technological ap-
plications have improved throughout the evolution of humanity. Starting as a construction
material, over time, the usage has evolved for even more complex applications such as tex-
tiles, paper production and recently in the form of delignified wood as novel high-end con-
struction material.!'"™

The favorable mechanical properties of wood- and cellulose-based materials are centered on
the hierarchical structure within the cell wall as schematically shown in Figure 1A. Repeated
units of glucose molecules are covalently bound (B 1-4 glucosidic bond) to form a linear
chain of several thousands of molecules. Multiple cellulose chains are connected parallelly via
hydrogen bonds to form cellulose fibrils. The intra- and inter-chain hydrogen bonds are re-
sponsible for the high axial stiffness. These features are utilized by organisms such as trees
and plants to form extremely robust cell wall matrices. Thereby, cellulose fibrils are aligned
and interconnected via hemicellulose and lignin to form microfibers (Figure 1b).

Depending on the source and treatment, cellulose possesses four different crystalline struc-

[4.5]

tures, ' whereas only cellulose I is the naturally occurring crystalline structure. Two sub-

groups are distinguishable with Ia being the dominating polymorph produced by most algae
and bacteria.! In higher plant cell walls and tunica, the I polymorph is the most abundant
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Figure 1: A) Schematic illustration of hierarchical structure of cellulose from wood biomass. Repro-
duced from ref. ® with permission of The Royal Society of Chemistry. B) Illustration of cellulose
nanofibrils surrounded and interconnected by hemicellulose and lignin. Reproduced from ref. ¥ with

permission of The Royal Society of Chemistry Materials.
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For its beneficial properties, nanocellulose gained enormous attention in nanotechnological
applications.[lo’m The hierarchical organization of cellulose, hemicellulose and lignin in the
plant matrix can be broken down to its individual compounds. This is done in the pulping pro-
cess, where the cellulose containing plant material is dispersed in aqueous slurries. There are
different processes to purify the cellulose and increase its dispersibility in water since native
cellulose is hydrophobic. Additionally, steric or electrostatic repulsion of the cellulose parti-
cles can improve the stability of thereof formed colloidal dispersions. By controlling the self-
assembly of the colloids, a vast variety of materials can be achieved. There are thin films with
optical properties such as color adaptation due to humidity,""*'> UV reflecting behavior,"'® or
gas-barriers for food storage.m] Flame-resistant cellulose materials can be achieved by phos-
phorylation of foam-like materials.'® Generally, cellulose is well suited to produce self-
supporting and highly porous materials for a lot of different applications such as wastewater

21 thermal insulation,m] inks for 3D-

[26,27]

treatment,[lg] oil adsorption,[zo] flow-through catalysis,

printing,mﬂs]

or templates for cell growth in biomedical applications.
1.2.1 Extraction methods for cellulose nanoparticles
Nanocellulose may serve as a building block to design functional materials by a bottom up
approach. There are different approaches for extracting cellulose nanoparticles yielding in
different properties and morphologies. The most common used methods are sulfuric acid deg-
radation®® and TEMPO-mediated oxidation® in combination with a mechanical disintegra-
tion step (e.g. sonication or homogenization) to produce cellulose nanoparticles with a high
aspect ratio and distinguished surface modifications. These surface modifications introduce
ionic groups that electrostatically stabilize the resulting colloids in aqueous dispersions. Un-
modified, the functionality of these side groups are rather limited, however, they can be func-
tionalized to acquire desired properties such as hydrophobicity.!''*"!

In the process of nanocellulose production, two major groups of resulting particles are distin-
guishable. Typically, sulfuric acid degradation yields in short and rod-like particles, so called
cellulose nanocrystals (CNCs) with dimensions of 100-200 nm length and 5-20 nm
diameter,””"! whereas the TEMPO-mediated oxidation process leads to more fiber-like parti-
cles, the cellulose nanofibrils (CNFs). CNFs are generally thinner, 2-5 nm in diameter, and
can show lengths of more than 1 um. Depending on the source and method of isolation, the
dimensions can vary.”'! Representative particles of each group are shown in the AFM height
images in Figure 2.

[32-35]

CNCs are known for their ability to form liquid crystallin phases, reinforcing fillers for
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[36-38]

composites and their ability to stabilize fluid interfaces to produce emulsions.”*”**! CNFs

are generally longer and thinner particles, resulting in a higher aspect ratio than CNCs, and

show kinks along their contour.

Figrue 2. A) CNFs from TEMPO-mediated oxidation with high aspect ratio and kinks. B) CNC from

sulfuric acid hydrolysis without kinks and rod-like shape. The scale bar is for both images.

1.2.2 Extraction of cellulose nanofibrils by TEMPO-mediated oxidation

In 2007, Saito and Isogai developed a protocol to produce highly crystalline and individual-
ized CNFs using the 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) radical.” In this pro-
cess, TEMPO highly selectively*!! oxidizes the methylene C6 carbons on the CNF surface to
a carboxylic group via an aldehyde (Figure 3). After the TEMPO-mediated oxidation of pulp,
the slurry is mechanically treated. Due to the negatively charged surfaces of the fibrils, they
repel each other and form transparent, stable CNF dispersions after the mechanical treatment.
The mild conditions and high selectivity for the C6 carbon of the TEMPO-mediated oxidation
allows the preservation of the crystalline core of the CNFs.!*

The major production parameters that define the characteristics of the CNFs are the time of
mechanical treatment and the added amount of NaClO, thus the energy input and the primary
oxidant, respectively. Increasing the amount of NaClO leads to a higher surface charge densi-
ty and to shorter CNFs with a lower degree of polymerization after sonication.!>** Longer
sonication leads to a better disintegration of the fibril matrix to individual particles, but also
results in shorter fragments due to fracturing and induction of along the fibril contour.!*>"!

However, a threshold of shortening depending on the cellulose source can be observed, pre-

venting them from becoming completely rod-like particles without kinks and thus not allow-
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ing the formation of liquid crystalline phases as observed in CNCs.!*”!

The impact of variations in process parameters has been a focus of research since the devel-
opment of the protocol in 2007 with the goal to better understand the effect of TEMPO-

mediated oxidation of paper pulp.***>! This knowledge is the foundation for predictions of

[45,52,53] [54,55] [56,57]

CNF properties, optimization and upscaling for efficient industrial processes.
All studies confirm the trend of shortening due to increasing mechanical treatment and higher
surface charge densities. However, a systematic comparison of the different parameters is still
lacking. Such a study becomes even more important in perspective of recent findings that var-
iations in the source materials lead to significant differences in the fibril properties of the re-
sulting CNFs P8
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Figure 3: Schematic of a single CNF. A) Cross-section of the crystalline structure. Reproduced from
ref. °% by permission of PNAS. B) Surface modification due to TEMPO-mediated oxidation. Adapted

with permission from ref. **. Copyright (2010) American Chemical Society.

1.2.3 Chirality of cellulose

Above a given concentration, CNCs are able to form liquid crystalline phases (Figure
42).P%%N 1 this regime, the optical properties can be tuned by the properties of the CNC (e.g.
aspect ratio and surface charges) determined through the isolation process, as well as the ionic
strength of the dispersion.'®** The individual CNC particles possess a right-handed twist and
are therefore chiral particles.* This chirality can lead to the formation of chiral nematic, also
called cholesteric phases, where the particles are aligned parallel in a plane, however, twisted
in z-direction (Figure 4b). Thereby, a transfer of chirality from the single, right-handed parti-

cles to a left-handed cholesteric phase is observed.'*! In nature, plants and animals use this
-13-



twisted alignment to form highly robust and elastic structures for protection or intense colors
(structural colors).!®>%! Anisotropic particles like CNCs can be used to mimic structures pro-
vided by nature resulting in a vast range of applications emerging such as films with favorable
tensile stress or changing colors due to humidity.!" 87681 The right-handedness of CNFs has
only been proven recently, however, the impact of material properties such as surface charge
density, fibril diameter and composition of the crystalline core on the quantitative amount of

fibril twisting has still to be revealed.

Figure 4: A) Cholesteric liquid crystalline phase from sulphated CNCs. B) Schematic of heli-
cal twist of CNCs that lead to the cholesteric phase. The arrow indicates half the pitch (180°

rotation of the fibrils) what is the distance between two lines in panel A.

1.2.4 Formation of cellulose materials, structures and their characterization

Hydrogels

Hydrogels are systems where a network formed by colloidal particles or polymers enclosed by
a continuous phase of water. For the colloidal network to be formed, certain conditions must
be fulfilled to allow the particles to interact. Basically, the concentration of the colloids needs
to be above a certain threshold, bringing the particles close enough to each other for them to
interact. There are several ways to produce hydrogels, relevant for cellulose are salt and pro-
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ton induced gelation or increasing the colloid concentration to cause jamming of the disper-
sion. To achieve stable gels, the particles have to be crosslinked. Crosslinking can be achieved
by covalent bonds using reactive molecules (chemical crosslinking).

A second possibility for a stabilized network is physical crosslinking, where several alterna-
tives are possible. As noted earlier, CNF form stable dispersions due to the negative charges
on the fibril surface of the carboxylic groups. The addition of cations (e.g. Na" or Ca®*) leads
to screening of the surface charges and decreases the repulsion between the individual fibrils,
allowing them to come closer and form hydrogen bond that further stabilizes the interaction.
The same effect can be achieved by lowering the pH since protonation reduces the amount of
negative charges. Additionally, it promotes the formation of hydrogen bonds between differ-
ent fibrils, resulting in even stronger hydrogels than charge screening.” A third way produc-
ing physical hydrogel is by concentrating a CNF dispersion, thus decreasing the excluded
volume of the fibrils, forcing them to come closer than they would at ideal conditions, a
jammed system is formed.

Due to the anisotropic morphology and the simplicity of controlling the gelation, CNFs are a
widespread model system for rheological studies. However, the lack of comparability between
the CNFs used in different studies makes the understanding of structure-property relationships

between the building blocks and the thereof resulting materials nearly impossible.

Aerogels

An aerogel is a super light material, where a porosity of more than 99% and surface areas of
500-600 m°g" for CNF aerogels can be achieved.""” They are generally produced from hy-
drogels, where the water phase is replaced with air. However, the replacement of the water
proves to be challenging as due to the extremely high capillary forces of water, drying of hy-
drogels at room conditions leads to a collapse of the network structure, resulting in xerogels
with a significant lower porosity (Figure 5a). The impact of water’s high capillary force can
be avoided by exchanging the water with solvent featuring a lower capillary force.
Freeze drying is another option to create highly porous structures, so called cryogels.””ﬂ In
contrast to the supercritical CO,-drying, where the pore size is determined by the CNF proper-
ties, the pores of cryogels are defined by the freezing process. As shown in Figure 5d, cryo-
gels prevail pore walls and appear honey-comb-like.

The capillary forces can be reduced to a minimum by using supercritical CO,-drying. Since
water and liquid CO, are immiscible, the water needs to be replaced by a solvent miscible

with liquid CO,, often ethanol or methanol. The exchange of the organic solvent with CO,

takes place under pressure (~ 5 MPa). As soon as the organic solvent is completely ex-
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changed, the pressure is increased, bringing the CO; to the supercritical state. This allows the
transition from the liquid to the gaseous phase without phase transition and thus avoiding the
impact of capillary forces (Figure 5b).[70-78-80]

Assuming a minimal impact on the network structure due to supercritical CO,-drying and that
the network properties are mainly given by the characteristics of the particles, variations in

aerogels from different CNFs should be observable, allowing the analysis of a structure-

property relationship.
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Figure 5: A) Schematic illustration of drying methods and the impact of to the network structure due to

drying at ambient conditions and supercritical CO,-drying to form xerogels and aerogels, respectively.
B) Phase diagram of freeze drying and supercritical CO,-drying. Reproduced from ref. ™ by permis-
sion of The Royal Society of Chemistry. C) SEM of CNF network structure due to supercritical CO,-

drying and D) due to freeze drying, respectively. Reproduced from ref. """ by permission of The Royal

Society of Chemistry.

Interface

The topography of cellulose nanoparticles allows wetting by both, hydrophilic and hydropho-
bic, phases and thus the particles are favored at the interface, where they lower the interfacial
tension resulting in an increase of the total interface area. Therefore, cellulose nanoparticles
are well known to form stable oil-water and water-oil emulsions.®'™" These particle-

stabilized emulsions are called Pickering emulsions. In contrast to the formation of stable wa-

-16-



ter-oil interfaces, nanocellulose has very poor capacities to stabilize foams, so that additional
surfactants are needed.'®

It was thought that cellulose does not adsorb to the air-water interface without further hy-
drophilization. Only recently, it was shown that CNCs are able to adsorb at the interface,
however in much longer timescales than for surfactants.*** A complete adsorption in diffu-
sion-limited experiments lasted several hours and decreased the interfacial tension similarly to
surfactants. Comparable studies of the adsorption behavior of CNFs at the air-water interface

and interfacial stabilization are still missing.

1.3 Electrostatic complexation for hybrid materials

Cellulose has outstanding physical properties, although it lacks functionalities without further
modifications. The formation of hybrid materials allows the combination of CNFs’ favorable
properties with functional molecules to create new materials with desired properties.

Beside nanocellulose, many other bio-colloids are stabilized by surface charges. Electrostatic
complexation combines oppositely charged particles to produce functional materials without
the addition of crosslinkers, salt or protonation. The properties of the formed complexes can
be controlled by the conditions related to ionic strength, pH and hydration during the
process.®” In contrast to hydrophobic and chemical interactions, electrostatic interactions are
reversible, making it interesting for self-healing applications. Electrostatic interactions can
furthermore take place in an aqueous environment without the use of harsh chemicals. This
allows for bio-compatible applications such as wound healing, where the treatment has to be
performed in wet conditions."®® The layer-by-layer technique is another prominent representa-
tive for structures formed by electrostatic interactions.™

The fundamental mechanism behind the electrostatic complexation is the thermodynamically
driven interaction of cationic and anionic particles or polymers to form ionic bonds. General-
ly, the reaction time is extremely fast, allowing efficient processes such as the layer-by-layer
technique, however, complicates a homogeneous mixing of oppositely charged polymers in
bulk.

A further method to produce a material exploiting electrostatic complexation is interfacial
polyelectrolyte complexation (IPC) to produce fibers or filaments.”®" These filaments can
be drawn from the gel-like interface that is formed between two oppositely charged polyelec-
trolyte solutions or dispersions. This gel formed at the interface prevents the free mixing of
the solutions/dispersions. Pulling the interfacial gel upwards allows the reformation of the gel

at the interface between the droplets and a thus, continuous process.m]
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1.3.1 Amyloid fibrils from B-lactoglobulin

Amyloid fibrils are associated with neurodegenerative diseases such as Alzheimer and Parkin-
son. Their structure is formed by stacking of -sheets of denatured protein fragments, leading
to very stable assemblies. The synthesis of these amyloid fibrils can also be performed in vitro
for studying the mechanisms and conditions of the self-assembly. The gained knowledge
might be translated to the living organism, aiming to understand the fundamental processes in
vivo to prevent and cure diseases.

It was recently shown that amyloids are not only associated with diseases, but they also have
beneficial use. A well-known model system of amyloids is B-lactoglobulin (BLG), a globular
bovine milk protein, a side stream from cheese production. Recent works showed a wide
range of applications such as wastewater treatment,”” reduction of metal salt to nanoparticles

for flow through catalysis,”” synthesis of gold nanoparticles, >

[97,98]

produced materials thereof

and liquid crystalline phases from rigid amyloid fibril fragments.”*'®"!

1.3.2 Formation of hybrid material using CNFs and amyloid fibrils

The electrostatic interactions of CNFs and protein forming complexes and gels used in mate-
rial and food sciences as well as medical applications has been investigated extensively.!'*'~
17 CNFs have the ability to form very stable and strong films and bulk materials but lack
extended functionalities. In contrast, films produced from BLG-fibrils are brittle, however due
to the different amino acids, they have a great potential for chemical functionalities as exem-
plified above. The probably most astonishing property of BLG-fibrils is their ability to reduce
Au* to nanometer-thin crystals possessing a large surface area.”>”® The ability to form these
Au-crystals is attributed to the reducing properties of BLG-fibrils and the formation of a ne-
matic phase at high enough fibril concentrations.”” These Au-crystals can cover huge areas
with a minimal amount of gold and the materials preserve the ability of electrical conductivi-
ty.”® To further explain from a geometrical perspective, high aspect ratio crystals or plates
facilitates the use of less amount of gold compared with spherical nanoparticles to result the
same material conductivity.

The combination of CNFs and BLG-fibrils containing Au-crystals promises a composite that
preserves the beneficial properties of the two components.'”® However, only a more funda-
mental understanding of the interactions can lead to controlled self-assembly pathways in
order to reliably produce composite materials. Therefore, the interaction between the two
polyelectrolytes should be investigated depending on the concentration and effective surface

charge, adjustable by the pH.

-18-



The interaction between CNFs and monomeric BLG forming bulk materials has been reported
previously.""*'"”! However, a study on the interaction of CNFs with BLG-fibrils is still miss-
ing. We have chosen the IPC technique to form composite filaments to study their interaction.
Gaining this knowledge enables to fine-tune the composition of the hybrid material in per-
spective of specific applications.

A possible application is represented by an electrically conductive filament, combining the
BLG-fibril stabilized Au-crystal dispersion with CNFs that have insulating properties. To ob-
tain a well-defined core-shell structure, injection in a coagulation bath appears to be more
promising than IPC. The technique of the injection could be improved towards coaxial extru-
sion, which adds the possibility of precisely printing the filament in the desired manner, thus

saving resources.

1.4 Methodologies of characterization

I briefly describe the most important methods of characterization used for the presented work.

1.4.1 Atomic force microscopy

Atomic force microscopy (AFM) is a high-resolution microscopy technique for topographic
imaging in the nanometer scale. A cantilever with a sharp tip scans the sample that was im-
mobilized on mica, an atomic flat surface. The height information is determined by the deflec-
tion of the cantilever due to the topography of the sample and is amplified by a laser reflected

on the cantilever, recorded by a detector.

1.4.2 Rheology

The mechanical properties of soft materials and liquids can be determined by a rheometer.
Thereby, the resistance to deformation and flow behavior are measured in response of an ap-
plied force. Under oscillation, the so induced stress can be fractionized into the storage (G’)
and loss (G”’) moduli of the material, describing the elastic and viscous behavior, respectively.
Substances where G’ dominates appear liquid-like and flow. An example is a diluted polymer
dispersion, where the polymers are free to move. Increasing concentration or interactions lead
to an increase of storage modulus G’. The formation of a network leads to the domination of
G’ and thus a solid-like response of the material. The behavior of materials at the transition

from the viscous to the elastic regime is used to characterize their sol-gel transition.
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1.5 Scope

In recent years, there have been a lot of studies illuminating different aspects of CNFs from
TEMPO-mediated oxidation. Already small variations in the procedure of the TEMPO-
mediated oxidation and the starting material lead to an immense impact on the resulting
CNFs. These distinctions make it extremely difficult to distinguish the impact of process pa-
rameters from different studies. A systematic study with a wide range of variations in process
parameters is still missing and of exceeding importance to understand the mechanism behind
the production of TEMPO-CNFs and the consequences of particle characteristics for self-
assembled materials.

In the following chapters, I first present a characterization of the single particles. CNFs were
produced from bleached and unbleached softwood pulp with four different charge densities
for both types of pulp. The impact of the different production parameters (i.e. sonication time,
charge density and source) on the final CNF properties (i.e. contour length, aspect ratio and
twist) was evaluated.

In the second manuscript, we investigated the impact of variations in CNF particle properties
on the behavior of aqueous dispersions and self-assembled structures such as hydrogels and
aerogels.

In the third manuscript, we studied the underlying mechanism of adsorption to the air-water
interface of CNFs with different charge densities. These two projects allowed understanding
the structure-property relationship between the different hierarchical levels of CNFs and
thereof formed materials.

The fourth project exploits the interaction of oppositely charged biopolymers (CNF and BLG-
fibrils mixed with Au-crystals) for a prove-of-concept of a conductive and insulated core-shell

wire.
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Cellulose nanofibrils (CNFs) are a renewable and facile to produce nanomaterial that recently
gained a lot of attention in soft material research. The nanostructural properties of the fibrils
largely determine their self-organizing functionalities, and the ability to tune CNF nanostruc-
ture through control of the processing parameters is therefore crucial for developing new ap-
plications. In this study, we systematically altered the CNF production parameters (i.e., varia-
tion in cellulose source, chemical and mechanical treatment) to observe their impact on the
nanostructural properties of the resulting fibrils. Atomic force microscopy (AFM) allowed
detailed topological examination of individual CNFs to elucidate fibril properties such as con-
tour length, kink distribution and the right-handed twist periodicity of individual fibrils. Sta-
tistical analysis revealed a large dependency of the fibril properties on the cellulose source
material. Our results furthermore unambiguously confirm that the linear charge density of the
fibrils regulates both contour length and twist periodicity and thus has a very strong impact on
the final morphology of CNFs. These results provide a route to tune the detailed nanostructure
of CNFs with potential impact on the self-organization of these biological colloids and their

optimal use in new nanomaterials.
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INTRODUCTION

Due to its exceptional mechanical properties, nanofibrillated cellulose (NFC) is a source for a
multitude of applications such as material reinforcement, hydrogels, liquid crystals and aero-
gels production.[z’“] The mechanical quality of native cellulose originates from the multiple
hydrogen bonds that strongly link the individual cellulose CNFs within cellulose bundles that
reinforce plant cell walls. This intricate hydrogen bonded matrix, including also additional
biopolymers (i.e., lignin and hemicellulose), provides impressive reinforcement properties in
the native state but also complicates the process to individually separate the single fibrils for
new applications. One possible route to obtain NFC consists in the use of an enzymatic pre-
treatment followed by mechanical homogenization or sonication.!''""* However, the fibrils
resulting from this process are typically very polydisperse in thickness, organized in bundles
of single fibrils and measuring ~5-90 nm in width.

Saito et al. presented an elegant way to obtain individualized CNFs from wood pulp using
TEMPO-mediated oxidation conditions (T-CNF).*”! This process allowed the production of
well-defined single nanofibrils at high yields, opening up for a variety of applications to

evolve, such as transparent films for food packaging with improved oxygen barriers,!'""?!

[114]

free-standing hydrogels with only 0.1 wt% cellulose mass fraction and aerogels with po-

tential as lightweight thermal insulators.”” Due to their high surface area, nanocellulose aero-

gels can further be applied as absorbents for environmental remediation>”’

[115]

or as templates for
batteries.
Worldwide, various groups work with the above-mentioned TEMPO protocol, to make differ-
ent material sources accessible and compare properties of diverse NFC with T-
CNF,[31’42’44’45’50’53] where surface modifications is of special interest. Due to the mild condi-
tions of the TEMPO-mediated oxidation process and the high selectivity to oxidize the meth-
ylene C6 carbon on the surface of the CNF, the crystalline fibril core is largely preserved."*”
Moreover, it has been shown that increasing the charge density of CNF by increasing the
amounts of hypochlorite as primary oxidant leads to shorter fibrils.**! Varying the exposition
to sonication was also found to influence yield, diameter and degree of polymerization (DP)
of CNE.*>

Usov et al. suggested that kinks, present along the contour of CNFs, result from the pro-
cessing conditions, therefore caused by the sonication treatment, and not from alternating
amorphous and crystalline domains along the nanofibril.>"'® The mechanism of breaking
fibrils was also shown in a very recent study, where it was found that fibrils break preferably
within rigid segments rather than at positions of kinks as one might assume."*! These results
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are in agreement with Saito et al. who compared fibrils with various sonication times and ad-
ditionally observed that the length of T-CNF converges toward a minimum of 278 + 127 nm
after more than 60 min of sonication for fibrils with a carboxylate content of 1.5 mmol per
gram of oxidized wood cellulose.*”

Nanocellulose particles are furthermore known to twist, as experimentally observed on micro-
fibrils'"'”! and aggregated cellulose nanocrystals.!'"*'*! These results from higher order nano-

451 a1l cases

cellulose structures were supported by observations of the twist on single CNFs,
revealing a right-handed twist. This right-handed twisted configuration has been confirmed by
theoretical simulations as the lowest energy state for native, uncharged, crystalline
CNFs."2*121 The amount of twist resulting from the simulations was independent on the

length of the fibrils!'**'*! but inversely dependent on the fibril cross-section area,'227124 gen-

erally demonstrating a twisting of ~1.5 to 10 deg/nm for different fibril thicknesses.!'**'?!
Even though there is a consensus about the right-handed twisted nature of CNFs, a direct ex-
perimental analysis of the twist periodicity of single CNFs is still missing. The exact mecha-
nism behind the twisting also remains debated, specifically the role of the hydrogen bonds!'*!
and the influences of crystalline distortions induced by mechanical defects in the form of
kinks.!"* Another unknown, yet highly relevant, parameter is the influence on the twist peri-
odicity of the type and amount of charges introduced by surface modification during nanocel-
lulose production.

Investigating the prior literature, there is a lack of a clear picture of the combined influence of
mechanical (sonication) and chemical (pulp chemistry, charge density) treatments on the
nanostructure and twist periodicity of T-CNF. Systematically altering production parameters
and mapping out the impact of the manufacturing process on the CNF nanostructure in a sin-
gle study becomes even more important in the context of the recent published work of Schiitz
et al., where they showed that variations in cellulose sources may lead to tremendously differ-
ent properties of the resultant cellulose nanocrystals.”®

In this paper, we systematically studied the change in fibril properties as a result of variations
in sonication time of TEMPO-mediated oxidized CNFs with different charge densities pro-
duced from industrially bleached and unbleached softwood pulp. AFM imaging provided a
basis to obtain statistics of the CNF contours including information about contour length,
kinks, the average segment length, height and fibril twist. Dynamic Light Scattering (DLS)
and wide-angle X-ray scattering (WAXS) were used as complementary techniques to bench-

mark the average contour lengths and the diameter of the crystallites obtained from AFM.

We found that different charge densities (induced by varying the oxidation treatment) and
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different sonication times affect the fibril length and periodicity of the twist. These results
contribute to our understanding of how the processing conditions can be used to control the
CNF nanostructure, thus providing a tunability that is crucial for the use of CNFs in high per-

formance applications.

1pum

1\- 1|Jm

Figure 1. Unbleached and bleached softwood pulp after TEMPO-mediated oxidation. AFM im-

ages a) unbleached and b) bleached pulp after TEMPO-mediated oxidation without further treatment.

RESULTS AND DISCUSSION

Effects of varying charge density on fibrillization of TEMPO-mediated oxidized cellulose
nanofibrils.

After the TEMPO-mediated oxidation under the same conditions, the industrially bleached
and unbleached softwood pulp showed different morphologies. As observed in Figure 1, the
unbleached pulp (a) revealed generally long fibers that unravel into fibril bundles and eventu-
ally single fibrils, whereas the bleached pulp (b) consisted of a fibril network with less pro-
nounced hierarchical levels. The reason of the difference may be related to the composition of
the pulps as discussed in the next paragraph. In both pulp samples, the smallest fibrils re-
vealed a height of around 1.3 nm, whereas fibrils with diameters around 4 - 5 nm were the
most represented population (Figure S1).

The surface charges of the T-CNF, present as carboxylic groups, was determined by conduc-
tivity titration of dispersed oxidized softwood pulp. Figure 2a indicates a difference in effi-
ciency of the oxidation process between unbleached and beforehand industrially bleached
softwood pulp as source material. The charge density of the fibrils from bleached pulp in-
creased from 270 pumol/g CNF (1.5 mmol NaClO) up to 1120 umol/g CNF (10 mmol NaClO),
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whereas the unbleached pulp from 150 pmol/g CNF (1.5 mmol NaClO) up to 940 pumol/g
CNF (10 mmol NaClO). The difference between bleached and unbleached pulp is justified by
the different composition of the two genitor sources. The unbleached pulp still contains lignin
and hemicellulose, which then would be removed in the following industrial bleaching pro-
cess.'?"! One of the bleaching agents used in this process is NaClO that is also the primary
oxidant of the TEMPO-mediated oxidation. Therefore, the presence of lignin makes NaClO
less available for the TEMPO-mediated oxidation, decreasing the overall efficiency of the
cellulose oxidation process for the unbleached pulp. Additionally, hemicellulose present in the
unbleached pulp is also oxidized and, due to the good water dispersability of the oxidized
byproduct, it is removed during the rinsing process.

The fibrillization was promoted by ultra-sonication and facilitated due to the repulsion be-
tween the single fibrils within the fibril bundles. The repulsion resulted from the negative sur-
face charges of the fibrils at neutral pH. This mechanism can be observed on the AFM images
in Figure 2c—f, where large agglomerates can be found for the lowest charge density after 7
min of sonication (c). With increasing charge density (d-f), fewer fibril agglomerates were
found, translating, in turn, to an increased single fibril yield at constant sonication time. Sta-
tistical analysis of the images reveals a decrease in length-weighted average fibril length from
670 to 340 nm and 880 to 470 nm while increasing the concentration of oxidation agent from
1.5 to 10 mmol/g of cellulose for CNF from bleached and unbleached pulp, respectively (Fig-
ure 2b).

Indeed, a breakdown of fibrils into shorter objects with increasing charge density can be ex-
pected when the electrostatic energy per unit length (which favors breaking) exceeds the co-

hesive energy per unit length:

2
kTl (N, (0
B B( Zharges) > UﬂDequivalentL + AF - L

where kg is the Boltzmann constant, 7 is the temperature, [z is the Bjerrum length, Neagrges 1S
the total number of charges per length L, ois the fibril-water interfacial tension, T quivaten: 18
the cross-sectional perimeter of the fibril (D.guivaiens being the diameter of the cylindrical fibril
with an equivalent cross-sectional perimeter) and AF is the total cohesive energy per length L
holding the single CNF together. The critical linear charge density, at which the electrostatic
breakdown is expected, can be extracted from Equation (1) using the definition Acrisic = Nenare-

«/L, thus:
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Due to the high polydispersity of the fibril length and the presence of many short fragments,
the difference between samples was more evident using the length weighted average fibril
length. This trend is also in agreement with earlier reported data.'*! However, a plateau in
fibril length could be observed for fibrils produced from the unbleached source at charge den-
sities between 150 and 650 umol/g, in general agreement with equation (3) and indicating that

a certain threshold of repulsion is needed for an efficient fibrillization by sonication.
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Figure 2. Influence of charge density on the fibril length. a) Charge density of carboxylic acid
groups induced by varying amounts of NaClO added per gram of bleached (blue squares) and un-
bleached (orange circles) softwood pulp. The error bars show the standard deviation (n = 2). b) Plot of
the length weighted averaged fibril contour length versus charge density for CNFs prepared from
bleached (blue squares) and unbleached (orange circles) wood pulps (with error bars expressing the
standard error of the mean, n > 200). c-f) AFM-images of T-CNF produced from bleached softwood
pulp with varying charge density after 7 min of sonication. The scale and height bars in image f) apply
to all AFM images.
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Impact of sonication time on fibril length.

In agreement with earlier reports, not only the charge density but also the sonication time has

a direct impact on the fibril length."***”! A comparison of the ensemble average mean fibril len
gth obtained by DLS (Figure 3a), using equation 1, with the average contour height based on f
ibril tracking data from AFM images showed good agreement, supporting the use of the fibril

based contour tracking method. This method is hereafter used throughout the manuscript. The

analysis revealed the expected shortening due to sonication. The weighted length of the longe
st unbleached fibrils (3 mmol unbleached) possessed the lowest charge density and decreased

from 1100 nm after 5 min of sonication to 560 nm after 25 min of sonication (Figure 3b). Sam
ples with higher charge density (e.g., 10 mmol unbleached) that had generally shorter fibril le
ngths after 5 min of sonication, exhibited less shortening and seemed, after 25 min, to converg
e to a similar length such as the 3 mmol unbleached CNFs. The fibrils from the bleached sour
ce were generally shorter than those from the unbleached. Starting at 720 nm after 5 min of so
nication, their length declined to 540 nm after 25 min of sonication. Finally, the highest charg
ed, bleached fibrils did not significantly change in length with additional sonication after the i
nitial 5 min. A screening of sonication times shorter than 5 min revealed an inefficient fibrilliz
ation, and huge agglomerates were still observed by the AFM analysis, whereas only few sing
le fibrils were present (Figure S2). Since the CNFs produced with 1.5 mmol NaClO per gram

of cellulose have nearly the same length as those with 3 mmol NaClO per gram of cellulose, t
hey are not shown in the plot, but the measured values are listed in Table S1. The existence of

47} and see

a threshold of minimal length with increasing sonication time was observed earlier
ms to be mainly dependent on the cellulose source.

Nystrom et al. proposed a mechanism for cutting and hence shortening of fibrils, where fibrils
break not only at kink position but along rigid segments too, possibly via an intermediate kink
forming step.!*! These results suggested that the kink zones are regions formed from mechan-
ical defects, thereby being mechanically weaker than the rigid segments. Moreover, that same
study showed that acid hydrolysis may be used to shorten fibrils preferentially at positions of
kinks. Thus, in order to obtain fibrils with strong mechanical strength and chemical resilience

for further applications, it is desirable to minimize the number of kinks, while maintaining a

maximum fibril length.
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Figure 3. Influence of sonication time on fibril length. a) Comparison of mean fibril length between
DLS (orange circle) and AFM (blue square) measurements of CNF dispersions prepared from un-
bleached wood pulp with a charge density of 300 umol/g CNF (standard deviation of DLS of 3 meas-
urements and standard error of AFM n > 200). b) Length weighted fibril length determined by fibril
tracking from AFM images (error bars express the standard error of the mean, n > 200) for different

sonication times.

The influence of surface charge density on kink density and segment length.

So far, we can conclude that increasing charge density as well as sonication time decrease the
fibril length. Do both these treatments also affect the morphology of the single fibrils in a sim-
ilar way? To find out, we continued the analysis with focus on the number of kinks per fibril
and the segment length of the differently charged samples. Figure 4a suggests that, with in-
creasing charge densities, the average number of kinks per fibril is linearly decreasing from
1.9 to 0.6 and from 2.2 to 0.7 kinks per fibril for bleached and unbleached CNF, respectively.
The amount of kinks per fibrils seems to be independent on the cellulose source. Therefore,
the effect of increasing charge density is comparable with increasing sonication time, both
leading to fewer kinks. Analyzing the average segment lengths in Figure 4b indicates an aver-
age segment length between 110 and 145 nm and 140 and 220 nm for bleached and un-
bleached fibrils, respectively.

Connecting the dependence of the fibril length from the charge density with the finding of the
maximal segment length, we can conclude that the fibrils from the unbleached source with a
charge density of 650 pmol/g CNF result in the optimal properties of high aspect ratio and a

low density of kinks.
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Figure 4. Influence of charge density a) on the average number of kinks per fibril after 7 min of son-
ication (with the black line as a linear fit) and b) the segment length at different sonication times,
where the colored areas indicate the average segment length of the samples from unbleached and
bleached pulps. For both graphs, the standard error is calculated based on the data of more than 200

tracked fibrils per point.

Periodicity and twist of CNFs as a function of fibril charge and thickness.

AFM imaging provides an accurate measurement in z-direction. These z-data yield precise
topological information of the height variations along the fibril contour, thus allowing us to
extract information on the pitch of the fibrils. Figure 5a and 5b show a representative example
of a CNF scanned in orthogonal directions, where the right-handedness of the fibril is directly
observable in both images. Figure Sc shows the twist periodicity, p, of the fibrils (measured as
the average distance between two consecutive height maxima along the fibril contour, as de-
picted in Figure 5d) as a function of increasing fibril charge density. The periodicity of fibrils
from bleached and unbleached sources linearly decreased from 70 to 41 nm and 55 to 40 nm,
respectively, with increasing charge density. The autocorrelation function (ACF) implemented

in FiberApp''*

provides an alternative way to determine the periodicity, as shown in Figure
Se. The height profile in Figure 5d shows an average relative height difference between min-
ima and maxima of ~2"2, suggesting a squared cross section for the right-handed fibrils as
illustrated schematically in Figure 5f and in agreement with previous works!*>120129 py¢ sig-
nificantly different from the observations of microfibrils that have a wider (10 — 50 nm) rec-
tangular cross-section.''”! Based on the squared cross section and the ensued periodicity, we
can assume the length of the pitch as L = 4 p and obtain values between 158 and 281 nm.

Turning to the fibril height, a decrease from 1.6 to 1.3 nm and 1.9 to 1.0 nm is observable for

the CNF from the bleached and unbleached pulp, respectively (Figure S3 and Table S1).

Height differences of less than the size of a glucose molecule (ca. 0.5 nm) may seem difficult
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to justify but these result from averaging the heights within the sample population. WAXS
experiments confirmed precisely the same trend for the bleached fibrils (Figure S3 and S4).
Moreover, the chemical fibril treatment led to an increase in roughness of the mica surface,
when higher charged fibril dispersions are deposited (Figure S5). The roughness might origi-
nate from an increasing amount of free cellulose polymers due to the sonication process with
the corresponding peeling-off of cellulose polymer chains from the fibril surface.

It is to be expected that thinner fibrils with a smaller fibril cross-section area have a lower
torsional stiffness and therefore require less energy to twist, resulting in a higher twisted con-
figuration, as supported also by theoretical works."*>'?! When electrostatics are taken into
account, the fibril twist undergoes a more complex behavior. For amyloid fibrils, it has been
shown that the periodicity is a function of the electrostatic strength and can be accurately de-
scribed by a model balancing the twist elasticity of the fibril with the electrostatic repulsion
from the fibril surface charges.!"**"*") Assuming a similar mechanism for the present CNFs,
their twist periodicity should decrease for an increasing amount of electrostatic charge, as a
result of an increased electrostatic torsional momentum, which is indeed what we observed, as
shown in Figure 5c, for both the bleached and unbleached fibrils. These results confirm un-
ambiguously that the linear charge density of the fibrils regulates contour length and twist

periodicity, and thus has a very strong impact on the final morphology of CNFs.
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Figure 5. Analysis of the periodicity of the pitch of cellulose fibrils. a) AFM image of a single fibril
(unbleached source after 11 min of sonication), where the white line indicates the scanning direction.
b) AFM image of the same fibril with 90° turned scanning direction. c) Dependency of periodicity on
the charge density of CNFs from bleached (blue square) and unbleached (orange circle) softwood pulp
sources, with the respective linear fit. d) Height plot along the contour of a single fibril. ) Plot of the
height autocorrelation function (ACF) versus lag of the same fibril contour. f) Schematic of a twisted

4x4-cross section fibril, where the periodicity p is indicated.

CONCLUSIONS

The present study provides insights into the nanostructure of single CNFs resulting from a
systematic variation of both chemical and physical parameters, i.e., the industrial treatment of
the pulp starting material, the amount of oxidant in the TEMPO-mediated oxidation process
and the mechanical treatment (sonication). Using AFM imaging and statistical image analysis,
we observed a principal difference in fibrillization between samples from bleached and un-
bleached softwood pulp, where the unbleached fibrils were generally less charged but longer.

However, the length of the individual fibril largely depends on the charge density induced by
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the TEMPO-mediated oxidation and the sonication time used to fibrillate the samples. In-
creasing these two parameters leads to shorter and thinner fibrils. We found an optimum be-
tween maximal fibril length and minimal number of kinks at a charge density of around 600
pmol/g.

Furthermore, AFM imaging allowed us to resolve the twisting periodicity of individual CNFs.
We found a decreasing twist periodicity and decreasing height of the fibrils for increasing
charge density. This is in agreement with a model balancing the twist elasticity of the fibrils

with the electrostatic repulsion from the fibril charges.!'**!?!

EXPERIMENTAL SECTION

All materials and devices used are listed in the supplementary information.

Synthesis of carboxylated cellulose nanofibrils.

Carboxylated CNF were prepared from bleached and unbleached commercial never-dried
sulphite softwood-dissolving pulp (Domsjd, Sweden) by TEMPO-mediated oxidation.”*”!
Thereby, the amount of NaClO as oxidation agent was varied between 1.5 up to 10 mmol/g of
cellulose in order to obtain pulps with different charge densities. The oxidized cellulose pulp
was dispersed in 100 mL Milli-Q water (0.5 g/L), ultra-sonicated (operated at 200 W, 24 kHz,
no interval, 20% amplitude, 7 mm probe) for various durations up to 25 min, followed by cen-

trifugation at 4000 RCF for 45 min to remove non-fibrillated cellulose aggregates.

Measurement of charge density.

The charge density was determined by conductivity titration on the oxidized cellulose pulp
fibers following the protocol SCAN-CM 65:02. The fibers were dispersed in Milli-Q water to
obtain a total volume of 500 mL with a NaCl concentration of 1 mM. The pH was adjusted to
2.5 and stirred for 30 min to protonate all carboxyl groups. The dispersion was thereafter ti-
trated adding NaOH up to pH 10 while the conductivity was recorded. The charge density of

the carboxyl groups was then readily obtained from the plateau region of conductivity.

Fibril characterization using atomic force microscopy (AFM).

The freshly cleaved mica was modified with 20 pL of 0.05% (3-aminopropyl)triethoxysilane
(APTES) for 60 s to induce positive charges on the surface. A droplet of around 2 mg/L fibril
dispersion was deposited on the mica and allowed to adsorb for 30 s before it was rinsed with
Milli-Q water and dried with pressurized air. The AFM measurements were conducted in tap-

ping mode under ambient conditions using commercial cantilevers (Bruker) to obtain images
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with a resolution of at least 2.9 nm/pixel.

The images were analyzed with FiberApp,mS]

where only single fibrils were considered. In
addition, agglomerates and fibrils that showed splitting events were not considered (see SI for
further experimental details).

The analysis of the twist periodicity was performed with the height distribution tool imple-
mented in FiberApp, where for each sample 40 straight fibril segments were tracked and the
periodicity determined by the average distance between local maxima along to the fibril con-

tour.

Wide-angle X-ray scattering (WAXS).

Small and wide-angle X-ray scattering (SAXS and WAXS) experiments were performed us-
ing a Rigaku MicroMax-002" equipped with a microfocused beam (40 W, 45 kV, 0.88 mA)
with the Acyka = 0.15418 nm radiation collimated by three pinhole collimators (0.4, 0.3 and
0.8 mm) in order to obtain direct information on the scattering patterns. The SAXS and
WAXS intensities were collected by a two-dimensional Triton-200 gas-filled X-ray detector
(20 cm diameter, 200 pm resolution) and a two-dimensional Fujifilm BAS-MS 2025 imaging
plate system (15.2 x 15.2 cm?, 50 pm resolution), respectively. An effective scattering vector
range of 0.05 nm™ < ¢ < 25 nm™ was obtained, where ¢ is the scattering wave vector defined

as g = 41tsin 0 / Acyko With a scattering angle of 26.

Dynamic light scattering (DLS).

The translational diffusion coefficient was determined by DLS. To minimize particle interac-
tions, the CNF solution was diluted (0.1 g/L) and centrifuged at 12000 RCF for 30 min to
remove large agglomerates potentially present in the samples. The fibril length L was calcu-
lated assuming that the fibrils behave as rigid rods and using equation 1:!'3%!%!

kT c,d czd2> 3)

D= —r0 Aty
3mnL L L?

(lnL—lnd+cO+

where D is the translational diffusion coefficient measured by DLS, k the Boltzmann’s consta
nt, T the temperature (25 °C), n the viscosity of water, d the fibril diameter determined by AF
M and ¢y, c¢; and c; are constants (0.312, 0.565 and 0.1, respectively) for cylindrical objects, ta

ken from reference. *%
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Supplementary Information

Supplementary text

Fibril characterization using AFM
To make sure that we were able to compare the AFM images with as little bias as possible, we

only tracked single fibrils without splitting events or thick segments where two or more fibrils
overlay. The concentration for the different fibril dispersions used to adsorb the fibrils onto
mica was adjusted to guarantee the least possible overlapping. The adsorption on the mica
depends on the charge density as well as the sonication time and could be seen as a qualitative
measurement for the effectiveness of the fibrillization.

Depending on the sonication time, the number of larger particles (agglomerates and fibrils
that split) not taken into account were around 50% for 5 min of sonication. This value de-
clined to around 25% for 17 min of sonication. However, the variation between the data of a
completely tracked image (100% of the fibrils) and the data we presented in the paper is lower

than 3%.
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Supplementary figures
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Figure S1. AFM images of TEMPO-mediated oxidized a) unbleached and b) bleached paper pulp

without sonication treatment and the corresponding height profiles along the colored lines at the bot-

tom of each image.
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Figure S2. Comparison of mean fibril length between DLS (orange circle) and AFM (blue square)

measurements of CNF dispersions prepared from bleached wood pulp with a charge density of 830
pmol/g CNF (standard deviation of DLS of 3 measurements and standard error of AFM n > 200). For
DLS the height h is taken from either AFM (h = 2 nm, full circle) and WAXS (h = 4 nm, empty cir-

cle), respectively.
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Figure S3. Representative AFM images showing the influence of increasing sonication time on the

fibrillization of CNFs from bleached paper pulp with a charge density of 830 umol/g.
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Figure S4. Average fibril height determined by a) AFM and b) WAXS as function of charge density.
As zero charge density, WAXS measurements were done with unoxidized and unsonicated pulp (emp-

ty points), whereas the other points were done with lyophilized samples from sonicated fibril disper-

sions.
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Figure S5. a) WAXS intensity profile of lyophilized bleached and unbleached industrial pulp and four
bleached TEMPO-mediated oxidized samples (sonicated and lyophilized). b) Convolution of the
WAXS profile of bleached CNF after sonication and lyophilization.
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Figure S6. AFM images showing the difference in roughness of the APTES-modified mica surface
while adsorbing CNF dispersions with low and height charge density. The roughness is coming from

negatively charged single cellulose polymer chains.
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Table S1. Parameters obtained from AFM image analysis and DLS for all different CNF samples.

Sample Mean stdE Length stdE  Mean Inverse Average Number  Average stdE Charge

name* length weighted length kink segment of kinks height density

(nm) length (nm) (nm, density length (nm)  per fibril (nm) (umol/g)
1.5bl 05min 281 27 680 43 o) 180 110 1.56 1.9 0.02 270
1.5bl 07min 332 23 671 33 177 116 1.87 1.7 0.02 270
1.5bl 11min 342 20 592 27 181 118 1.89 1.7 0.01 270
1.5bl 17min 313 27 560 36 183 116 1.71 1.6 0.02 270
1.5bl 25min 323 18 528 23 191 120 1.69 1.6 0.02 270
3bl 05min 352 31 715 44 228 138 1.54 1.9 0.02 570
3bl 07min 265 22 623 34 548 247 128 1.07 1.5 0.02 570
3bl 11min 292 11 567 15 422 239 132 1.22 1.7 0.01 570
3bl 17min 300 16 551 21 325 248 136 1.21 1.6 0.01 570
3bl 25min 327 10 544 13 329 234 136 1.40 1.5 0.01 570
5bl 05min 212 16 431 23 282 121 0.75 1.5 0.03 830
5bl 07min 255 14 496 19 231 231 121 1.10 1.7 0.01 830
5bl 11min 272 14 486 19 473 257 132 1.06 1.6 0.01 830
5bl 17min 285 7 476 9 347 286 143 1.00 1.7 0.01 830
5bl 25min 223 10 373 13 236 223 111 1.00 1.5 0.01 830
10bl 05min 234 18 388 23 254 122 0.92 1.7 0.03 1100
10bl 07min 205 9 342 12 343 321 125 0.64 1.9 0.01 1100
10bl 11min 204 8 339 10 403 340 127 0.60 1.8 0.01 1100
10bl 17min 185 6 323 8 338 349 121 0.53 1.6 0.01 1100
10bl 25min 199 6 304 8 189 343 126 0.58 1.7 0.01 1100
1.5ubl 05min 518 47 1098 69 193 141 2.69 2.0 0.02 150
1.5ubl 07min 493 30 885 40 207 146 2.38 1.9 0.01 150
1.5ubl 11min 468 32 774 41 216 148 217 2.1 0.02 150
1.5ubl 17min 447 30 746 39 208 142 2.15 2.2 0.02 150
1.5ubl 25min 390 22 624 28 177 122 2.21 1.9 0.02 150
3ubl 05min 553 60 1101 84 292 191 1.90 1.4 0.02 230
3ubl 07min 547 27 966 36 375 325 204 1.68 1.8 0.01 230
3ubl 11min 454 23 819 31 340 253 163 1.79 1.8 0.01 230
3ubl 17min 439 25 723 33 346 277 170 1.58 1.5 0.02 230
3ubl 25min 385 15 564 18 259 236 146 1.63 1.5 0.01 230
5ubl 04min 552 50 1285 77 396 231 1.39 1.7 0.02 650
5ubl 05min 482 29 922 41 389 215 1.24 1.5 0.02 650
5ubl 07min 493 38 935 52 338 356 207 1.38 1.5 0.02 650
5ubl 11min 459 24 774 31 383 303 183 1.51 1.4 0.01 650
5ubl 17min 400 22 686 28 332 321 178 1.25 1.3 0.01 650
5ubl 25min 335 13 529 16 215 320 164 1.05 1.7 0.01 650
10ubl 05min 329 26 628 36 323 163 1.02 1.7 0.02 940
10ubl 07min 294 14 473 18 456 436 176 0.67 1.4 0.01 940
10ubl 11min 268 17 520 24 459 411 162 0.65 1.2 0.01 940
10ubl 17min 288 10 453 13 412 523 186 0.55 1.4 0.01 940
10ubl 25min 264 9 405 11 253 477 170 0.55 1.5 0.01 940

*The sample name is compound from: amount of NaCIO [mmol/g cellulose]; bleached (bl) or un-
bleached (ubl); sonication time. 3 bl 11min = 3 mmol NaClO per g cellulose, bleached pulp, 11 min
sonication.
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Supplementary material and methods

Materials and chemicals

If not stated otherwise, the chemicals were obtained by Sigma Aldrich and used without fur-
ther purification. Bleached and unbleached never-dried sulphite softwood-dissolving pulp was
obtained by Domsjo, Sweden. The degree of polymerization (DP) of both pulps was around

770, determined by Doms;jo.

Instrument list

Ultra-sonicater: Hielscher UP200S
DLS: Zetasizer Nano ZS, Malvern Instruments Ltd. U.K.
Centrifuge: Centrifuge 5810 R, Eppendorf

Prism Microcentrifuge, Labnet

Sigma 3K30H, Sigma

Charge density: Conductivity meter EL30/EL3, Mettler Toledo
AFM: MultiMode VIII Scanning Probe Microscope, Bruker, USA
WAXS: Rigaku MicroMax-002*, Rigaku Innovative Technologies, Auburn

Hills, Michigan, USA
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As abundant and renewable material with excellent mechanical and functional properties,
cellulose nanomaterials are utilized in advanced structural, optical and electronic applications.
However, in order to further improve and develop new cellulose nanomaterials, a better un-
derstanding of the interplay between the self-assembled materials and their building blocks is
crucial.

This paper describes the structure property relationships between cellulose nanofibrils (CNF)
and their resulting self-assembled structures in the form of hydrogels and aerogels. Rheologi-
cal experiments revealed that the transition from viscous to elastic state with the correspond-
ing evolution of the properties of the CNF dispersion depends on the aspect ratio and can be
described in terms of the dynamic overlap concentration. The elastic shear modulus was de-
pendent on the aspect ratio at very low CNF concentrations, reaching a plateau, where only
the concentration of CNFs was relevant. This transition point in shear modulus was exploited
to determine the mesh size of the fibril network, which was found to be in excellent agree-
ment with predictions from scaling arguments. These findings highlight the possibility to tune
the self-assembled materials response directly from the bottom-up by the CNF particle struc-

ture and thus, suggest new assembly routes starting directly from the CNF design.
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Introduction

Super lightweight aerogels from renewable resources are of general scientific and industrial
interest for a wide range of applications including thermal insulation, filtration and gas sorp-
tion.""* Due to the abundance of cellulose originating from plant materials and the increasing
availability as a result of the improvements and upscaling of the production of cellulose na-
nomaterials, this natural polymer has a large potential. This potential has already been recog-
nized and led to a vast amount of research in the field of cellulose materials, providing nu-
merous new applications and accessing more sustainable production methods.**” In order to
further develop these materials and optimize functionality, it is however critical to better un-
derstand the mechanism of self-assembly of the anisotropic nanoparticles into materials with
different hierarchical levels.'"!

The formation of porous cellulose materials can be achieved in different ways, where the most
studied use freeze drying and supercritical CO, drying of aqueous cellulose nanoparticle dis-

[707LT3.78.79.136) pores of cryogels are tem-

persions to obtain cryo- and aerogels, respectively.
plated by the formation of ice crystals and can, depending on the control of the freezing pro-
cess, show lamellar-like or cellular organization. Instead, for aerogels, the network structure is
built by a physical or chemical crosslinking step to form hydrogels before solvent exchange
and supercritical CO, drying. In this case, concentration and particle properties such as aspect
ratio and surface charge density are of significance for the network formation. Aqueous nano-
cellulose dispersions are typically stabilized by electrostatic repulsion coming from deproto-
nated acidic groups, such as carboxylates or sulfates, on the fibril surface at neutral pH. Pro-
tonation or screening of the surface charges due to addition of ions destabilizes the colloidal
dispersions and a physical network can be formed.**1#137-1401 Rheology provides a facile
option to compare the properties of dispersions as well as hydrogels, and, in combination with
the knowledge of the nanoparticle characteristics, allows insight into structure property rela-
tionships at the different length scales.H!14140-142]

The recent focus of nanocellulose aerogel research has been primarily on pioneering applica-
tions, whereas the fundamental understanding of the hydrogel- and aerogel-formation mecha-
nisms was less emphasized. Recently gained knowledge indicates, however, that the source
material out of which the nanoparticles are produced influences the properties of the resulting
materials more than initially assumed.”®! Taking this understanding into account, a systematic
investigation of the correlation between the properties of single fibrils and the formation and

properties of self-assembled higher order systems is highly relevant and still missing.

Saito and Isogai developed a protocol to produce aqueous CNF dispersions using TEMPO-
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mediated oxidation that, at optimal conditions, yields transparent dispersions with individual-
ized CNFs.1”! Though successful at the lab scale, upscaling this process to make it accessible
for industry will likely require compromises in material properties in favor of economic feasi-
bility.®!

In this study, we investigated the formation of physical networks in nanocellulose hydrogels
and the resulting aerogels after supercritical CO, drying, while systematically altering CNF
properties such as length and charge density. Additionally, we compare the influence of cellu-
lose pulp concentration on the fibrillization and its impact on the CNF dispersion and the re-
sulting hydrogel and aerogel structures. We study the rheological behavior of CNF dispersions
as well as the physical network formation due to protonation and charge screening. Finally,
the nanostructure of the aerogels is analyzed by scanning electron microscopy (SEM) and
atomic force microscopy (AFM).

We found that fibril properties are affected by the initial cellulose pulp concentration during
sonication, which further impacts the optical properties of the resultant hydro- and aerogels.
Furthermore, the dynamic overlap concentration not only describes optimal fibrilization con-
ditions, but also the transition from viscous to elastic behavior of CNF dispersions. Investigat-
ing the gelation at different concentrations and analyzing it using polymer physical considera-
tions revealed a distinct dependency of the elastic shear modulus G’ on the aspect ratio of
CNFs at low concentrations (0.06 wt%) and lower aspect ratios. The transition point of the
aspect ratio, at fixed fibrils concentration, where the elastic shear modulus becomes inde-
pendent on the aspect ratio can further be used to approximate the mesh size of the CNF net-

works.
Result and Discussion

Influence of initial pulp concentration on fibrillization.

The major influences on mechanical disintegration of single CNFs are the energy input during
the fibrillization and the repulsion between the individual CNFs due to their surface charge
density.[43 44,1091 However, as can be observed in Figure 1, the cellulose concentration during
the mechanical disintegration also plays an important role. The fibrillization of the pulp into
individualized objects worked well for cellulose concentrations below 0.1 wt% (Figure 1a,b),
whereas with increasing concentration the fibrillization seemed to be less efficient and bun-
dles and aggregates remained in the dispersion (Figure 1c). From these images, we can as-
sume that the critical concentration C* for the fibrillization is somewhere between 0.1 and 0.6

wt%. This effect is not only observable on the nanoscale. Dispersions with a cellulose concen-
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tration higher than C* appeared turbid to the naked eye after 11 min of sonication (Figure le).
Optical light microscopy observations revealed still intact cellulose fibers and large frag-
ments, of which the majority could be removed by extensive centrifugation at 12000 rcf for
90 min (Figure S1). These findings go in line with turbidity measurements previously used for
nanocellulose width estimations."**! Experimentally, C* can be determined through screening
various CNF concentrations, which, however, is labor-intensive and a theoretical approach
towards determining the critical concentration is desirable.

At low concentrations, dispersed and distinct fibrils do not, or only weakly, interact. In poly-
mer physics, this effect is described by the dilute or the semi-dilute regime, respectively. It is
thought that the static properties of these two regimes are similar, whereas the dynamic prop-
erties of the semi-dilute regime is affected by interactions between particles."*" The transi-
tions between the different regimes can be approximated by the excluded volume using the
aspect ratio a. In the static state, the transition from the semi-dilute to the concentrated regime
follows a™.'"** However, in the dynamic system, the transitions from dilute to semi-dilute ¢y
and further to concentrated regimes are shifted and the boundaries are described by the fol-
lowing equation:!'*”!

a2 K Py Kal (D

The upper boundary sets, the onset of liquid crystalline interactions as predicted by Onsager
based on excluded volume overlap. As the mechanical disintegration is a rather dynamic pro-
cess, we consider overlap of excluded volume, and thus, we take the upper boundary as an
approximate dynamic overlap concentration of the CNFs. Using Equation 1, one can calcu-

late the dynamic overlap concentration C** in wt% as

*% — d
c =alp=;p, (2)

where d is the fibril diameter, L, the length weighted fibril length and p=1.5¢g cm” the den-
sity of cellulose. In the case of the sample presented in Figure 1, the calculated C**= 0.34 wt%
lies in the range of concentration assumed earlier from the images.

For the present study, six samples of CNFs with varying aspect ratio and surface charge densi-
ty were investigated. Three samples originated from a bleached softwood paper pulp and three
from an unbleached softwood paper pulp, respectively. Table 1 provides an overview of the
fibril properties, where L,, is the average length-weighted length, L the average fibril length, a
the aspect ratio, CD the charge density, d.4 the effective diameter and C** the dynamic overlap

concentration.
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Table 1. Particle dimension, surface charge density (CD), effective diameter, inverse kink density, and

dynamic overlap concentration.

3 bl 5 bl 10 bl 3 ubl 5 ubl 10 ubl
L, (nm)® 567 486 339 819 774 520
L (nm) 292 272 204 454 459 268
a (Ly/d)° 323 277 193 467 441 296
CD (umol/g)° 574 830 1118 297 653 938
d_eff (nm) 19.7 21.0 23.9 15.3 19.8 23.2
'(:‘r’:)rdse kink density 239 257 340 253 303 411
C** (Wt%) 0.46 0.54 0.78 0.32 0.34 0.51

* Length weighted length, " the average height of all samples is taken (1.76 nm), ¢ conductometric titra-
tion of the TEMPO-pulp, ¢ described in ref. 9!, Note: bl = bleached, ubl = unbleached, the number
accounts the amount of NaClO per gram cellulose during the TEMPO-mediated oxidation. Data col-

lected from ref. %!,

a) 0.05 wt%

0.60 wt%

Figure 1. Influence of initial pulp concentration on fibrillization. a-c) AFM images T-CNFs (5
mmol NaClO/g cellulose from unbleached pulp) with varying starting concentration after 11 min of
sonication. Schematic of fibrillated CNF dispersions d) below and f) above the dynamic overlap con-
centration and e) photographs of the transparent and turbid dispersions after sonication and adjustment

of the concentration to a final 0.40 wt%.
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Effect of aspect ratio on CNF dispersion properties.

Rheological experiments provide insights into the behavior of the CNF dispersions under
shear conditions. The aspect ratio and the surface charge density that define the effective di-
ameter d.g (Table 1) determine the excluded volume of the CNFs, a parameter that is im-
portant when the system becomes ordered due to shear alignment or increasing
concentration.!"**'*! Figure 2 shows only weak effects of alignment due to increasing shear
for 0.06 wt% CNFs, however, distinct shear thinning is found at 0.40 wt%, whereas increas-
ing aspect ratio leads to more viscous dispersions. The aspect ratio of CNFs is dependent on

the charge density,**'*”!

this means the charge density determines how efficient the fibrils are
mechanically individualized and then further break into shorter fibrils. Nevertheless, with the
available data, it was difficult to distinguish these two properties (aspect ratio and charge den-
sity) separately. In Figure 2, one observes a non-linear increase in viscosity with the aspect
ratio, which could be a result of the charge density. Furthermore, there were only small differ-
ences in viscosity between the transparent (individual CNF) and the turbid (branched CNF)
dispersions (see Figure S2).

Dynamic frequency sweep experiments at 0.40 wt% without the addition of ions showed a
transition from viscous behavior for low aspect ratio fibrils to elastic properties while increas-
ing the aspect ratio (Figure 3a). For concentrated transparent dispersions with individualized
CNEF, this transition occurred at an aspect ratio a = 300. Interestingly, the transition can be

described using the dynamic overlap concentration C** determined by Equation 2 (Figure

3b).
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Figure 2. Rheological behavior of CNF dispersions with different fibril aspect ratio a. Measure-

ments were done using a double gap geometry with CNF dispersions of 0.40 wt% (full) and 0.06 wt%
(empty).

-49-



a) 10 r T b) 100 T T T T
v v ? i
v v
—_ 1 v v V . B = g
© v v 7 A = g H —
o s A T8 g
— A o . H =
(O] = m] n =
A B O m x
ED' = o e O
014y g ™ _
n
¥ a=441(5ubl)
A a=296(10ubl)
W a=277(5bl)
a =193 (10 bl)
0.01+ . . 0.1 T T " :
0.1 1 10 0 100 200 300 400 500
Angular frequency (rad/s) Aspect ratio

Figure 3. Viscoelastic properties of CNF dispersions around the dynamic overlap concentration
(C*%). a) Storage shear modulus G’ (full symbols) and loss shear modulus G’ (empty symbols) as a
function of the shear frequency ® at constant strain (y = 0.5%) and temperature (20 °C) for CNF dis-
persions (0.40 wt%) with different aspect ratio a. b) Relationship of C** vs aspect ratio of the exam-
ined CNF dispersions, where the full triangle and star represent the samples with G* ~ G”, the empty
circle and square G’ < G” and the empty triangle and diamond G’ > G”’. The dashed line highlights the

experimental concentration at 0.40 wt%.

Rheological properties of hydrogels.

The destabilization of CNF dispersions and thereby formation of physical networks induced
by protonation or charge screening using NaCl is extensively discussed in literature.'” Due to
the ability of CNFs with protonated surface charges to still form hydrogen bonds, these net-
works are much stronger than those induced by charge screening (see Figure 4 and Figure S3
for plots of the G' and G” values across the measured angular frequency ® range). The in-
crease in elasticity with increasing concentration is also well described.'*! Thereby, the elas-
tic properties of the physical gels are generally dependent on the concentration and should be
independent of the aspect ratio of its building blocks.!"*”! However, approaching the minimal
CNF concentration that still led to gel formation, the aspect ratio came into play. In Figure 4a,
we observe the evolution of a plateau for higher aspect ratio fibrils at low concentrations (0.06
and 0.07 wt%) as expected based on the fixed concentration. However, below the threshold of
an aspect ratio of 320, the elasticity decreased. In this regime, the fibrils are too short to en-
tangle and efficiently form a network. Thus, we suggest that the transition from the regime,
where the elasticity is dependent on the aspect ratio towards the plateau (independent of as-
pect ratio) can be used to approximate the mesh size & of the network. For the fibrils to form
an effective steric network, more than a single contact with one other fibril is needed. Thus,
the entanglement length L,, of the fibrils at a certain concentration must be longer than the
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mesh size and can be assumed as the fibril contour length L at transition point (kink in G’) in

Figure 4a. For stiff fibrils (L,>>L), the mesh size § can be described by the following rela-
tion:!"*¥!
2L,,°

3
3L 3)

&=

p

Taking the contour length (L=L,,) of the sample at the kink in G’ in figure 4a (L = 292 nm)

[45]

and a persistence length of 2.5 um"™" yields a mesh size of 81 nm. Comparing this result from

1
experimentally determined values with scaling arguments for rod-like particles, Eé~d¢ 2,

where ¢ is the volume fraction of cellulose at 0.06 wt% (0.0004), a mesh size of 88 nm is
found in excellent agreement with the experimentally obtained value.

For physical networks induced by NaCl (Figure 4b), the data becomes much more scattered
than those obtained from the systems controlled by HCI (Figure 4a). The screening of the sur-
face charges might be influenced by impurities in the CNF dispersions, such as residual ions
and polymers present due to the production of CNFs. Distinguishing between samples from
the bleached and unbleached source at 0.40 wt%, the elastic shear modulus G’ seems to be
independent of the aspect ratios as observed by protonation. However, there seems to be a
difference between CNFs from the bleached and unbleached source, respectively. As already
observed in the case of network formation by protonation at low CNF concentration, below a
certain threshold (interpreted as the mesh size), the fibril length influences the elasticity of the
network. In the case of salt induced gelation, we cannot observe the formation of a plateau in
the tested range, which indicates a looser network with a mesh size probably larger than that
achieved by the networks formed by protonation. Significant differences in the rheological
behavior between transparent and turbid dispersions could not be observed (Figure S4).

In the case of protonation, comparing the elastic shear modulus G’ with the aspect ratio and
the charge density (Figure S5), we do not observe a difference in behavior coming from the
sample source. However, the experiment with charge screening using NaCl encourages to
have a closer look to find a difference in behavior of the two starting materials.

As discussed earlier, the contour length L needs to be longer than the mesh size & for a stiff
fibrillar network in order to provide enough crosslink points. § is mainly dependent on the
concentration. In the case of low concentrations, where L < §, other factors must determine
the elastic properties of networks, such as entanglement and the interparticle interac-
tions. In our rheological experiments, we were not able to decouple the contour length

from the charge density. Therefore, we focused on the entanglement. In polymers, the
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ability to entangle is given by the chain flexibility, as well as the chain length. It was shown
that very short fragments of semiflexible polymers behave like rod-like, stiff particles,[149] SO
the contour length surely plays an important role. Additionally, the recent advances towards a
fibril model with a crystalline core and an amorphous shell would favor a more stiff than flex-
ible fibril conformation.”®"**'>! Kinks are defects along the fibril contour and, although it
still remains to be studied whether the kinks are fixed in position or freely moving, they might
be considered as sites that increase entanglement, since they decrease the excluded volume
and so the tendency of rod-like object to align. The inverse kink density takes both parame-
ters, contour length and amount of kinks per fibril into account.®’ An increasing inverse kink
density results from fewer kinks within a given fibril contour and thus, a more rod-like CNF
appearance. Figure 5 shows that for low concentrations a lower inverse kink density (higher
density of kinks) results in stiffer gels, which is interpreted to result from the higher degree of
entanglement in these networks. Moreover, Figure 5 indicates a dependency of G’ on the CNF
source, where the linear fits of the samples from the unbleached (dotted line) and bleached
(dashed line) have a different slope. We can conclude that CNFs from the two sources have
different capabilities for entanglement, where the CNFs produced from the unbleached pulp

result in stronger gels at lower concentrations than the CNFs from the bleached source.

b) T . T

: 1000 4 ® o

G' (Pa)

W 0.06 wt% B 006 wt%
W bleached B 0.07 wt% L] ® 0.20wit%
10 6mMHCI | ® 040wt% 10 150 mM NaCl | ® 0.40wt%
200 300 400 500 200 300 400 500
a (L/d) a (L/d)

Figure 4. Dependence of the elastic shear modulus G’ on aspect ratio of the physical gels at © =
1 rad/s, y = 0.5% and 20 °C for different concentrations after adding a) 6 mM HCI and b) 150 mM
NaCl. The colors indicate different concentrations and the squares and circles represent CNFs from

bleached and unbleached pulps, respectively.

-52-



T T T T
— s *
]
1000 - sl 5
S AR I °
G S Sl o Thrmeeiay ®----.
o T
= P TSR
. ~m T~
O 100+ b il SO
\\\ aa
m 0.06 wit%
W bleached m 007 wt%
104 @ unbleached 6 mM HCI [ ® 040 wt% i

200 250 300 350 400 450
Inverse kink density

Figure 5. Dependence of the elastic shear modulus (G’) of gels on the inverse kink density of CNF at
o = 1 rad/s, y = 0.5% and 20 °C for different concentrations after adding 6 mM HCI. The colors indi-
cate different concentrations and the dashed and dotted lines (linear fit) represent CNFs from bleached

and unbleached pulps, respectively and the continuous line is the linear fit for both samples.

From hydrogel to aerogel.

For macroscopic gelation, where gravity sets a threshold for self-supporting hydrogels, the
inversion test allows investigating the ability of self-sustaining structures.'® In analogy to our
rheological experiments, Figure S6 suggests a dependency of the gelation on the aspect ratio,
where the threshold for gelation was observed around a =~ 280 for the addition of NaCl. Fur-
thermore, the addition of either HCI or NaCl did not influence the translucency of the hydro-
gels, in contrast to previous observations.'>

Aerogels were produced by supercritical CO,-drying of hydrogels after solvent exchange to
pure ethanol. A well-described problem in this process is shrinkage. Aerogels produced from
low concentration CNF dispersions (~ 0.05 wt%) shrunk around 50%, whereas we found only
30% shrinking for aerogels formed from higher concentrations (0.40 wt%). The shrinkage
could be slightly reduced by increasing the time for solvent exchange and adding additional
solvent exchange steps. Within a few days, storage at room conditions led to further shrinkage
of the aerogels, possibly due to capillary forces within the hygroscopic CNF network. Addi-
tionally, the aerogels showed poor resistance against skin contact, probably due to moisture
uptake from the skin, which for the present formulations makes CNF aerogels unsuitable as a
construction material. These unfavorable material properties made it impossible to conduct
experiments to study mechanical properties of the aerogels.

The optical properties of the aerogels obtained after supercritical CO,-drying are inherited

from the precedent hydrogels (Figure 6). The aerogels produced from the transparent CNF
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dispersions stayed highly transparent and homogeneous in their macroscopic appearance,
whereas the aerogels from turbid CNF dispersions strongly scatter light and show a less ho-

mogeneous network structure as observable by eye.

Figure 6. Macro-scale appearance of hydrogels and aerogels. Left row: a) hydrogel and c), e) aero-
gels produced from concentrated transparent CNF dispersion (0.40 wt%). Right row: b) hydrogel and
d), f) aerogels produced from diluted turbid CNF dispersion (0.40 wt%).

To better understand the network formation of the aerogels, we performed SEM and AFM on
aerogels from transparent and turbid dispersions to study their respective morphology on the
nanoscale. Both methods did not allow seeing significant variations between aerogels pro-
duced from different aspect ratio fibrils. However, there were differences between aerogels
produced from transparent and turbid dispersions.

SEM revealed networks with mainly single fibrils that form the backbones of the network for
the transparent aerogels (Figure 7a). In contrast, the backbones of the network in turbid aero-
gels showed more aggregated fibrils with dangling ends that might originate from only partly
individualized aggregates after sonication (Figure 7b). Moreover, the AFM images in Figure
7c-f reveal network backbones that are much broader than the network structure of the trans-
parent aerogels. Additionally, the AFM images suggest a less dense network of the turbid aer-

ogels compared to the transparent aerogels.
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Figure 7. Comparison of aerogel morphologies by SEM and AFM. SEM image of the aerogel pro-
duced from a) the transparent and b) the turbid dispersion at 0.40 wt%. c,d) 3D AFM height image and

e,f) AFM image of aerogels produced from transparent and turbid dispersions, respectively.

Conclusion

We have shown that the cellulose concentration has a major impact on the fibrillization of
CNFs and that mechanical disintegration by sonication is limited by the dynamic overlap con-
centration C** of the CNF dispersion. The desired single CNF dispersions with a small
amount of only partially fibrillated cellulose can be obtained in both the dilute, and the semi-

dilute regime. In the perspective of an efficient upscaling of the highly individualized CNF
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production, our findings suggest possibilities for improvements of the current process, while
maintaining transparency of the final gels and aerogels. The dynamic overlap concentration
describes well the transition from viscous to elastic rheological behavior of the CNF disper-
sions depending on the aspect ratio.

However, at very low concentrations, we observed deviations, where G’ was dependent on the
fibril length instead. We were able to exploit this deviation to experimentally determine the
mesh size to be 81 nm at a concentration of 0.06 wt%. This mesh size is in fine agreement
with the 88 nm predicted from scaling arguments. Our results suggest a different ability of
CNFs to form stable network depending on the cellulose source, where the fibrils from the
unbleached source have a better capability to entangle and hence, build stronger networks.
Supercritical CO,-drying of the hydrogels was accompanied by shrinkage at room conditions
due to the hygroscopic properties of CNFs, which indicates a need for further functionaliza-
tion in order to stabilize the fibrillar networks to improve the applicability of the materials.
The optical properties are mainly determined by the fibrillization, where the properties are
inherited by the preceding hydrogels. Differences between aerogels produced by CNF disper-
sions originating from bleached or unbleached source, as well as from variations in contour

length, could not be observed by SEM and AFM.

Experimental Section

Synthesis of carboxylated cellulose nanofibrils.

The exact protocol for the carboxylated CNF was published in an earlier work about the fibril
characterization."'®” In short, CNFs were prepared from bleached and unbleached never-dried
sulfite softwood-dissolving pulp with a degree of polymerization of around 770 (Doms;jo,
Sweden) by TEMPO-mediated oxidation.””! For both sources, carboxylated pulps with three
different charge densities were prepared using different amount of NaCIO (1.5 — 10 mmol/g
cellulose) as primary oxidant. The oxidized cellulose pulp was dispersed in 100 mL Milli-Q
water (0.5 g/L), ultra-sonicated (Hielscher UP200S, operated at 200 W, no interval, 20% am-
plitude, 7 mm probe, cooled with ice water) for 11 min, followed by centrifugation at 4000 rcf
for 20 min to remove non-fibrillated cellulose aggregates. The charge density was determined

by conductivity titration.

Preparation of hydrogels and aerogels.
Hydrogels were produced by directly mixing 150 pL of 1 M NaCl into 850 pL of the cellulose
dispersion (0.072 wt%) in a mold (d = 1.6 cm). The mold was sealed with parafilm and left to
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gel overnight. Alternatively, 940 pL of the dispersion (0.065 wt%) was mixed with 60 pL 0.1
M HCI.

An alternative way for hydrogel formation was by diffusion. A mold filled with 1 mL of the
fibril dispersion (0.061 wt%) was dipped into a NaCl (150 mM) or an HCI (6 mM) solution. A
dialysis membrane (Spectrum Laboratories Standard RC Tubing, 68 kD cut-off) and a Teflon
membrane (Sigma-Aldrich, 1.0 um x 47 mm), which prevented the gel from sticking to the
cellulose-based dialysis membrane, were used to cover the mold and to allow the diffusion of
the ions and protons into the dispersion.

Hydrogels were transferred into a customized metal mesh cage and placed in 100 mL of 50%
EtOH at 5 °C for 24 h for solvent exchange. The second and third exchanges took place in
97% EtOH (100 mL), and in 99% EtOH (50 mL), respectively, followed by supercritical CO,-
drying (Tousimis, Autosamdri 931).

Rheological analysis of dispersions and gels.

Fibril dispersions were analyzed with a Physica MCR 5501 rheometer (Anton Paar) equipped
with a double gap geometry (d = 2.67 cm). A solvent trap prevented evaporation. The temper-
ature was held constant at 20 °C. The viscosity was measured with shear rates (¥) from 1000
to1s™

The gelation was characterized after addition of NaCl (150 mM) or HCI (6 mM) using a cone-
plate geometry (d = 2.5 cm, angle 2.006°) at 20°C. Subsequently, the dispersion was oscillat-
ed in a time sweep experiment, keeping strain (y) and angular frequency () constant at 0.5%
and 1 rad/s, respectively, until the dynamic modulus reached a constant value. A frequency
sweep from 100 to 0.1 rad s at constant strain (y = 0.5%), followed by a strain sweep from

0.1% to 100% at constant angular frequency (o = 1 rad s™') was performed.

Scanning electron microscopy.

Small pieces of the aerogels were mounted on SEM aluminum stubs with conductive carbon
paste. After drying, the samples were cut with a razor blade and sputter-coated with 4 nm of
platinum/palladium (CCU-10, Safematic). SE-inlens images were recorded at a working dis-
tance of 4-5 mm with a scanning electron microscope (Merlin FE-SEM, Zeiss), operated at an

accelerating voltage of 1.5 kV.

Atomic force microscopy.
To image the single CNFs, freshly cleaved mica was modified with 20 pL of 0.05% (3-
aminopropyl)triethoxysilane (APTES) for 60 s to obtain a positively charged mica surface. A

droplet of around 2 mg/L. CNF dispersion was deposited on the mica and allowed adsorbing
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for 30 s before rinsing with Milli-Q water and drying with pressurized air. The AFM meas-
urements (MultiMode VIII Scanning Probe Microscope, Bruker) were conducted in tapping
mode under ambient conditions using commercial cantilevers (Bruker). The aerogels were

deposited directly on the mica and scanned under ambient conditions.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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Supplementary figures

Figure S1. Polarized light micrographs of CNF dispersion (0.5 wt%) from unbleached pulp after 11

min sonication. a) 20 min centrifugation at 4000 rcf and b) after additional 90 min centrifugation at

12000 rcf.
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Figure S2. Rheological behavior of transparent and turbid CNF dispersions (0.40 wt%) using a double
gap geometry.
-59-



a)10000 T T T T b) 10000 v T T T
1000 E 1000 4 .. 4
If BN BY BN BE BN | ' '.'!! !l. L EEN REE PR B R @A R-0--B-B-B-E
. 100 Ted = 104 4w -
© Q- . .n.-0-0--0cw © A8 SN . SF, N .
z AAADDDD d = oo-o0000 : A-D DDA
©) m 5 O 10 NA N D DD R 2
o 1 ] o 14 4
--®--- 3ubl, 0.06 wt% HCI --m---5ubl, 0.06 wt% HCI
01 @ 3bl, 0.06 wt% HCI | ] 01] --@--5bl, 0.06 wt% HCI
: A 3ubl, 0.06 wt% NaCl | A 5ubl, 0.06 wt% NaCl| ]
3bl, 0.06 wt% NaCl 5bl, 0.06 wt% NaCl
001 T T T T 001 T T T T
0.1 1 10 100 0.1 1 10 100
Angular frequency [rad/s] Angular frequency (rad/s)
10000 7 T T T 10000 T T T
c) d) L
& 3 i B | B2 BE B BE 3 BE BN B 5N BE
1000 4 h 1000_A A-A A A A A A A A A A A ! 2 !:
;.........-. N Br BN B B ... BN B = ...- 6666 6 6 )
1002222220022 2R 00 a V] . 100L-AAAAA 2 2 9 9800 o-0-a]
© o WO © Bl A p A
o _ o o.gogeeE0R o
~ 10 Y O R 1 FY 1/ SRR (R AR 4 SRR o
z 10 + R RRRR AR = 104 ]
R ] © ] ;
--m--10ubl, 0.06 wt% HCI --m--10ubl, 0.4 wt% HCI
011 --@---10bl, 0.06 wt% HCI 01 ~@-10bl, 0.4 wt% HCI | ]
: A 10ubl, 0.06 wt% NaCl : A 10ubl, 0.4 wt% NaCl
10bl, 0.06 wt% NaCl 10bl, 0.4 wt% NaCl
0.01 T T T T 001 T T T T
0.1 1 10 100 0.1 1 10 100
Angular frequency (rad/s) Angular frequency (rad/s)

Figure S3. Elastic and viscous shear moduli across the measured angular frequency ® range of a) 3

mmol, b) 5 mmol and c¢) 10 mmol at 0.06 wt% CNF, and d) 10 mmol at 0.4 wt%.
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Figure S4. Comparison of elastic shear modulus G’ depending on aspect ratio of transparent and tur-
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ABSTRACT

Particles of biological origin are of increasing interest for the Pickering stabilization of bio-
compatible and environmentally friendly foams and emulsions. Cellulose nanofibrils (CNFs)
are readily employed in that respect; however, the underlying mechanisms of interfacial stabi-
lization remain widely unknown. For instance, it has not been resolved why CNFs are unable
to stabilize foams while efficiently stabilizing emulsions. Here, we produce CNFs with vary-
ing contour lengths and charge densities to investigate their behavior at the air—water phase
boundary. CNFs adsorbing at the air—water interface reduce surface tension and form interfa-
cial layers with high viscoelasticity, which are attributed to the thermodynamic and kinetic
stability of CNF-stabilized colloids, respectively. CNF adsorption is accelerated and higher
surface pressures are attained at lower charge densities, indicating that CNF surface charges
limit both adsorption and surface coverage. CNFs form monolayers with ~40% coverage and
are primarily wetted by the aqueous phase indicating a contact angle < 90°, as demonstrated
by neutron reflectometry. The low contact angle at the air—water interface is energetically
unfavorable for adsorbed CNFs, which is proposed as a potential explanation why CNFs show

poor foaming capacity.

INTRODUCTION

Nanocelluloses, cellulose nanofibrils (CNFs) and nanocrystals (CNCs), are renewable nano-
particles that have attracted attention for the stabilization of foams and emulsions. >3 Short,
rigid CNCs and longer, partially flexible CNFs can be produced by hydrolysis, oxidation, or
through enzymatic treatment from a wide range of cellulosic materials, yielding charged ani-
sotropic nanoparticles.!'%**! CNCs and CNFs allow the formation of stable Pickering emul-
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sions due to high steric and electrostatic repulsion.”®">* Their irreversible adsorption facili-
tates the formation of high internal phase emulsions with an oil content up to 90%."*! Ambig-
uously, nanocelluloses show poor foaming capacity and require hydrophobic surface modifi-
cations or adsorption of a cationic surfactant to stabilize foams."®'>>!**! The stabilization of
fluid air—water (A/W) or oil—water (O/W) interfaces using solid particles is known as Pick-
ering stabilization. It comprises the adsorption of particles that are partially wettable by both
subphases and prevent their energetic unfavorable contact.!'>” Nanoparticle adsorption is lim-
ited by (i) particle diffusion to the interface and (ii) a kinetic adsorption barrier.!"**1>% Current
efforts aim at expanding these principles beyond spherical model particles, to account also for
charged anisotropic particles such as nanocelluloses. Surface charges result in a higher kinetic
adsorption barrier due to electrostatic repulsion within particles in the bulk and adsorbed par-
ticles."> Even in absence of other particles, ionic species accumulated at the liquid interface
or image charges may impede adsorption."'®” Surface charges further induce repulsive capil-
lary forces within adsorbed nanoparticles, which limit their surface coverage.''®"'It was previ-
ously demonstrated that CNC adsorption lasts several hours in diffusion-limited experiments,
but adsorption and surface coverage may be promoted by salt-induced charge screening.*%!
It is also known from emulsions that nanocelluloses do not adsorb beyond a critical charge
density, and adsorption must then be triggered by salt addition."*'**! Adsorbed nanocellulose

[40,86]

layers may stabilize fluid interfaces by a decrease in interface tension, electrostatic and

11541561 and formation of viscoelastic interfacial layers.[156’164] We recently re-

steric repulsion,
ported on the decrease in interface tension, interfacial layer strength, and structure of CNC
layers at the A/W and O/W interfaces.'****'* Such reports are still missing for CNFs, strong-
ly impeding current understanding of CNF interfacial stabilization. TEMPO-mediated oxida-
tion is widely employed for CNF production as it allows the extraction of single CNFs with
high crystallinity and selective oxidation of the C6 carbon.'*>** Furthermore, the properties of
obtained CNFs can be tuned by the physical and chemical process parameters. Ultrasonication
induces defects along the fibril contour (so-called kinks) where the fibrils can break, resulting
in fibril shortening."*®*’*! Increasing the concentration of the oxidation agent yields shorter
fibrils with higher charge density, whereas the latter further induces a decrease in twist perio-
dicity.m’log] Here, we produce CNFs with varying charge densities and contour lengths to in-
vestigate their adsorption kinetics, dilatational rheology, and interfacial layer structure at the

A/W interface.
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MATERIALS AND METHODS

CNF Preparation and Characterization. Carboxylated CNFs were produced following the
TEMPO-mediated oxidation protocol by Saito et al.” In short, CNFs were prepared from
bleached and unbleached never-dried sulfite softwood-dissolving pulp (Domsjo, Sweden).
From each source, four pulp samples were TEMPOoxidized at pH 10 with different amounts
of NaClO (1.5-10 mmol/g cellulose) as the primary oxidant to obtain different charge densi-
ties. The carboxylated cellulose pulp was dispersed in 100 mL of Milli-Q water (0.1 wt %),
ultrasonicated (Hielscher UP200S, operated at 40 W, no interval, 7 mm probe, cooled with ice
water) for 25 min, and centrifuged at 4000 rcf for 20 min to remove nonfibrillated cellulose
aggregates. The impact of the ultrasonication is reduced over time, and fibril length converges
to a minimum after 25 min."*"! The concentration was determined by measuring the dry
weight and adjusted to 0.1 wt % by dilution or solvent evaporation. The charge density of the
carboxylated pulp was determined by conductivity titration following the SCAN-CM 65:02

1 [109]

protoco and CNF dimensions were analyzed from atomic force microscopy images using

FiberApp.!'®!

Atomic Force Microscopy (AFM) of Single CNFs.

Freshly cleaved mica was modified with 20 uL of 0.05 vol % (3-aminopropyl)triethoxysilane
(APTES) for 60 s to obtain a positively charged mica surface. A droplet with a concentration
of 2 mg/L CNF was deposited on the mica for 30 s before rinsing with Milli-Q water and dry-
ing with pressurized air. The AFM measurements (MultiMode VIII scanning probe micro-
scope, Bruker) were conducted in tapping mode under ambient conditions using commercial

cantilevers (Bruker) to obtain images with a resolution of 2.0 nm/pixel.

CNF Adsorption Experiments.

CNF adsorption was determined by the Wilhelmy plate technique. A Wilhelmy balance (KSV
Nima) was equipped with a paper plate (21 mm in perimeter) and immersed in 65 mL of CNF
dispersion in a homemade Teflon trough (15 x 7.8 x 0.5 cm’). CNF adsorption was recorded
by the surface pressure I1, which corresponds to the decrease in surface tension y relative to t
=0, IT = yo—y. A 2 cm Teflon barrier was mounted on each side, resulting in a surface area Ag
of 86 cm’. The barriers were fully closed prior to each measurement to detect potential con-

taminations. The room temperature was controlled to 22 °C.

Interfacial Dilatational Rheology.
After 25 h of CNF adsorption, interfacial dilatational experiments were performed with the

Wilhelmy plate setup introduced above by sinusoidal oscillations of the two Teflon barriers
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parallel to the plate. Stepwise increasing area oscillations were performed at 10 mHz oscilla-
tion frequency. The interfacial dilatational storage E’ and loss E” moduli were calculated from

(1991 hormalized oscillation cycles. E’ and E” are defined by

E'= A2 cos s (1)
AA
E" = AT%sins )
AA
where 0 is the phase lag of the induced area deformation AO/AA and resulting changes in sur-

face pressure AIL.

Neutron Reflectometry.

Interfacial neutron reflectivity experiments were performed at SINQ, the Swiss Spallation
Neutron Source at Paul Scherrer Institute (Villigen PSI, Switzerland) with the AMOR time-of-
flight reflectometer.!'®” The same Langmuir trough and paper plates as introduced above were
used. CNFs were produced in D,O (99.9 atom % D, ARMAR Chemicals), as elaborated
above. Experiments were performed with 65 mL of 0.1 wt % CNF at 25 °C once a stable sur-
face pressure (~25 h) was attained. Reflectivity at pure D,O was measured as reference. Neu-
tron reflection was recorded at three angles of incidence 6 (0.5, 1.3, and 2.8°) and varying
neutron wavelengths A (3.5 to 12 A), thereby covering a q range of 0.01-0.187 A™" within
10.5 h at full neutron flux. The first angle of incidence (6 = 0.5°) was repeated at the end of
the experiment to verify that the layers did not undergo significant changes. The measured
neutron reflectivity was fitted by the Parratt algorithm!'® to assess the interfacial structure of

the CNF layers. The fits had a x> <2.6 x 1072,

800 ; .
oo} ¢ % f ]
- g
]
g : . u ;
=400 f ° 1
= ubl 0.10 Wt% H
e ubl 0.05 wt%
0 = bl 0.10 wt%
bl 0.05 wt%
0 1 1 1
0 300 600 900 1200

Charge Density [umol/g]
Figure 1. Dependence of length weighted fibril length L,, on charge density of CNFs obtained from
unbleached (ubl) and bleached (bl) soft wood pulp after 25 min sonication at 0.1 wt % (present study)

and 0.05 wt % (from Arcari et al."'”"), determined from AFM images using FiberApp.!'**
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RESULTS AND DISCUSSION

Preparation of CNFs with Varying Lengths and Charge Densities.

A set of CNFs with varying contour lengths and surface charge densities were produced to
investigate their effect on CNF adsorption behavior. Two different wood pulps were used as
starting materials, one before and the other after industrial bleaching. The fibril length and
surface charge density were altered by the amount of primary oxidation agent, in this case
NaClO, that is used for the TEMPO-mediated oxidation of the cellulose pulp.*'® The ultra-
sonication treatment was constant at 25 min. In total, we produced eight different CNFs, four
from each bleached and unbleached pulp, with surface charge densities from 150 to 1120
pmol/g cellulose. The mean length weighted contour length Ly, of the CNFs is shown in Fig-
ure 1. Shorter CNFs were obtained at increasing charge density as the increased electrostatic
repulsion facilitates the individualization of the fibrils at constant mechanical treatment.!*’!
The amount of kinks where the fibrils can break decreases linearly with charge density and
does not depend on the cellulose source.!'%! It was previously reported that the carboxylation

[109]

efficiency is lower for the unbleached pulp,” " yielding longer CNFs with lower charge den-

sity at the same NaClO concentration. A higher initial cellulose pulp concentration was used

(0.1 wt %) in contrast to our previous study (0.05 wt %),[109]

which resulted in slightly longer
CNFs obtained from unbleached pulp. Figure 2 shows AFM height images of the CNFs pro-
duced from unbleached (left) and bleached (right) pulp at the lowest (top) and highest (bot-
tom) charge densities, visualizing that shorter CNFs are obtained from bleached soft wood
pulp and at higher charge density. The detailed information on CNF dimensions and charge

densities is compiled in Table 1.

Table 1. Characterization of CNFs Produced from Unbleached and Bleached Soft Wood Pulp with
Varying Amounts of Oxidation Agent NaClO Showing Charge Density (CD, from Arcari et al."®"),
Average Contour Length (L,), Length Weighted Contour Length (L,,), and Diameter (D)*

parameter unbleached pulp bleached pulp
NaClO (mmol/g) 1.5 3 5 10 1.5 3 5 10
CD (umol/g) 150 + 10 300 + 40 650 + 30 910 + 10 270 + 10 570 + 30 830 + 40 1120 + 20
L, (nm} 430 (40) 410 (30) 410 (30) 290 (20) 310 (30) 290 (30) 270 (20) 160 (10)
L, (nm) 730 (60) 670 (40) 640 (30) 480 (30) 510 (40) 470 (30) 430 (30) 270 (20)
D (nm) 2.18 (0.07) 1.98 (0.04) 1.56 (0.03) 1.77 (0.04) 2.36 (0.10) 2.11 (0.07) 1.93 (0.04) 1.78 (0.05)

* CNF dimensions were obtained from AFM height images. The values in brackets correspond

to the 95% confidence interval.
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Bleached

1120 imol/g

Figure 2. AFM height images of individualized CNFs from unbleached and bleached soft wood pulp

with different charge densities after 25 min sonication.

CNF Adsorption and Interfacial Rheology at the A/W Interface.

The adsorption of 0.1 wt % CNFs extracted from unbleached and bleached soft wood pulp at
the A/W interface is depicted in Figure 3 A,B, respectively. CNF adsorption is characterized
by an initial lag phase without measurable changes in surface pressure Il followed by adsorp-
tion within ~24 h. The lag phase was reduced and higher IT was attained for CNFs with de-
creasing charge density. The faster adsorption can be attributed to a lower electrostatic repul-
sion of adsorbed particles and particles in the bulk, which decreases the kinetic adsorption

barrier.'”’

! The higher IT denotes a higher surface coverage, which may again derive from the
lower kinetic adsorption barrier or lower electrostatic repulsion within adsorbed CNFs. Accel-
erated adsorption and higher Il were also observed for CNCs upon salt-induced charge
screening.[40’86] This is in good agreement with findings in emulsions, where emulsification is
enhanced at lower charge density or upon charge screening but ceases above a critical charge

162163 Hence, a sufficiently low surface charge or additional charge screening is cru-

density.!
cial to exploit CNF interfacial stabilization.
As shown in Figures 1 and 2, longer CNFs are obtained at lower charge densities. It could be

argued that the surface coverage of longer CNFs is increasingly limited by their excluded area
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A, which scales A = 2150 However, the present results do not show an effect of fibril
length, and the observed behavior can mostly be explained by the varying CNF charge densi-
ties. This is interesting considering that the A, of a 600 nm long fibril is ~ 210 nm? while its
Debye length is only ~13 nm."*""! It is possible that attractive capillary forces that arise due
to the quadrupolar interface distortions of anisotropic particles dominate over the excluded
area.!"®”! CNFs extracted from unbleached pulp adsorbed faster and attained higher I com-
pared to those from bleached pulp. This may derive from remains of lignin in the unbleached
pulp, which can also adsorb at fluid interfaces and is more hydrophobic than cellulose.'®*"*") It
was reported before that nanocrystals obtained from holocellulose that still contains lignin and
hemicellulose adsorb faster than CNCs from purified pulp."'®®

Figure 3 C,D shows the interfacial dilatational moduli E’ and E of adsorbed CNF layers from
unbleached and bleached pulp, respectively. Measurements were performed after 25 h adsorp-
tion on quasi-static CNF layers. All CNFs formed viscoelastic interfacial layers with dominat-
ing elastic contributions (E’ > E”’). The layers showed a primarily linear response with E’ and
E” being independent of deformation amplitude. Interestingly, CNFs formed viscoelastic in-
terfacial layers independent of charge density, with a slight trend to higher E’ at lower charge
density. This is in strong contrast to adsorbed CNCs that form viscous interfacial layers, and
elasticity must be induced by charge screening."'®” The increased fibril length and occurrence
of kinks may favor fibril entanglement and formation of a viscoelastic interfacial network.
Alternatively, it could derive from a higher CNF surface coverage compared to CNCs, as dis-
cussed below. Our findings are in good agreement with previous reports on the viscoelasticity
of surfactant-induced nanocellulose adsorption 1ayers.“56] A complex modulus of ~25 mPa-m
was reported for CNFs in contrast to 5 mPa-m for CNCs. The detailed response of CNF layers
at the highest deformation tested (AA/Ag = 20%) is further visualized by the induced changes

. . . . . 1
in IT as a function of surface area in Lissajous plots,! 6]

as shown in Figure 4. The Lissajous
plots had a constant slope when the interfacial area was higher than A, (negative AA/Ay), de-
noting a linear pressure—area response. The slope decreased at decreasing interfacial area
(positive AA/Ay), indicating nonlinear strain softening in compression, followed by strain
hardening in expansion. No significant differences were observed for high and low CNF
charge densities. Hence, CNFs form viscoelastic interfacial layers with a broad linear viscoe-

lastic regime and upcoming nonlinear behavior at high deformations. Their interfacial behav-

ior is mostly independent of CNF charge density, in contrast to shorter CNCs that only form

[164] [170,171]

viscoelastic layers upon charge screening' ' or hydrophobic surface modifications.
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Figure 3. Adsorption kinetics of 0.1 wt % CNFs with varying charge densities extracted from (A) un-
bleached and (B) bleached soft wood pulp. (C,D) Interfacial dilatational amplitude sweeps of the ad-
sorbed CNF layers showing the storage E’ (full) and loss E’ (empty) moduli as a function of area de-
formation at an oscillation frequency of 10 mHz (determined by the Wilhelmy plate technique at
22 °C).
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Figure 4. Pressure-area response (Lissajous plots) of adsorbed CNF layers at 20% compression expan-
sion cycles for (A) unbleached and (B) bleached pulp for the highest and lowest charge densities in-

vestigated.
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Thus, CNFs stabilize fluid interfaces by a decrease in interface tension and formation of com-
parably strong interfacial layers. A reduction in interface tension 7y increases the thermody-

namic stability of foams and emulsions, as the Gibbs free energy AG of multiphase systems is
directly related to its surface area A by AG = yAA. The interfacial elasticity on the other hand
provides kinetic stability. In fact, the high interfacial moduli of adsorbed CNF layers may be
the reason for the exceptional steric stability generally observed in CNF stabilized foams and
emulsions.*>> A high interfacial elasticity is associated with a decrease in both

11721 and Ostwald ripening.[m] The electrostatic repulsion induced by adsorbed

coalescence
CNFs further promotes kinetic stability. Considering electrostatic repulsion, there seems to be
a trade-off; highly charged CNFs provide higher electrostatic repulsion; however, they form
less dense interfacial layers associated with a lower surface pressure and viscoelasticity. An-
other stabilization route not taken into account by our experiments is the thickening of the
bulk phase by CNFs and the formation of an interconnected network that entraps air bubbles
or oil droplets.’*'”* Despite the reduction in surface tension and interfacial elasticity at the
A/W interface, CNFs generally show poor foaming capacity on their own. They need to be
modified or employed in combination with a surfactant to form stable foams,*>151%) i
strong contrast to emulsions where no such problems occur. A possible explanation is an un-
favorable contact angle of CNFs at the A/W interface, as addressed in detail in the following
section. Interfacial Layer Structure of Adsorbed CNFs. The structure of adsorbed CNF layers
at the A/W interface was investigated by neutron reflectometry. Figure SA depicts the neutron
reflectivity intensity of three CNFs from bleached and unbleached pulp with particularly high
and low charge densities relative to pure D,O. Due to small differences within the tested
CNFs, the reflectivity data is given as line and further visualized as reflectivity relative to the
reference in Figure 5B. To obtain information on the structure of CNF layers, the reflectivity
data was fitted using the Parratt algorithm (Figure S1). The interfacial layers were best de-
scribed by a model accounting for a monolayer of CNFs and the underlaying aqueous sub-
phase. The formation of monolayers is widely accepted for nanocelluloses based on findings

171 and previous reflectivity experiments.[40’176] The layer

from small angle neutron scattering
thickness and roughness obtained from the fits are compiled in Table 2. All three CNFs
formed adsorption layers with a thickness of ~8 A, close to the lower spatial resolution limit
of the employed setup, and variations within different CNFs were within the resolution limit.
As shown in Table 1, the height of individual CNFs is 18—22 A. As the neutron reflectivity is
averaged over a certain interfacial area, the layer thickness below the height of individual
CNFs suggests that CNFs do not cover the entire interface. The monolayers were best de-
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scribed with a scattering length density (sld) of 4.3-10° A~ an intermediary of pure cellulose
of 1.6-:10°° A, and pure DO of 5.9- 107 A7, further supporting that the interface is not fully
covered with CNFs. Comparison of the layer thickness (8 A) and average CNF height (18-22
A) allows an approximation of the CNF surface coverage to ~ 40%. The employed monolay-
er—subphase model further facilitated to probe the localization of CNFs along the z axis, that
is, the protrusion into either subphase, as visualized by the sld profile in the z-direction in
Figure 5C. The surface roughness of CNF layers toward the air phase did not exceed the
roughness induced by capillary waves at the A/W interface (~ 4 A)."'”" Hence, the CNFs did
not significantly protrude into the air phase and remain mostly in the aqueous phase. This
provides qualitative information that CNFs adsorb at a contact angle < 90°. van den Berg et
al.'"® presented a model that allows the quantitative determination of contact angles from
neutron reflectivity data, which however requires variation of several parameters and could
not be employed for the present data. Nevertheless, a contact angle < 90° at the A/W interface
is in agreement with previous reports.[40’86]

Determining the orientation and distribution of CNFs in the interfacial x-y-plane was not pos-
sible as the scattering signal was insufficient to resolve off-specular data. However, the thin
layers and limited expansion in the z direction suggest that CNFs are oriented flat in the x-y-
plane. Orientation in the interfacial plane is energetically favorable for anisotropic

171 and was also found for CNCs.**'"®) We assume that the CNFs do not aggregate

particles
and remain as evenly distributed individual particles due to electrostatic repulsion, as previ-
ously reported for CNCs even at high ionic strength.[40’164] A comparable surface coverage of
60% was reported for CNFs in O/W emulsions (850 nm length, 12 nm height, and 0.012
e/nm” charge density).!">* Thus, there seems to be a reasonable agreement of CNF coverage at
planar A/W interfaces and curved O/W droplets. The higher coverage in O/W emulsions can
probably be attributed to shear forces during emulsification. Another explanation was provid-
ed by Lewandowski et al.,""®! who demonstrated that anisotropic particles preferentially ori-
ent side-by-side at curved interfaces, which could facilitate the packing of anisotropic nano-
particles. We recently reported a surface coverage of 20% for CNCs using the same neutron
reflectivity setup.*”! The higher surface coverage found for CNFs compared to CNCs at pla-
nar A/W interfaces may explain the higher viscoelasticity observed for CNFs (Figure 3,CD).
A higher surface coverage for longer CNFs compared to CNCs is again in conflict with ex-
cluded area argumentations, as discussed above. Based on the surface pressure and interfacial

coverage, the adsorption energy AE of a single CNF adsorbing at the A/W interface can be

approximated by an area displacement approach!'®"
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A
AE = == 3)

Assuming the surface coverage 1 = 40%, an average CNF area A of 1200 nm” (Table 1), and a

surface pressure I of 10 mN/m (Figure 3), this results in AE ~ —7-10° kBT. This value is in

40]

very good agreement with the AE reported for CNCs!*” as the higher coverage and larger area

of CNFs repeal each other. The limited protrusion of CNFs into the air phase indicates that
CNFs are preferentially wetted by the aqueous phase and adsorb at a contact angle < 90°. Alt-
hough a deviation from 90° is energetically unfavorable for Pickering particles, similar find-

401 and in O/W emulsions.!'”! It was

ings were also reported for CNCs at the A/W interface
recently demonstrated that the contact angle shifted closer to 90° at O/W compared to A/W
interfaces due to enhanced particle wetting.!*®! We assume the unfavorable contact angle at the
A/W interface is the reason why nanocelluloses are not able to stabilize foams on their own,
whereas no such problems are known from emulsions. It was previously observed that CNCs

with a similar AE are not stably adsorbed at A/W interfaces and desorb upon compression.[*”

Adsorbed nanocelluloses are destabilized by line tension induced by their shape

anisotropy!'**! and electrostatic repulsion."®"! This argumentation is in line with reports on
CNF stabilized foams, which employ surface modifications or adsorption of surfactants, ren-

dering CNFs more hydrophobic and thereby achieving an energetically more favorable con-

tact angle.
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Figure 5. (A) Neutron reflectivity of pure D20 and interfacial layers of CNFs with varying charge
densities from unbleached (ubl) and bleached (bl) pulp at the air/D20 interface. (B) CNF layer reflec-
tivity relative to pure D20. (C) Fitted scattering length densities as a function of layer depth z.
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Table 2. Thickness h and Roughness ¢ of CNF Interfacial Layers at the Air/D20 Interface Obtained
from Neutron Reflectivity Data Fitted with the Parratt Algorithm Using a Monolayer—Subphase Model
(< 2.6 x 107%).

150 maol ubl 940 mol ubl 1120 mol bl

interfacial layer h(A) 6(A) h{A) o(A) h(A) o(A)
CNF layer T 4.0 R2 4.0 7.8 4.0
subphase 4.8 5.8 5.2

CONCLUSIONS

We investigated the mechanisms behind the interfacial stabilization by cellulose nanofibrils
(CNFs) with varying charge densities and contour lengths. In particular, we aimed at the pre-
vailing ambiguity that CNFs efficiently stabilize emulsions, while they need to be modified or
combined with a surfactant to stabilize foams. CNFs were found to adsorb at the air—water
interface within 24 h in diffusion-limited experiments, associated with a decrease in surface
tension by ~10 mN/m. CNF adsorption and surface tension reduction were enhanced at de-
creasing charge density. Thus, CNFs behave as nonamphiphilic nanoparticles, with surface
charges limiting both their adsorption and surface coverage. Area compression—expansion
cycles revealed that CNFs form interfacial layers with high viscoelasticity independent of
their charge density. The decrease in surface tension and high interfacial elasticity were at-
tributed to thermodynamic and kinetic stability, respectively, of CNF stabilized colloids. Neu-
tron reflectivity revealed that CNFs form loose monolayers at the air—water interface with an
approximate surface coverage of 40%. The combined information on surface pressure and
coverage allowed an approximation of CNF adsorption energy to ~—7-10° kgT. CNFs were
preferentially wetted by the aqueous phase, resulting in an unfavorable contact angle < 90°.
We argue that the low contact angle is the reason for the poor foaming capacity of CNFs

without additional modification or presence of a surfactant.
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ABSTRACT

Sustainable nanomaterials have a great potential to provide solutions for new materials and
technologies without compromising potential resource limitations. In this paper, we used ani-
onic cellulose nanofibrils (CNFs) and cationic amyloid fibrils to study the mechanism of in-
terfacial complexation of the two polyelectrolytic polymers to form composite materials.
Knowledge from the phase behavior of the two components as a function of concentration and
pH was used to develop a composite complex filaments as well as a proof-of-concept for
printable core-shell structures composed of a conductive amyloid stabilized gold-crystal core
and an insulating outer shell out of CNFs. Optimizing for the conductivity of the core, we
found a conductivity threshold at > 70 wt% of gold, which is 20 wt% lower than so far report-
ed. Targeted printing of these wires would allow for printing of multi-layer electrical circuits
or even direct printing on casings without the need of additional insulation to save space for

miniature applications.

INTRODUCTION

Biosynthesized fibers and filaments from sources such as wool'®! and silk!"®*" have been
used since the beginning of human civilization and are still popular to this day. Increasing
demand during the industrial revolution led, however, to the development of synthetic pol-
ymerized filaments, e.g. nylon. The monomers of nylon-6 are crosslinked by amine bonds and
melting the thermoplastic polymer allows its processing into filaments.

In addition to biosynthesis and melt processing, electrostatic complexation is a complemen-
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tary method to form materials from polymers. Other than hydrophobic and chemical interac-
tions, electrostatic interactions are reversible, making them interesting for self-healing appli-
cations. Electrostatic interactions can also take place in aqueous surroundings devoid the use
of harsh chemicals. This allows for bio-compatible applications such as wound healing, where
treatment needs to be performed in wet conditions.”®™ The layer-by-layer technique is another
prominent representative for electrostatic interactions.®

Interfacial polyelectrolyte complexation (IPC) uses the same mechanism but instead of the
layering, filaments can be drawn from the interface.”®®"! The two oppositely charged poly-
electrolyte solutions or dispersions form gel complexes at the interaction layer. Pulling this
gel upwards leads the reformation of the gel structure at the interface between the droplets and
enables a continuous drawing of filaments.'””! The pulling speed, the ionic strength and the pH
are the process parameters that determine the properties of the filaments such as thickness and
degree of alignment of the polymers within the filaments.

Two attractive biological fibrillar building blocks, combining physical and functional proper-
ties, are amyloid fibrils and cellulose nanofibrils (CNF). Previous research has shown that wet

[185]

spun IPC filaments from amyloids can achieve tensile strengths of up to 326 MPa," ™ where-

as IPC filaments from CNF has been successfully combined with cationic polymers into
strong cohesive assemblies.! 5058

The production of materials using oppositely charged particles or polymers is conceptually
interesting as it allows the formation of composite materials without the need of further cross-
linking, thus reducing process complexity. Optimizing material applicability, however, re-
quires to carefully control the miscibility of the components as well as the timescales over
which they form complexation leading to the formation of an entangled gel network. There-
fore, shearing of the system should be avoided since it may lead to breaking of the formed gel
into fragments, which impedes the formation of a monolithic network.!"®®!

Due to their reducing properties, BLG-fibrils are able to reduce Au" ions to gold nanoparticles
or, when the BLG-fibril concentration is high enough to form nematic phases, to crystalline
Au platelets.”**! These gold platelets are a few nanometers thin and several micrometers in
length. This allows the coverage of large areas with a minimal amount of gold.”® These gold
materials have the ability of electrical conductivity shaped as films as well as in bulk.”®*”!
However, films produced from BLG-fibrils are generally very brittle. The combination of
BLG-fibril dispersion containing Au-crystals with CNFs therefore offers a promising im-

provement of the mechanical properties.

Generally, large polyelectrolytes or charged colloids have previously been combined with a

-79-



smaller oppositely charged molecule that served as a crosslinker. The combination of two op-
positely charged fibrils has, to the best of our knowledge, not yet been studied. In this paper
we present the complexation of negatively charged CNFs with positively charged amyloid
fibrils to first understand the mechanism of the complexation and in a second step use this
knowledge to develop a proof-of-concept for preparing composite filaments as well as a self-

assembled core-shell structure with a conductive gold crystal core and an insulating CNF

shell.
EXPERIMENTAL SECTION

Production of TEMPO-CNF and BLG fibrils

TEMPO-CNFs were received from the Laboratory for Cellulose & Wood Materials, EMPA.
The production was performed using TEMPO-mediated oxidation according to the protocol
from Saito et al.’® Instead of sonication, the cellulose pulp was processed using high-
pressure homogenization until a transparent dispersion of around 0.7 wt% was obtained. The
dispersion was thereafter concentrated under constant airflow up to 2.2 wt%.

Amyloid fibrils were prepared following the protocol from Vigolo et al.''®! In short, the fibril-
lization of purified BLG took place at 90°C, pH 2 during 5 h under continuous mixing at 100
rpm in an oil bath."®! After the fibrillization process, the BLG-fibril dispersion was quenched
in ice water. To remove agglomerates, the dispersion was thereafter centrifuged for 20 min at
4000 rcf. Additional purification for removing unreacted monomers and peptides was per-
formed by dialysis against pH 2.5 MQ water using a 6-8 kDa regenerated cellulose mem-
brane. After the dialysis, the pH was adjusted to 2 by the addition of HCI. Concentration to

5.6% was done using evaporation under continuous airflow.

Synthesis of gold crystals dispersion

Gold crystals (Au-crystals) were synthesized in a nematic dispersion of BLG-fibrils following
a protocol earlier developed in our group.”””! In short, to prepare 500 mL gold crystal disper-
sion, 16.6 mL of 0.1 M HAuCls were added to 483 mL BLG dispersion (6.6 mg/mL, pH 2)
and heated at 60°C overnight. The gold nanocrystal dispersion was then centrifuged at 4300
rcf during 30 min. The supernatant was carefully removed, and the pellets were re-dispersed
with additional 1.5 mL pH 2 milli-Q water forming a concentrated BLG stabilized Au-crystal

dispersion.

Polyelectrolyte interface tearing for IPC
Droplets of 300 pL of each oppositely charged fibril dispersions with various concentrations
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were put next to each other on a hydrophobic surface (plastic petri dish). The two droplets
were pushed together using a tweezer and the interface was continuously pulled in a steady

slow motion, resulting in the formation of a gel filament.

Core Shell extrusion

Two approaches for the extrusion to form core-shell structures were followed. To produce the
Au-crystal ink, Au-crystals (0.7 or 1.5 wt%) were mixed in a dispersion of 2 wt% BLG fibril.
The first core-shell extrusion strategy relied on the injection of the Au-crystal ink directly into
a dispersion of CNF. The so formed gel could thereafter be collected from CNF dispersion
and further be proceeded. In the second approach a coaxial needle was used to directly ex-
trude a composite filament with the Au-crystal ink as core and the CNF dispersion as the outer
shell. These filaments were subsequently dried at ambient conditions and collapsed to film-

like structures.

Drying methods

Formed hybrid filaments were either dried in petri dishes at room temperature for 24 h or 1 h
in an oven at 60°C, resulting in flat, film-like structures. To study the extruded filaments with
minimal structural change, the structures were super critical CO, dried. Therefore, the water
in the gel was exchanged with ethanol by placing it in a 30 mL 50 % EtOH bath. After 24 h a
solvent exchange was done to 30 mL 97 % EtOH and the last one again after 24 h with 15 mL
99 % EtOH, followed by supercritical CO,-drying (Tousimis, autosamdri 931).

Atomic force microscopy (AFM)

To prepare samples for AFM, a droplet of 20 ul of dispersion (amyloid fibrils, cellulose fi-
brils, gold platelets) was deposited onto freshly cleaved mica, incubated for 30 seconds, and
dried with pressurized air. AFM measurements were performed on a MultiMode VIII Scan-
ning Probe Microscope (Bruker, USA) in tapping mode using commercial cantilevers (Bruker,
USA) under ambient conditions. The AFM was covered with an acoustic hood to minimize

vibrational noise.

Transmission electron microscopy (TEM)

Liquid dispersions were prepared for TEM measurements by placing 5 ul of sample on glow
discharged (Emitech K100X, GB) carbon coated grids (Quantifoil, D) and allowed to remain
in contact with the grid for 60 sec. After this time interval excess fluid was blotted with a filter
paper and the wet sample was stained with a drop of 2 % uranyl acetate for 1s followed by
blotting and a second immersion step in uranyl acetate for 15 s. Excess moisture was thereaf-
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ter drained with filter paper and the imaging of the air-dried grids was done in a TEM
Morgagni 268 (Thermo Fisher Scientific, USA) operated at 100 kV. For gel-like samples the
carbon-side of the grid was placed on a fresh surface and the sample was allowed to adsorb

for 15-30 s. The further steps were the same as for dispersions.

Scanning electron microscopy (SEM)

Small pieces of super critical CO, dried wires were mounted on SEM aluminum pin stubs
with double-sided adhesive conductive carbon tape. The edges of the samples were carefully
cut in a flat angle with a razor blade and for selected samples also longitudinal cuts were done
before sputter-coating with 4 nm of platinum/palladium (CCU-10, Safematic, CH). Secondary
electron (SE)-in lens and Everhart-Thornley (ET) SE-images were recorded at a working dis-
tance of 4-5 mm with a scanning electron microscope (Merlin FE-SEM, Zeiss, DE), operated

at an accelerating voltage of 1.5 kV.

Transmission electron microscopy (TEM)

Ultrathin cross-sections of ~ 60 nm thickness for TEM were obtained from a wire embedded
in methacrylate resin. 3 mm pieces of wire were soaked in LR White Resin (Polysciences,
Inc., USA) for 30 minutes under vacuum. Afterwards, embedding in 100% LRwhite was con-
tinued for 3 days at 4°C with 2 changes of resin. Polymerization was done at 60 °C for 48
hours in closed Eppendorf tubes. Ultrathin sections (~ 50 nm) were cut on a Leica Ultracut
FC6 (Leica Microsystems, Vienna, Austria), transferred onto formvar coated carbon-grids
(Quantifoil, D) and poststained with uranyl acetate. Imaging was done in a TEM Morgagni

268 (Thermo Fisher Scientific, USA) operated at 100 kV.

Conductivity measurements

Conductivity measurements were done using a Multimeter (Uni-T true rms ut61e 22000) in
standard relative room humidity (40%) with a four-point probe conductivity method using an
Agilent B1500 Semiconductor Device Analyzer. To be able to connect the four probes to the
conductive core, the wire was cut on both sides and liquid metal - Eutetic Gallium Indium

(Egaln) - was used to build a connection between the core and the probes.[190’191]

Thermogravimetric analysis (TGA)
Liquid dispersions were prepared for TGA by placing 50 pL of the sample in the pan, drying
it at 60°C and subtracting the weight of the dry pan. The TGA machine was operated under O,

gas flow using a linear temperature increase of 10°C/min up to 800°C.
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RESULTS AND DISCUSSION

Concentration dependent interaction strength between BLG and CNF's

The interaction of protein as monomeric building blocks combined with cellulose is well
known."""% However, the mechanism becomes complex when much bigger molecules such
as polymers are involved. Electrostatic complexation is a thermodynamic driven interaction
and thus has a much faster time scale than their diffusion. Therefore, the formation monolithic
gels by electrostatic complexation of polymers is probably not possible. However, there are
several options to overcome these problems. Peng and coworkers used a cellulose matrix
where they added BLG monomers and heated the mixture at 95°C promoting the formation of
amyloid fibrils. This procedure allowed them to obtain a homogeneous bulk material consist-
ing of a double-network of CNF and BLG-fibrils."'%'7 A second method combining CNF
and BLG-fibrils is IPC. This technique enabled us the combination of two well-characterized
fibrillar systems, avoiding uncertainties in the fibrillization process of BLG-fibrils. The fibril-
lization of amyloids is extremely delicate and their properties can be changed by impurities
and seeds of the cellulose matrix.!""*! Hence, we chose this second strategy for the formation
of our hybrid material.

Figure 1A,B shows AFM height images of BLG fibrils and CNFs, respectively. Mixing the
two fibril dispersions in bulk lead to the formation of precipitating gel fragments. However,
the AFM image of the mixture confirms the interaction of the two oppositely charged poly-
mers (Figure 1C). IPC fiber spinning from the interface of two droplets of CNF and BLG-
fibril dispersions allowed pulling long filaments from the interface (Figure 1D). The SEM
image of the wet spun IPC filament shows nicely alignment within the direction of pulling
(Figure 1E). Figure 1F is an AFM height image of a representative Au-crystal produced by
adding Au” ions in a dispersion of BLG-fibrils and heated at 60°C overnight.
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Figure 1: A) AFM image of BLG-fibrils. B) AFM image of CNFs. C) CNFs and BLG mixed in bulk
and diluted to allow for single molecule imaging by AFM. D) Wet spun IPC filament from CNF and
BLG. E) SEM image of a wet spun CNF-BLG ICP filament. F) AFM height image of gold crystals
formed by incubation in nematic BLG fibril dispersion, imaged by AFM.

To find the optimal conditions for the interaction of the two polyelectrolytes, we mixed BLG-
fibril dispersions and CNF dispersions at different concentrations and found that a minimum
concentration of BLG-fibrils is needed to form self-standing filaments (Figure 2). Moreover,
the best results for fiber pulling were achieved when the concentrations of the two polymers
were roughly the same. An important remark at this point is the fact that the two dispersions
have very different rheological properties. The transition to a gel-like behavior of CNF disper-

11341 whereas the gel transition of BLG-fibril dispersions is at a con-

sions is around 0.5 wt%,
centration one order of magnitude higher.[194] Thus, the upper concentration we were able to
use was limited by the viscosity of the dispersions. In our experiments, the longest filaments
(> 5 cm) were produced by ratios of BLG to CNF between 3:1 and 1:1 (blue region in Figure
2). The general observed trend was that the higher the fibril concentration the longer were the
drawn filaments. We obtained the longest filament at a concentration of 2 wt% BLG-fibrils
and 0.7 wt% CNFs.

The control experiment using 0 wt% BLG-fibrils showed that that the decrease in pH alone
does not lead to self-standing filaments. Thus, only the interaction of the two polymers al-
lowed the formation of a structure strong enough to be withstand the tensile stress during pull-

ing.
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Figure 2: Phase diagram of the interaction between CNF and BLG-fibrils at various polymer concen-
trations. The described lengths are an average of three pulled fibers. The colored areas describe the

following ratios of BLG-fibrils to CNF: grey > 5:1, red > 3:1, blue > 1:1.

Wet spinning of composite filaments

The phase diagram helped us to gain knowledge of the interactions to form mechanical strong
filaments. However, as we observed by SEM (Figure 1E), IPC fiber spinning lead to filaments
where the interface of the two phases was rough and not well defined. In an effort to improve
the structure and interface between the phases, we investigated the possibilities to form core-
shell structures by injecting the BLG-fibril dispersion in a coagulation bath containing CNFs.
Using this technique, we were able to produce well defined core-shell filaments, that we could
remove from the coagulation bath piercing the filament on syringes (Figure 3B). This setup
allowed controlled drying in two dimensions whereas the length of the filament could be
maintained (Figure 3C).

Since both fibril dispersions are rather transparent, it was not possible to distinguish between
the BLG core and the surrounding CNF layer. Therefore, we added Congo-red or Au-crystals
to the BLG-fibrils as visualized in Figure 3A. However, we do not know in what way Congo-
red interacts with the fibrils and their morphology and functionality is maintained and addi-
tionally, the Au-crystals have the advantage of having a different density than BLG-fibrils,
granting contrast for the analysis by SEM and TEM. Thus, further we used the Au-ink, where
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we know, that the BLG-fibrils are not affected. Figure 3D shows the Au-ink injected in the

CNF coagulation bath and Figure 3E the supercritical CO,-dried filament.

B

Figure 3: A) Schematic of a filament with a gold core surrounded by an insulating shell out of CNFs.
B) Filament produced by the injection of BLG-fibrils into a coagulation bath containing CNFs in the
wet state and C) air dried pierced on syringes. D) Filament composed of an Au-ink core in the CNF

coagulation bath. E) Supercritical CO,-dried filament from previous image.

The structural analysis of the dried filaments was extremely challenging due to the collapse of
the structure coming from the capillary forces during ambient drying. Supercritical CO,-
drying had the advantage to empower the preservation of the interesting structural features.
Closer investigation of the supercritical CO,-dried samples allowed to gain microscopic in-
sights into the bulk phases as well as at the interface between the BLG and CNF phases (Fig-
ure 4A,B).

We were able to cleave the filament at the interface of the BLG-fibrils and CNFs. This re-
vealed that the fibrils of both components close to the interface were aligned, probably result-
ing from the shear forces during the extrusion process.

The CNF bulk phase did not show alignment at all and looked like a aerogel structure previ-
ously reported (Figure 4D).13* The Au-crystals in the BLG-fibril matrix appear to have a cer-
tain alignment, what can be rationalized due to the injection process and the much higher iner-
tia of the big Au-crystals (Figure 4C). Again, this phenomenon may be explained by the shear
flow during the injection and the much higher inertia of the huge Au-crystals compared to the

small BLG-fibrils.
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Figure 4: Nanostructure of supercritical CO,-dryed BLG-Au-CNF core-shell filament imaged by
SEM filaments. The view on the interface of A) the BLG-Au-core and B) the CNF-shell, as well as
the bulk phases of C) BLG-Au and D) CNFs.

Conductivity of core-shell filaments

The last challenge of the production of a conductive and insulating structure was to establish
the minimal amount of conductive Au-crystal for the core as well as the right amount of insu-
lating CNF to retain structural stability. The thickness of the CNF shell could be increased by
lowering the pH of the Au-crystal ink from 2 to 1.5.

Tuning the composition of the Au-crystal ink was more complex. The concentration of BLG-
fibrils needed to be high enough to stabilize the ink, in order to avoid precipitation of the Au-
crystals, and nevertheless provide a viscosity suitable for extrusion. To guarantee conductivi-
ty, the Au-crystal density needs to be high enough for the crystals to be in contact with each
other and form a coherent, connected system. A sample with an Au-crystal concentration too
low to form an interconnected system is shown in the TEM image in Figure SA.

Figure 5C provides an overview of the relation between the composition of the core and the
conductivity. We found that the threshold for conductivity was at 11.4 mg/L of Au-crystals in
the ink. By increasing the Au-crystal content of the ink to 17.1 mg/L, we could double the
conductivity to 2.3 x 10* S/m, which is 3.5 orders of magnitude below the conductivity of
pure gold (4.46 x 10" S/m).
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The exact composition of the cold concentration was determined by TGA (Figure 5D), which
revealed that the 17.1 mg/L Au-crystal ink has a dry content of 70 wt% gold and 30 wt%
BLG-fibrils. Compared with previously reported results, we found a threshold of conductivity
around 20% lower.”®

In the previous work, the authors produced a film by filtration of the BLG-Au-
crystal dispersion through a cellulose membrane. Thus, the alignment of the Au-
crysals in the films is certainly different than in our filaments. However, this highlights the im

portance of shear alignment of the Au-crystals for maximal conductivity.
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Figure 5: Conductivity of the insulated gold-filament. A) TEM image of the BLG-Au-core with an
Au-crystal concentration too low for them to be in contact. B) SEM image of the cross-section of an
air-dried filament revealing the gold crystals in the center, surrounded by aligned BLG fibrils. C) De-
pendence of the conductivity of the filament on the Au-crystal concentration. D) TGA of and Au-

crystal ink and the pure BLG dispersion.

CONCLUSIONS

Interfacial complexation of cationic BLG-fibrils and of anionic CNF allowed drawing fila-
ments from the interface forming between the two dispersions. The length and integrity of
these filaments were found to depend on the ratios of fibril concentrations. A ratio of below

3:1 and above 1:1 of BLG-fibrils to CNFs allowed to form the longest filaments. AFM, SEM
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and TEM imaging enabled a detailed structural analysis of the created hybrid material. Oppo-
sitely charged fibrils were found to be colocalized, supporting the hypothesis of the attractive
nature of these fibrils and their ability to form high cohesion mixed phases.

Using this knowledge, we created core-shell structured by injection of an Au-crystal ink into a
coagulation bath containing CNFs. Optimize the Au-crystal core composition for its conduc-
tivity, we were able to significantly reduce the gold content for the conductivity threshold
compared to previous reports. However, we think that also the shear-induced alignment due to
the extrusion process contributed to the increased performance.

Our results provide insights into the interaction of CNFs and BLG fibrils as oppositely
charged polyelectrolytes and we present a proof-of-concept for a conductive and insulating
bio-composite as an example for an application might represent a basis for several sustaina-

ble, technological innovations in the future.

ACKNOWLEDGEMENTS

This project was funded by the Swiss National Science Foundation, Project No. 200021-
175994 and Ambizione Grant No. PZ00P2_168023/1. Additionally, we thank Pascal M.
Gschwend from the Particle Technology Laboratory for the help with TGA and Tian Tian
from the Lab for Interface and Surface Engineering of Nanomaterials for the support with

conductivity tests.

-89-



-90-



Chapter 6

Conclusion of the thesis

As an ubiquitous and sustainable resource with excellent mechanical properties, cellulose has
gained great popularity in current research. This thesis describes fundamental aspects of the
isolation of cellulose nanoparticles and aims to relate these properties with the materials that
they can produce. Nanocellulose has been used in wide-ranging applications such as in smart
and responsive nanomaterials or as functional packaging materials and coatings. For an effi-
cient use of the cellulose raw material as well as an optimal material functionality, it is essen-
tial to understand the influence of the production parameters of nanocellulose particles on the
subsequent material processing.

Within my PhD project, I studied the structure-property relationships of TEMPO-CNFs over
different hierarchical levels. Starting with a systematic characterization on the single CNF
particle level, chapter 2 helped understanding the impact of production parameters on the
morphology of CNFs extracted from two softwood pulps. Having a broad set of CNF samples
where the individualization parameters (degree of surface oxidation, concentration and soni-
cation time) were methodically altered, enabled an exact determination of their impact on
fibril properties such as contour length and number of kinks per fibril. A highlight of this
work was the discovery that the right-handed twist of the fibrils is depending on the charge
density as provided by detailed AFM analysis.

In the succeeding project, presented in chapter 3, I used these well-characterized CNFs as
building blocks to study the self-assembly and behavior of the particles forming bulk materi-
als such as salt and proton induced hydrogels and thereof produced aerogels. The rheological
analysis of protonation induced gels revealed a correlation between the average fibril length
and G’ at low concentrations. This correlation was used to approximate the mesh size from
experimental values, and it was found to be in good agreement with scaling arguments.

With the differently charged CNF model fibrils from the first paper in hand, in chapter 4, we
studied the interfacial adsorption of CNFs at the air-water interface and found a decrease in
interfacial tension. The adsorption of CNFs and the reduction of surface tension were en-

hanced by decreasing the surface charge densities of the CNFs. Thus, the surface charges limit
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both their adsorption and surface coverage at the air-water interface.

In the final manuscript, presented in chapter 5, I investigated the electrostatic complexation of
anionic CNFs with cationic BLG-fibrils to form a bio-composite material by interfacial poly-
electrolyte complexation. Altering the concentration and pH of each component resulted in
different material characteristics. The addition of Au-nanocrystals in the BLG-fibril dispersion
furthermore allowed us to produce conductive filaments that were stabilized and insulated by
a surrounding layer of CNFs. The filaments were produced by extrusion of the Au-crystal ink
into a coagulation bath containing CNFs or possibly by coaxial extrusion. These conductive
filaments are a proof-of-concept representing an application where the properties of the final
structure are controlled by the properties of its building blocks by a bottom-up approach.

In summary, I was able to produce a set of CNFs with various properties, allowing me to
study the structure-property relationship of dispersions, hydrogels and aerogels, and the CNF
adsorption at the air-water interface. Additionally, I investigated the formation of a hybrid
material combining the CNFs with oppositely charged amyloid fibrils.

These findings provide a toolbox for designing TEMPO-CNFs with desired self-assembly
responses to form specific structures and materials by a bottom-up approach. The ability of
precisely controlling the routes of self-organization from nanostructure of the single particle
to complex materials is essential for future advanced applications. In an ever-growing field of
nanocellulose research, the contribution of the presented work is a combined perspective on

the properties of CNFs as building blocks and their thereof formed structures.
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Chapter 7

Outlook

My work in the field of nanocellulose research could only answer a few of the many open
questions and also generated new questions that should be answered to fully capitalize on the
potential of cellulose materials. Here, I present some of the most promising ideas and discov-
eries that I was unfortunately not able to tackle in the extent of my thesis.

Starting with the findings on the morphological level of the single particles, I found the twist
of the CNFs to be dependent on the charge density. Producing CNCs from differently twisted
CNFs by acid hydrolysis might provide the opportunity to adjust the pitch of cholesteric phas-
es in liquid crystalline systems as desired."”! This knowledge would allow the fine-tuning of
material properties such as colors of liquid crystalline materials by a bottom-up approach.
However, since both the twist as well as the charge density of the fibrils, influence the align-
ment of CNCs in the cholesteric phase, it is a challenging task to predict the properties of the
thereof formed cholesteric phases and only an experimental approach might elude these rela-
tionships. It was reported that the diameter of CNFs might be influenced by the charge density
as well as the sonication time.”* Our data pointed towards this effect, however, was not sig-
nificant to confirm this claim. Going back to the twist of fibrils, it is not only the charge den-
sity, but also the diameter, or the second moment of area, that influence the twisting and thus
the properties of the thereof formed cholesteric liquid crystalline phases, making predictions
of the phase behavior even more complex.!**!?!!

A further unresolved topic remains the exact location of the charges on the TEMPO-CNFs’
surfaces. It is still under debate whether the charges are evenly distributed along the fibril
contour or if they are accumulated at specific positions. Resolving the location of the charges
along the fibril contour might help to better understand the exact distribution of the crystalline
and amorphous regions of CNFs. Using WAXS, we can exactly determine the ratio between
the two domains, but not the arrangement. The accumulation of charges at positions of kinks
could be correlated with amorphous regions. Finding highly charged regions would either

mean that not all kinks are observed by AFM or it would support the theory about altering
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amorphous and crystalline domains. Alternatively, finding evenly distributed charges would
point towards the theory of a crystalline core and an amorphous shell.

Polymers such as CNFs, BLG-fibrils or polysaccharide form extremely porous networks. Un-
like in cryogels, where the pores are defined by the growing ice-crystals, in polymer aerogels,
these distinct pores are missing. This inevitably leads to the problem of how to determine and
measure the size of a pore. So far, there are no 3D imaging techniques resolving on the length
scale of polymers. Thus, an evaluation and confirmation of the concept for the determination
of the mesh size presented in chapter 4 by other polymer systems becomes important.

To produce strong and robust aerogels from individualized CNFs, minimizing shrinkage and
damage from humidity, functionalization becomes inevitable. Consequentially, to really un-
derstand the structure-property relationship of the functionalized CNFs, an analysis of the
complete procedure must be repeated in a similar way to the here presented work. This pro-
cess is extremely time consuming and there may be ways to correlate and adapt my findings
to other systems.

In perspective of gaining the knowledge and using it for finalized and customized applications
on an industrial level, there are already a few examples such as the Kyoto-Process (CNF
composite material e.g. for car industry), 3D printing and civil engineering. However, I be-
lieve materials and composites from nanocellulose have the potential to replace a lot of the
traditional materials in the field of electronics, optics, construction and engineering, pharma-
ceutics, healthcare and food production. In this regard, refined particle synthesis and careful
bottom-up material assembly may contribute to a more responsible and sustainable handling

of the available resources.
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Chapter 8

Further related content

Confinement-induced ordering and self-folding of cellulose
nanofibrils
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Abstract

Cellulose is a pervasive polymer, displaying hierarchical length scales and exceptional
strength and stiffness. Cellulose’s complex organization, however, also hinders the detailed
understanding of the assembly, mesoscopic properties, and structure of individual cellulose
building blocks. This study combines nanolithography with atomic force microscopy to unveil
the properties and structure of single cellulose nanofibrils under weak geometrical confine-
ment. By statistical analysis of the fibril morphology, it emerges that confinement induces
both orientational ordering and self-folding of the fibrils. Excluded volume simulations reveal
that this effect does not arise from a fibril population bias applied by the confining slit, but
rather that the fibril conformation itself changes under confinement, with self-folding favoring
fibril’s free volume entropy. Moreover, a nonstochastics angular bending probability of the
fibril kinks is measured, ruling out alternating amorphous—crystalline regions. These findings
push forward the understanding of cellulose nanofibrils and may inspire the design of func-

tional materials based on fibrous templates.
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Introduction
Over the last few decades, materials science has taken a turn towards smart, green

materials.['”

One source of inspiration for such materials comes from nature itself, where
the pre-programmed features of individual building blocks self-assemble and fold into ex-
tremely complex and hierarchical structures.!"”®"*® Although one most commonly thinks of
DNA and proteins when considering such natural systems, another incredible natural material

is cellulose,[m £ 19

the most abundant organic polymer on the plane
Cellulose shows fascinating order and hierarchy over multiple length-scales.*® This, com-
bined with its high stiffness and specific strength, has made it a prime component in the fabri-

[114] 351 and even

cation of self-assembled materials such as hydrogels, ™ nematic liquid crystals
chiral nematic films.””*" The assembly of the cellulose into these highly-ordered materials has
been well studied,[z’w] as well as the structure of cellulose crystals on the atomic level.!”!
However, little is known about the structure and assembly of cellulose particles between these
two length scales.””! Thus, the full potential of self-assembled hierarchical cellulose materials
is yet to be reached, as studying and understanding single particles at different length scales is
paramount for rational material design.'”’” This concept is epitomized by DNA, where the
assembly mechanisms of its different building blocks are so well established that one can en-
gineer it to fold and self-assemble into highly complex patterns.[203*205] This has enabled the
recent development of an impressive amount of DNA-based applications and
technologies.”%! In spite of its potential, precisely self-assembled cellulose nanostructures
and materials are still to be realized, due to the lack of detailed understanding of the mecha-
nisms ruling mesoscopic structures.

One of the smallest building blocks used in cellulose-based self-assembled materials is the
cellulose nanofibril (CNF).*”! It is known that the processing of the cellulose can influence
the length, aspect-ratio and degree of polymerization within the fibrils.!*>* It has also been
discussed that the kinks along the fibrils may be due to mechanical treatment and hence de-
pending directly on the processing conditions.!*”! Further theoretical work has been done by

Ciesielski! %"

where the kinks were described by energy minimization along certain crystal-
line planes. However, there is still no clear explanation as to their exact nature. In order to
better understand the structural properties of the CNFs, how to manipulate the mesoscopic
features and gain further insight on the nature of the kinks in view of its relevance for practi-
cal applications, the effect that confinement has on the individual fibrils was studied. Con-

[209-211]

finement was chosen as it has been extensively studied both theoretically and, in recent

years, experimentally.*'*'% It is known to reveal structural information or change in topolo-
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gy of the constrained elements.*'*?"?!"71' A noteworthy example of this was observed by
Japaridze et al.”*"*! in the case of circular DNA, where they observed hairpins at the nicked
regions of the DNA plasmids when under strong confinement. These structural defects could
be analogous to the kinks observed in CNFs, bringing a strong motivation to study them under
confinement. In addition, confinement is known to create order and alignment, a crucial pa-
rameter that bio-inspired materials try to reproduce.[197’218] Therefore, confinement can pro-
vide more than just much-needed structural information, it can also give an overall picture of
how the fibrils and other similar biomolecules behave during certain material processing
where confinement by geometry and increase in concentration are used to induce macroscopic
ordering and self-assembly.***'*2!”) Most confinement experiments are accomplished using
microfluidics combined with optical imaging and staining of the molecules.”">*'* In this
study, our goal was to obtain high-resolution images while avoiding perturbations of the fibril
structure due to staining. This was achieved by utilizing a novel thermal scanning probe li-
thography technique*” to create confinement patterns, in which fibrils were deposited by
adsorption. The CNFs were then imaged under confinement using atomic force microscopy
(AFM) techniques, and subsequently single molecule statistics was performed on the confined
fibrils. Our results show the expected alignment and most surprisingly, a net folding of the
CNFs. In order to determine whether the slits were acting as topological filters for fibrils with
a higher kink count, geometry-based simulations were carried out. Simulations consisted in
testing which fibrils, generated from the unconfined statistics, would fit into an implemented
confined geometry. The subsequent sub-population showed that the observed net-folding
could not be explained by selectivity of the slits for a specific fibril population, but rather by a
conformational change of the fibrils themselves. Further a preferential bending direction of
the CNFs was observed, which provides additional experimental evidence to the fact that

amorphous and crystalline regions cannot alternate along the contour length of CNFs.

A B c =——__ D

Figure 1: Experiment overview. A) Stack of pre-patterned substrate. Layers from bottom to top: silicon

wafer, PAVP, and PPA. B) Patterning of the substrate by thermal probe lithography. C) Deposition of
the CNFs by adsorption through specific electrostatic interactions. D) Final sample displaying folded
CNFs in a slit of width w and height A.
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Results

The confinement of cellulose nanofibrils of average contour length (L)~ 600 nm was studied
on prepatterned PPA/P4VP substrates (see materials and methods) having rectangular slits of
depth 42 = 60 nm and width w varying between 0.75 and 9.50 um, Figure 1. PPA is a thermally
cleavable polymer that can be removed locally by a thermal probe as shown in Figure 1A,B.
P4VP is a polycation chosen to attract the fibrils by electrostatic interaction.

The degree of confinement in such patterns can be quantified by (LYw. As depicted in panels
C and D of Figure 1, CNFs display sharp bends in otherwise stiff segments. These bends are
referred to as kinks. The main traits of the CNFs are the number of kinks, the kink angles, and
the contour length. All further characterizations of the fibrils are constructs derived from these

features. In addition, the area occupied by each fibril can be characterized by the normalized

. . 1 - — . - .
mean square radius of gyration (R,/L)? = WZ{-\' ((#% — 7.mm)?), with #; the segment vector i

along the contour length, and 7.,,, the center of mass of the chain.

A <L>/w = 0.063 <L>/w = 0.27 <L>/w = 0.40 <L>/w = 0.80

|

=65.0 nm

00.0 nm

—Linear Fit |
o Expen'ment:
& Simulation |

P '
_ 270 N 270
5213 = 0.0067 2 8, =01 Sm =0.23 (1] 02 04 06 08 1

Figure 2: Alignment of cellulose in slits. A) AFM images (top height, bottom peak force error channel)
of cellulose in slits of (L)/w ratios of 0.063 (unconfined), 0.27, 0.40 and 0.80 (left to right). B) Full
statistical orientation distributions of fibrils in slits for (L w ratios of 0.063, 0.27, 0.40 and 0.80 (left
to right), where the dashed pink line represents the slit long-axes. C) Experimental S, (blue circles)
and simulated S,p (green diamonds) as a function of (L)w. Linear fit (red line) forced through 0, of R?

of 0.988 and RMSE of 0.0101.
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Alignment

Confinement is well known to induce an orientation of the object along the long axis of the
slit. In the case of a rigid rod, the degree of alignment in a slit has an exact analytical solution.
For ideal flexible and semiflexible chains, seminal theoretical work has been done by de
Gennes””! and Odjik,"*'**'! where de Gennes elaborates his "blob" theory under weak con-
finement, e.g. R, ~ w, with R, the radius of gyration, and Odjik describes the chain as a series
of detecting segments when under strong confinement, e.g. R, > w. The kinks in CNF make it
an interesting case somewhere between a rigid rod and semi-flexible polymer. This justifies
the use of (LYw to quantify the degree of confinement.

In Figure 2A AFM images were chosen to show this effect on the CNFs in slits of (L w ratios
of 0.063, 0.27, 0.40 and 0.80. This alignment was quantified in two ways: by plotting the ori-
entation distribution (OD), as shown in Figure 2B, and by calculating the S;p order parameter

)13 where 6 is the angle between the nth segment and a local direc-

given by S,p = (cos(26)
tor. The OD plots clearly show a trend from isotropic to anisotropic average particle direction.
It can be observed that though the component in direction of the confinement gets increasing-
ly narrower, the rectangular shape is well preserved. This is attributed to the distinct morphol-
ogy of the nanocellulose fibrils.

The S,p order parameter increases linearly as a function of confinement, as seen in the Figure
2C. (This fit has a R? of 0.988 and RMSE of 0.0101). It was assumed in the zero intercept of
this fit that an infinite slit width would yield a purely isotropic fibril distribution. To better
understand this trend, the values were compared to those of simulated CNF in confinement
(green diamonds). A full explanation of the simulations can be found in the Materials and
Methods. In short, fibrils of fixed contour length (L), with corresponding statistics extracted
from the distributions of the unconstrained case, were generated and placed in a slit of width
w. If the fibril fit into the slit it was taken into the statistics, if not it was discarded. The simu-
lated values of S;p were obtained by simulating fibrils in slits with various L/w ratios and tak-
ing the sum of these S;p weighted according to the experimental contour length distributions
(see SI) normalized by w. We observe that the simulated values are systematically lower for
the confined cases. This can be justified by the fact that we used a fixed kink angle, that the
implemented statistics are exact only for (L), and that the simulations do not take the fibrils
excluded volume into account.””2'%! The excluded volume was therefore estimated from that
of a rigid rod in 2D (for this reason we will refer to an excluded area). For a CNF of same
length, this approximation should overestimate the actual excluded area. From Onsager's the-

ory,m” we calculated the excluded area for rigid rod in the limit of L >> d, with d the diameter
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2
of the rod, to be % (see SI). If we compare this to the area available to each fibril (values

extracted from AFM images), see Figure S2 in the Supporting Information, the estimated val-
ues showed that in certain cases, especially at the ratio (LYw = 0.27, we could have an addi-

tional alignment from the fibrils interacting with each other.

A <L>/w =0.063 <L>/w =0.27 <L>/w=0.40 <L>/w = 0.80
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Figure 3: Full Statistics Distributions. In all distributions the number of counted fibrils for the different
confinements are: 0.063 - 1420, 0.27 - 1286, 0.40 - 791, 0.80 — 562. A) Kink angle distributions. B)
fibril contour length distributions with lognormal fit (u and o fit parameters given on the plot). C)

Segment length distributions with lognormal fit (u and o fit parameters given on the plot).

Fibril conformation

It has been reported that confinement can influence the conformation of the confined ele-
ments. 2122152172221 Consequently, different fibril attributes were investigated, the full detailed
distributions of which can be seen in Figure 3. We observe a shift towards higher values in
the kink angle distribution under confinement, as well as a decrease in the tail of the segment
length distributions. The contour length, however, is left more or less undisturbed.

To better visualize the effect of the slits on CNFs, mean values of fibril characteristics were
extracted from the full statistics and plotted as a function of confinement, Figure 4. For each
parameter, corresponding schematics depict the fibril conformation in the unconfined and
confined states. Figure 4A shows the mean kink angle (6;) as a function of confinement, with
a subplot of (B )y« for fibril subpopulations, identified by different number of kinks, n; =1, 2,

3. We observe that the overall (6;) increases in confinement. We also note that the (&), fol-
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lows a similar trend with confinement, but also that (6; J,x monotonically decreases with ny.
Figrue 4B shows the mean contour length (L), the mean inverse kink density (o)’ = (
(ny/L)) 1 (where n; is the kink number), and the mean segment length (L,.,) = (L/Ani+ 1)).

Nystrom et al.[*%!

exploited these parameters to understand if the fibrils break along a segment
or at a kink, or if a new kink is observed. Using their classification system, we could deter-
mine that we are observing more kinks per fibril in confinement (as our (L) is constant in the
different slits but the (pk)'] and the (L) decrease).

The combination of these two panels help to understand the results of Figure 4C. An overall
decrease in the normalized 2D mean square radius of gyration ((Rg/L)2 ) is apparent once the
fibril is confined. Taking into account that we observe both fibrils with more kinks and with
higher kink angles, this result is expected as on average the fibrils are folding upon them-
selves under increasing confinement.

These results can be understood from an entropic point of view, as fibrils that are more bent
can adopt more states in the slit than stretched out fibrils.*!” In other words, while the change
in configurational entropy of the fibrils is essentially equivalent between stretched and folded
states, folding increases free volume entropy of the fibrils in the slit. It should be noted that
this observation holds in a regime of weak confinement as (L) ~ w, and that this effect cannot
be extrapolated to strong confinement, which goes beyond the limits of our experimental pro-
cedure.

To determine if these results could be justified solely from a slit selectivity for existing fibril
populations that would be entropically favorable, geometry-based simulations of the cellulose
fibrils under confinement were performed (see the Experimental Section for details). The
simulations showed a similar trend for the mean kink number (#;), with an increase from 1.24
to 1.29 (i.e., 4%). However, the shift observed in the experiments was from 1.24 to 1.69
(37%), see Figure S3 in the Supporting Information. It could be argued that the averaged val-
ues used in the simulation are the source of this discrepancy. However, this possibility was
discarded by performing a second set of simulations with CNFs of constant segment lengths
and a maximum kink angle up to 160°. These features are typical of the fibrils occupying the
smallest area observed in experiments, thus considering such a subpopulation provides an
upper-boundary to the prediction range of a purely selective model. This second set of simula-
tions showed only an increase in (i) of 10%, i.e., it still did not account for the experimental
data. Therefore, it was determined that the geometry of the system is not solely acting as a
conformational filter, but that it also has a direct influence on the conformation adopted by the

nanofibrils. A model capable of quantitatively recapitulating the data would thus need to ac-
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count for more complex features, such as detailed mechanical and structural features of single

fibrils, adsorption dynamics, etc., but is well beyond the scope of this paper.
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Figure 4. Fibril conformations in slits. Schematics at the top represent fibril parameters for the uncon-
fined case, whereas those at the bottom represent the same parameters in the confined cases. A) Over-
all mean kink angle, (6, ), as a function of (L)w, with subplot of the mean kink angle per kink popula-
tion, (8), as a function of (L)w. B) Mean contour length (L) (blue squares), mean inverse kink densi-
ty (pr)” (green diamonds), and mean k k segment length (L,.,) (red circles) as a function of (LYw. C)

normalized mean square radius of gyration ((R,/L )°) as a function of (L/w.

Kink Populations
Usov et al.!*! reported that the kink angle distribution of the nanocellulose does not follow a
Gaussian distribution and is non-symmetric. This argument was used to support one of the

two models?*!

used to describe the disposition of the ordered and disordered regions in cellu-
lose fibrils and to suggest that the kinks were possibly a result of the preparation of the nano-
cellulose. Their results are in favor of the model of a crystalline core and amorphous shell.
This evidence went also in the direction of the results of other studies.””"'***22I 1 this sec-
tion, a similar argument to that of Usov et al. is proposed to further push the evidence towards
the afore-mentioned model.

First, as observed earlier, the mean kink angle (4;),, decreases systematically with ny (Figure
4A). We propose to interpret these results as follows. Let us suppose kinks are formed from
breaking to release an indicted strain. If the rupture happens in only one place, all the energy
goes into breaking the fibril in that one spot, resulting in one deep break, see Figure 5A (top).

Conversely, if two spots are involved the energy is shared between the two areas and therefore

the breakage will not go as deep, see Figure SA (bottom).
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A further argument in favor of a stress-induced origin of kink formation comes from an analy-
sis of kink bending directions. Let us look at the populations of fibrils with two or more kinks
and assign a sign to the direction in which the fibril bent, see Figure 5B. For instance, follow-
ing the contour of the fibril, if the fibril bent to the right, we determined the sign s, = +1, if
it bent to the left s, = —1. Using these s, values we calculated (s;s,) for the population of
fibrils with two kinks. Assuming the probability of bending in either direction was that of a
random walk, a mean value of 0 and a variance of 1 would be expected.

However, a mean of 0.30 and variance of 0.91 for unconfined fibrils were calculated. From
this, the probability p of bending in the same direction is obtained by (s;5,) = p — (1 — p),
giving p = 0.65 £ 0.03. The fibrils are therefore bending in a preferential direction, which is

1,1 and which

not in agreement with the alternating amorphous-crystalline regions mode
indeed leads to a non-symmetric, non-gaussian distribution of the kink angle distribution (see
Figure 3A). This finding therefore further supports the hypothesis that kinks are a product of
mechanical strain. Indeed, it is much more probable that they break in the same direction if
they are created by the same mechanical event. Accordingly, a log-normal segment length
distribution is found in between kinks (see Figure 3C).

In addition, we calculated, (|Z?§1 sl-|), for ny = 2; 3; 4, both from the data and from the proba-
bility p to bend in the same direction as given by Equations 1-3. The arbitrarily in the sign
assignment, which is introduced in attributing right or left from a given fibril end taken as
origin, is removed by taking absolute values of the averages (see Figure 5B). In general, a
good agreement between this simple theory and the experimental values was observed, Fig-
ure5C. The constant values support the hypothesis that the aforementioned increase in kink
number under confinement, is due mainly to pre-existing unobservable kinks becoming ap-
parent when the fibrils adopt a higher degree of folding to gain in entropy. Indeed, Usov et
al.l®! reported that it is hard to distinguish kinks below an angle of 20°. In addition, if new
kinks were being introduced through confinement we would expect a decrease in the values of
the sum as a function of confinement, as the bending of the fibril would be independent of the
direction of the pre-existing kinks. Only the case of four kinks shows discrepancies with the
supposed model. It is hard to ascertain if this is from poor statistics or maybe an effect of the

confinement. Therefore, from this data, we cannot exclude the possibility that extra kinks

might be formed due to the confinement itself.
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Discussion and conclusions

In this study, the effect of weak confinement on individual CNFs has been explored. Align-
ment was observed and quantified. In addition, we observed an accentuation of the folding of
the individual fibrils under confinement. Simulations showed that this effect could not be
solely explained by a specific selectivity of the slits for pre-existing fibril populations, but
rather confinement itself induces the conformational change. To our knowledge this is the first
time the folding of cellulose upon itself under confinement has been reported. In most cases,
the high concentration of CNFs prevents a detailed characterization of the single particles,
however, this was overcome in our approach, by creating the confinement solely through ge-
ometry. This effect should be considered when developing materials using cellulose nano-
fibrils, as often confinement, be it by microfluidics, geometry or high-concentration, is used
to encourage self-assembly into higher ordered materials.”'®**'***") As a practical example,

191 cholesteric droplets,[64] and

our results may have interesting implications for nematic films,
tactoids.*! As the kinks impede self-assembly, these systems need to be generated by short
rod-like particles. If on top of this the fibrils are further folding upon themselves when at a
concentration equivalent to weak confinement, this effect could shift up the expected critical
concentration or even fully prevent the self-assembly of the fibrils into such phases. The ac-
centuated kink angle under confinement as well as the fairly constant (|Z?="1 si|), for the dif-
ferent kink populations, lead us to suggest that a weak confinement experiment offers more
information on the fibril characteristics, by bringing into observation kinks or weak regions
that were not noticeable in the unconfined state, much like in the case of the circular DNA
studied by Japaridze et al.'*"*! In addition, a monotonic decrease in average kink angle as a
function the number of kinks, (6;),; was observed. This trend and that of the preferential bend-
ing direction, lead us to suggest mechanical breaking of the fibrils. This evidence further rules
out the alternating amorphous-crystalline model for kink formation."'® In conclusion, geo-
metrical confinement of cellulose nanofibrils enhances characterization possibilities, thus
bringing us one step closer to understanding these nanomaterials at the length-scale of the
single particles. By comparing the statistical analysis of nanofibrils conformation based on
experimental AFM images with simulations on entropy driven selectivity of the confining slit,
it was possible to conclude that the confining geometry not only leads to orientational order-
ing of the fibrils, but it also has an influence on the conformation of the nanofibrils them-
selves. The most remarkable feature of this morphology-controlled confinement is the self-
folding on the cellulose nanofibrils in order to increase the overall free volume entropy in the

slit. The understanding of the implications of confinement of cellulose nanofibrils in simple
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geometries may guide and inspire the design of those functional nanomaterials where CNFs
have emerged as main building blocks, with far reaching consequences in soft condensed mat-

ter, nanotechnology and materials science.
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Figure 5: Kink bending. A. Depiction of a fibril with one kink (top) breaking and bending more than a
fibril with two kinks (bottom). Colored beads represent the broken bonds. B) Schematic of the kink
bending direction sy, for a kink population ny = 2. Top, fibril with kinks bending in opposite directions,
sl = - s2. Bottom, a fibril with kinks bending in the same direction s; = s,. C. (|Z?="1 sil), for kink
populations ny = 2; 3; 4. Solid horizontal lines represent the theoretical values using a probability p =

0.65 of kinks bending in the same direction as the previous kink.

Experimental section

Substrate preparation

1 cm? silicon wafer (P/Bor (100), thickness 525 pm, 1-30 ohm cm) pieces were cleaned by
sonication in toluene, isopropanol and milli-Q water for 20 min each. The wafer surface was
activated for 30 s in an O2 plasma cleaner.

A solution (10 mg mL'l) of poly(4-vinylpyridine) (P4VP) M,, 60000 Da (Sigma Aldrich) in 1-
butanol and a solution (5 mg mL™") of linear poly(phthalaldehyde) (PPA) (Sigma Aldrich lot #
is MKCC5806) in anisole were prepared for spin coating. The P4VP was chosen for its poly-
electrolyte properties, at the pH of the cellulose sample it is positively charged, therefore the
opposite charge of the nanocellulose fibrils. The PPA acts as a resist in the nanolithography
technique used.

A 20 nm P4VP layer was spin-coated onto the freshly activated wafer (100 ul at 4000 rpm for
1 min). 60 nm of PPA was spin-coated (100 ul at 4000 rpm for 1 min) on top of the P4VP
layer. The substrates were then baked for 3 min at 90 °C, to evaporate any extra solvents. The
20 nm of P4VP and 60 nm PPA were chosen to maximize both the writing of the patterns and
the cellulose deposition. The initial layer of the polyelectrolyte is crucial for the adsorption of
the cellulose, but also allows for a deeper patterning of the resist (as it acts as an insulating

layer to the wafer, that can act as a heat sink). The 60 nm of resist was needed to screen the
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full effect of the polyelectrolyte to the cellulose.

Nanolithography

The principle of the nanolithography technique used is fully described elswheress and was
carried out on a Nanofrazor apparatus (Swisslitho). In a few words, an AFM tip was heated to
a temperature at which the PPA resist starts to evaporate, due to self-amplified depolymeriza-
tion.

This reaction decomposes the polymer into its volatile monomer. The coupling of this effect
with the AFM feedback allows for a high precision nanolithography. In the case of this study,
simple geometries were chosen to study the confinement. Rectangles with widths of 9.5 pm,
2.25 pm, 1.5 pm and 0.75 pm and constant lengths of 18.5 pm and constant depth of 60 nm.
The rectangle of 9.5 um was used as a control of the unconfined state. This control was fa-
vored over a plain P4VP layer because the lithography treatment could leave residues or
change some properties of the layer due to the extreme heating, also it must be noted that the
P4VP and the PPA could be mixing at some point of the process. The parameters of the AFM
were chosen to obtain the desired depth. The selection of these parameters varied from tip to
tip. In general, a high temperature of 900 °C and a blunted tip were needed to reach a depth of
60 nm. At this depth one tip could write up to ten patterns before contamination took over. On

average five good patterns were written per wafer.

Carboxylated cellulose nanofibrils

Carboxylated cellulose nanofibrils with a charge density of 0.65 mmol g'1 cellulose were pre-
pared from never-dried sulphite softwood-dissolving pulp (Domsjo, Sweden) using a protocol
for TEMPO-mediated oxidation with 5 mmol NaClO per gram cellulose.21 Using ultrasoni-
cation, 100 ml of the cellulose pulp dispersion (0.5 g L) was fibrillated with a sonication
probe (7 mm, 20% amplitude, 200 W, no interval) for 7 min. To remove non-dissolved aggre-

gates, the dispersion was centrifuged at 4000 rcf for 60 min.

Fibril deposition and AFM

The bulk solution of cellulose fibrils was diluted 1000 times for the AFM sample preparation.
A 100 pL drop of this solution was deposited onto the patterned substrates. After 3 min, the
drop was gently rinsed off and the sample was gently dried by air stream. This protocol was
chosen as it leads to a concentration of adsorbed fibrils lower than the critical concentration at
which fibril—fibril interaction would be expected (see the “Excluded area” in the Supporting

Information). AFM images of the patterns were taken using a Bruker FastScan in the scan
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assist mode or a MultiMode 8 in soft tapping mode. The cantilevers in both cases were
RTESPA-150 with a resonance frequency fy of 150 kHz and a spring constant k, of 6 N m™".
Scan size was 25 x 25 um and a minimum pixel resolution of 3072 pixels per line. Images

were saved in the height channel and the peak force error channel.

Image analysis
Single molecule statistics were carried out using an in-house Matlab-based software, Fi-
berApp,"'** to trace the individual cellulose fibrils. The features of the software are fully de-

scribed elsewhere!'?®!

and additional information on cellulose tracing with this software can be
found in Usov et al.*! The built-in functions of the software provided the fibril contour
lengths, kink angles, and individual orientation distributions. From these and the coordinates
of the fibrils and kinks, additional information was extracted in Matlab, such as the fibril
segment length, kink density, kink angle orientation, mean radius of gyration, the summed
orientation distributions over all the images (with error bars performed by bootstrapping),
positions of kinks and fibrils in slits.

From the kink angle orientation, the sum of the kink angle signs could be theoretically calcu-
lated by assuming a probability p of bending in the same direction as the previous kink (as-

suming only nearest-neighbor interactions), (|Z?="1 si|) for different kink populations as a

function of p. Considering all the possible conformations (see SI) we get the following ex-

pressions.
ne =2, (X8 sy =2p (1)
ne =3, (|2, si|) = 2p°+1 (2)
=4, (| X, si|) = 4p’-4p™+4p (3)

In our confinement experiments, only the CNFs fully in the slits were taken into our statistics.
To check if a fibril was in the slit, the height image was systematically compared with the
equivalent peak force error image, as seen in Figure 2A. The AFM images analyzed in Fi-
berApp were pre-processed with a 3rd order flattening provided in the NanoScope Analysis

software.

Table 1: Probabilities of having ny kinks from the unconfined statistics of fibrils of lengths between

550-650 nm.

ng 0 1 2 3 4
Pnk 0.21 0.45 0.26 0.05 0.03
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Simulations

Geometry-based simulations were carried out by implementing the statistics of the unconfined
CNFs in a C++ program and artificially confining them. Specifically, we implemented the
cellulose fibrils with a fixed contour length, fixed kink angles and random segment lengths. In
this case, fibrils between 550-650 nm were chosen, yielding a population of 104 fibrils with
the following kink population probabilities pnx, Table 1.

The preferential bending direction of the kink populations was set to the calculated one of p =
0.65. A fixed mean kink angle (©)y.063 = 65° for the unconfined geometries was utilized, and
(0:)0.0s0 = 70° for the most confined case.

From these statistics, multiple fibrils were randomly generated, with random overall orienta-
tion and random positioning of the center of mass in the slit. If the whole fibril fit into the
implemented slit, it was accepted into the statistics, if not discarded. The same statistics as in
the image analysis could then be carried out. In the case of fibrils with no kinks, the program

was cross-checked with the analytical solutions of rigid-rods.
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