Control of the colloidal deposition of

cellulose nanocrystal films

Alican GENCER

Supervisor:

Prof. Wim Thielemans

Members of the Examination Committee:

Prof. Pavlik Lettinga (Chair) Dissertation presented in partial fulfilment
Prof. Jan K.G. Dhont of the requirements for the degree of
Prof. Bart Goderis Doctor of Science (PhD): Chemistry

Prof. Christian Clasen

Prof. Simon Kuhn

October 2018



© 2018 KU Leuven — Faculty of Science
Uitgegeven in eigen beheer, Alican Genger, Kortrijk, Belgium

Alle rechten voorbehouden. Niets uit deze uitgave mag worden vermenigvuldigd en/of openbaar
gemaakt worden door middel van druk, fotokopie, microfilm, elektronisch of op welke andere wijze

ook zonder voorafgaandelijke schriftelijke toestemming van de uitgever.

All rights reserved. No part of the publication may be reproduced in any form by print, photoprint,

microfilm, electronic or any other means without written permission from the publisher.

II



Abstract

Cellulose nanocrystals (CNCs) are a bio-based organic material that has unique
properties, including renewability, biodegradability, sustainability, environmental
friendliness, a high stiffness, an adaptable surface chemistry, chirality, a high surface
area, and an anisotropic morphology. These properties make CNCs a promising
candidate for applications in nanocomposites, films, paper products, membranes,
cement, photonic devices, inks, and tissue engineering scaffolds. Cellulose
nanocrystals are commonly obtained via sulfuric acid hydrolysis of cellulosic source
yielding rod-like shaped and negatively charged nanocrystals which form stable
aqueous colloidal dispersions.

One of the unique interests of CNCs originates from their ability to self-assemble in
bulk suspension. Rod-like shaped CNCs exhibit a phase transition from an isotropic
phase to a chiral nematic phase with increasing concentration of the suspension. The
chiral nematic structure can be preserved upon solvent evaporation to obtain films that
display structural color. This property can be utilized to manufacture inks, coatings,
sensors, or optical devices. Structured CNC films can be produced via evaporation-
induced self-assembly of colloidal drops. However, particle deposition onto a
substrate is affected by the flow dynamics inside sessile droplets, and usually yields a
ring-shaped deposition pattern commonly referred to as the coffee-ring effect.
Therefore, a good understanding of film formation is required to improve the
thickness uniformity of the films and to control the optical properties of the obtained
films.

This thesis provides new insights into the colloidal deposition and its control for
cellulose nanocrystal film formation. The structural coloration in CNC films obtained
via evaporation of drop casted CNC suspensions onto solid substrates was studied.
First, the role of particle concentration in the drying droplets on the deposition of
CNCs was investigated. Determination of the concentration in the drying colloidal
drop is crucial since CNCs exhibit different phases in the suspension at different
concentration regimes. These are respectively from low to high concentration an

isotropic phase, a biphasic transition regime, and a chiral nematic phase.

I



Furthermore, the helical pitch of the chiral nematically assembled phase changes as a
function of the concentration. Therefore, an analytical method was formulated to
determine the concentration inside the colloidal drop during drying.

In addition, the fluid flow inside the drying colloidal drops was characterized via
analysis of Marangoni flow, particle diffusion, and the viscosity of the suspensions.
After understanding the role of the concentration and fluid flow on the deposition
pattern of CNC films, this study also aimed to control the colloidal deposition of
CNCs, and to investigate the effect of the deposition pattern on the optical properties
of the obtained films.

To modulate the deposition pattern, a methodology was developed to generate
uniform films by harnessing solutal Marangoni flow during evaporation. For this,
colloidal drops of CNCs were exposed to an air/ethanol atmosphere with varying
vapor composition. The coffee-ring effect was suppressed by increasing the
Marangoni flow relative to capillary flow inside the droplet. The colloidal stability of
the CNC suspensions in the ethanol-water mixtures was also characterized by
rheological and zeta potential measurements to optimize the optical properties of the
obtained films through the desired structure formation. Consequently, iridescent films
with a uniform thickness were produced.

Next, an alternative way to control the colloidal deposition was designed through
restriction of the capillary flow inside a drying droplet by inducing gelation. The effect
of gelation on the deposition pattern and on the self-assembly of CNCs was
investigated for the dried films. CNC films were thus obtained by drop casting CNC
suspensions containing NaCl and CaCly salts. The system was studied using
rheological measurements and depolarized dynamic light scattering. In addition,
analysis of the suspension’s surface tension, viscosity, and yield stress were used to
gain a deeper insight into the deposition process. Lastly, the understanding of the
gelation behavior in the drying droplet was used to exert control over the deposit
where the coffee-ring deposit could be converted to a dome-shaped deposit.

Finally, the optical properties of the CNC films dried onto superhydrophobic
substrates were also investigated. In this study, a method was proposed to investigate

the contribution of the thermal Marangoni flow in the drying droplets.
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To conclude, this research demonstrates key solutions to avoid problems related to
non-uniform film formation in case of colloidal deposition of CNCs in drying
droplets. The work presented here provides one of the first investigations into how
strategies including exploiting solutal Marangoni flow and gelation-induced drying

can be used to control the deposition of CNCs into films.






Samenvatting

Cellulose nanokristallen (CNCs) zijn biogebaseerde organische materialen met unieke
eigenschappen zoals hernieuwbaarheid, biodegradeerbaarheid, duurzaamheid,
milieuvriendelijkheid, een hoge stijtheid, modificeerbare oppervlaktechemie,
chiraliteit, een hoog specifiek oppervlak, en een anisotrope vorm. Deze eigenschappen
maken van CNCs een veelbelovend product voor toepassingen in nanocomposieten,
films, papierproducten, membranen, cement, fotonische materialen, inkten, en
poreuze netwerken voor celgroei. Cellulose nanokristallen worden gewoonlijk
verkregen via een hydrolyse van natuurlijke cellulose met zwavelzuur. Dit geeft
staafvormige nanokristallen met een negatieve lading aan het oppervlak, wat stabiele
waterige colloidale dispersies mogelijk maakt.

CNCs kunnen in suspensie op eigen kracht reguliere structuren vormen, wat hen zeer
interessant maakt. De staafvormige CNCs ondergaan een fase-transitie van een
isotrope (3D willekeurige ori€ntatic) fase naar een chiraal nematische fase met
toenemende concentratie in de suspensie. Deze chiraal nematische structuur kan
behouden worden tijdens verdamping van het water, wat leidt tot films die een
structurele kleur vertonen. Dit kan gebruikt worden in inkten, coatings, sensoren, en
in optische toepassingen. Gestructureerde CNC films kunnen geproduceerd worden
via de natuurlijke structurering van de CNCs tijdens het drogen van colloidale CNC
suspensiedruppels. Het depositiepatroon van de CNCs wordt echter beinvloed door
de interne vloeistofmechanica in de druppel en dit interne vloeigedrag leidt normaal
tot een ringvormige depositie dat over het algemeen het koffieringeffect genoemd
wordt. Daarom is het noodzakelijk om de filmvorming beter te begrijpen zodat een
uniforme dikte van de film gegarandeerd kan worden en om de optische
eigenschappen van de gevormde film te kunnen controleren.

Dit eindwerk geeft nieuwe inzichten in de colloidale depositie van en in de controle
over de filmvorming tijdens het drogen van CNC suspensiedruppels. De structurele
kleur die verkregen wordt tijdens het drogen van de CNC suspensieduppels op vaste
oppervlakken werd bestudeerd. Ten eerste werd de rol van de concentratie van

nanodeeltjes in de suspensie op het depositiepatroon bestudeerd. Het bepalen van de
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concentratie in de drogende druppel is cruciaal aangezien CNCs kunnen bestaan in
verschillende staten van organisatie afhankelijk van hun concentratie. Deze zijn
respectievelijk van lagen naar hoge concentratie: een isotrope fase, een tweefasig
overgangsregime, en een chiraal nematische fase. Bovendien is de pitch van de chiraal
nematische fase ook nog eens afhankelijk van de concentratie. Daarom werd een
analytische methode ontwikkeld om de concentratie van de nanodeeltjes in de druppel
tijdens het drogen te kunnen berekenen.

Daarnaast werden vloeistofstromingen in de drogende colloidale druppel bestudeerd
via analyse van Marangoni stroming, diffusie van de nanodeeltjes, en de viscositeit
van de suspensie. Eens er voldoende kennis was opgebouwd over de rol van de
deeltjesconcentratic en het interne vloeigedrag in de drogende druppel op het
depositiepatroon van de CNC films, werd deze kennis gebruikt om de colloidale
depositie van CNCs te controleren en om het effect van het depositiepatroon op de
optische eigenschappen van de gevormde films te bestuderen.

Om het depositiepatroon te veranderen werd een methodologie ontwikkeld om films
met een uniforme dikte te bekomen door Marangoni stroming geinduceerd door een
extra opgeloste stof tijdens het drogen van de druppel te gebruiken. Hiervoor werden
druppels gedroogd in een lucht/ethanol atmosfeer met vari€rende compositie. Het
koffieringeffect kon op deze manier ge€limineerd worden omdat atmosferisch ethanol
oploste in de druppel en zo Marangoni stroming versterkte ten opzichte van capillaire
stroming. De colloidale stabiliteit van de CNC suspensies in water/ethanol mengsels
werd ook in kaart gebracht met reologische en zeta potentiaalmetingen om de optische
eigenschappen van de bekomen films te optimaliseren. Hierdoor werd het mogelijk
om iriserende films met een uniforme filmdikte te maken.

Vervolgens werd een alternatieve manier ontworpen om colloidale depositie te
controleren: via het verminderen van capillaire stroming in de drogende druppel via
gelvorming. Het effect van gelvorming op het depositiepatroon en op het zelf-
structureren van de CNCs werd aldus bestudeerd. Hiervoor werden waterige
suspensies van CNCs met opgeloste NaCl en CaClz zouten gebruikt. Dit systeem werd
dan  bestudeerd via  reologische en  gedepolariseerde  dynamische

lichtverstrooiingsmetingen. Verder werden ook de oppervlaktespanning, viscositeit,

VIII



en vloeigrens van de gels bepaald om een dieper inzicht te krijgen in het gedrag van
de zout-CNC suspensies. Ten slotte werd de opgedane kennis gebruikt om het
depositiepatroon van de CNC suspensies te veranderen van een koffiering patroon
naar een koepelvormige afzetting.

Ten laatste werden de optische eigenschappen van CNC films gevormd door depositie
op superhydrofobe oppervlakken bestudeerd. Hierbij werd ook een methode
voorgesteld om de bijdrage van thermische Marangoni stroming in de drogende
druppels te bestuderen.

Ter conclusie, het onderzoek in dit eindwerk demonstreert belangrijke oplossingen
om problemen met niet-uniforme filmvorming tijdens colloidale depositie van CNCs
in drogende druppels te voorkomen. Dit werk vormt een van de eerste studies die
Marangoni stroming onder invloed van extra opgeloste stoffen en die gelvorming in
drogende colloidale druppels gebruikt om het depositiepatroon van CNCs in films te

controleren.
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1. Introduction

1.1. Background

Humankind has produced many materials using numerous resources throughout
history. In order to adapt these resources to specific applications, they have to undergo
atailored functionalization. Therefore, their design becomes significant to make them
fulfil their task and increase their efficiency. Understanding the structure-property
relationships in materials is one of the essential requirements to achieve the desired
properties in materials. In general, it is important to have control over the structure of
the components at different dimensional scales such as the macro, micro, nano and
molecular scales to modulate the functional properties such as mechanical, magnetic
and optical properties which need to be achieved for the targeted applications.

At the same time, the selection of raw materials for the production of materials has to
be optimized with alternative resources and methodologies to protect the environment
and to avoid environmental problems such as climate change. To this end, raw
materials which are sustainable, renewable, less polluting, and biodegradable appear
to be ideal candidates to obtain new materials.

Advances in materials science enable new possibilities to create novel materials and
technologies that sustain progress in industry, technology and science. While
materials science traditionally provided developments in fields such as metallurgy,
ceramics and polymer materials, there is a trend in studies of nanotechnology in recent
years. Nanotechnology offers great potential for the production of materials with
superior properties since a wide range of material properties could differ from those
of the bulk material properties at the nanometre scale.! For instance, the mechanical
properties of the bulk materials are scale independent and are defined by continuum
mechanics.? On the other hand, the mechanical properties of nanoparticles do not obey
this continuum approximation and change as a function of the size of the particles.® In
addition, nanoparticles possess large surface areas which can be employed to increase
reactivity as in catalysis applications.* Another distinctive property of the

nanomaterials is the observance of quantum confinement effects which can be used to



alter the electrical properties of the materials.> As a result, an immense amount of
investments have been made to produce and develop nanomaterials in recent years.
For example, the U.S. invested about $ 25 billion in nanotechnology related R&D
between 2001 and 2018.°In general, the nanotechnology market is estimated to reach
$ 3 trillion encompassing 6 million jobs by 2020.78

A lot of developments have already been witnessed in nanotechnology enabling novel
computing systems, electric cars, cognitive technologies, and new approaches to
diagnosis and treatment of diseases like cancer dating back to the 20" century.® In
addition, many technological advances in fields such as communication, medicine,
and electronics due to nanotechnological developments have significantly impacted
our daily lives. For example, with nanotechnology major advances have been
achieved in computing and electronics, leading to faster, smaller, and more portable
systems that can manage and store larger amounts of information.” In materials
science, lightweight strong materials such as nanocomposites can be produced that
increase cost- and fuel-efficiency in transportation. In medicine, targeted drug
delivery is achieved with nanoparticles which can increase the efficiency to cure
diseases.’

The design and fabrication of nanomaterials is crucial to achieve the desired properties
in these produced materials. In addition, obtaining a hierarchical and tunable structure
in nanomaterial can lead to better control over electronic, optical, mechanical, and
catalytic functionalities that can be advantageous in many different applications. For
this reason, research is widely carried out to achieve control over structure formation
in the produced nanomaterials.

It is also known that in nature animals, plants, and minerals already form nanoscale
structures for the production of color in their bodies. This phenomenon, referred to as
structural coloration can be mimicked to fabricate materials such as photonic crystals

t.1% Structural color formation can also be obtained via

to control and manipulate ligh
periodical arrangement of colloidal particles. One straightforward way of succeeding
this is to make use of self-assembled colloidal nanoparticles that can achieve long-
range order. For instance, rod-like cellulose nanocrystals (CNCs) are shown to

produce iridescent and light-diffracting films in this manner,!!1213.14



Cellulose nanocrystals are a bio-based, sustainable and non-toxic material which can
surpass alternative materials such as inorganic pigments or dyes in ink applications
since photobleaching is non-existent in structural coloration. CNCs self-assemble in
suspension above a critical concentration into chiral nematic structures.!>!>!¢ This
long-range order can be retained in dried films leading to color formation associated
with the chiral nematic order of the CNCs. Although there have been several studies
to control the chiral nematic assembly of CNCs in aqueous suspension and films, there

has been no investigation to control the colloidal deposition of these CNCs.

1.2.  Aim of the thesis research

The main aim of this thesis is to understand and control the colloidal deposition of
cellulose nanocrystals films. Meanwhile, structural color formation in these cellulose
nanocrystal films is investigated. In a first instance, the deposition process of cellulose
nanocrystals from evaporating sessile colloidal drops on solid substrates was studied.
The influence of the suspension concentration and the fluid flow on the formation of
CNC films are described.

The characteristics of the particle deposition process together with the self-assembly
in the drying suspension has a direct effect on the optical properties of the obtained
films. Particle deposition onto a substrate is affected by the flow dynamics inside
sessile droplets and usually yields a ring-shaped deposition pattern commonly referred
to as the coffee-ring effect. For this reason, different strategies to suppress the coffee-
ring effect were investigated in order to achieve homogeneous deposition of CNCs in
drying colloidal films. In general, fluid flow can be manipulated to counteract the
capillary flow which is responsible for the coffee-ring effect.

A dimensionless number analysis was carried out to understand the fluid dynamics
and to examine the effect of influencing factors on the deposition profile of the films.
Firstly, it is aimed to achieve a control over the colloidal deposition of CNCs in
evaporating sessile droplets by generating Marangoni flow which is induced by
surface tension gradients and can reduce the impact of the capillary flow. The

magnitude of this flow can be manipulated by changing the gradient of the surface



tension along the interface. Consequently, homogeneity of the deposit can be attained
by finding a balance between the competing flows inside the drying drop.

In another strategy, colloidal deposition is proposed to be controlled by inducing
gelation in the CNC suspensions. The addition of ions to CNC suspensions results in
the formation of gels which is due to changed electrostatic interactions between the
CNCs. The rheological properties of the suspensions can be altered by the type and

the concentration of ions added.

1.3. Thesis Outline

After this introduction, the thesis will define the state of the art. In this chapter,
colloidal self-assembly is introduced briefly, followed by a description of
evaporation-induced self-assembly. Then, examples of structural coloration observed
in various instances in nature are described. Finally, a comprehensive literature review
on CNCs is given which includes preparation and properties of CNCs, their
suspension behavior and chiral nematic assembly, CNC based films, and methods of
film formation and their applications.

In Chapter 3, the materials and the experimental methods that were used in this thesis
are described. Common characterization information for produced CNCs is also given
and explained in detail.

In Chapter 4, the behavior of the suspensions during colloidal drop drying is studied
in terms of concentration changes, fluid flow and particle deposition. First, an
understanding of the deposition of CNCs and of the concentration changes of the
suspensions during the drying of the sessile droplets is developed. To this end, a new
analytical approach to determine the deposition rate of the particles is described.
Dimensionless numbers are introduced to characterize the fluid dynamics and to be
able to describe the contributing factors to the deposition profile.

The influence of solutal Marangoni flow as a possible way to suppress the coffee-ring
effect is investigated in Chapter 5. In this scenario, induced surface tension gradients
are designed to create an inward flow which can counteract capillary flow. At the
same time, the colloidal stability of the suspensions is checked to assure structure

formation in the depositing CNC films.



In Chapter 6, the effect of induced elastic resistance on the colloidal deposition of
drying colloidal drops is studied. Thus, the effect of ion-mediated gelation on the
colloidal deposition of CNC films is introduced. Through gelation, particle transfer
toward the edge of the drying drop is expected to be reduced thereby limiting or
eliminating the coffee-ring effect. CNC films are obtained by drop casting CNC
suspensions containing NaCl and CaCl.. Finally, the effect of gelation on the colloidal
deposition of CNCs is studied.

In Chapter 7, the self-assembly behavior of CNCs is studied via drop-casting CNC
suspensions onto the superhydrophobic substrates. This method gives an alternative
evaporation mechanism in case of evaporation-induced self-assembly processes of
CNCs.

In the last chapter, general conclusions are given together with an outlook of further

research possibilities.






2. State of the Art

Nanostructured materials can be obtained via top-down or bottom-up approaches
based on the direction of changes at the length scales to create a hierarchy in their
constituents.!” Top-down approaches resemble sculpting in which a bulk material is
reduced in size to reach the desired dimension.!®!® Examples of the top-down
approach in nanotechnology include photolithography, nanoimprint lithography and
scanning beam lithography which are widely employed in the semiconductor industry
to manufacture integrated circuits and other nanodevices.?*?! Although this approach
is efficient to create structures at the nanometre scale, it requires specific accessories
such as photomasks and photoresists which can set a limit on the achievable structure
and limits usable substrates, typically silicon.

Alternatively, bottom-up approaches can be used to produce nanostructured materials
starting from the molecular level and obtaining building blocks by chemical synthesis
or assembly.?? Bottom-up approaches are more practical and cost-efficient compared
to top-down methods in terms of the equipment needed for the production of complex
patterns.”> However, the choice of building blocks can be limited to certain atoms or
molecules. Colloidal self-assembly of nanoparticles can be considered a bottom-up
approach which has been applied to many systems to obtain complex nanostructured
materials in a relatively simple way compared to other methods. This is owing to the
accessibility of range of particle shape and sizes, particle interactions, and the

availability of different experimental routes.

2.1.  Colloidal self-assembly

Functional nanomaterials can be produced by employing self-assembly of colloidal
nanoparticles in which individual constituents arrange into an ordered structure. In
general, the self-assembly of organic or inorganic building blocks occurs
spontaneously or is directed by other molecules, specific particle interactions or
external forces.?* Some of the particle interactions that can be used such as van der
Waals forces, electrostatic interactions, and hydrogen bonding, are already applied
extensively in supramolecular chemistry where molecules are assembled.?>2® The

control over self-assembly starts with the size and shape of the individual components



as depicted in the core section in Figure 2-1.2% Colloidal particles can assemble into
an ordered array to form colloidal crystals. Both isotropic and anisotropic particles
can be used to obtain colloidal crystals.”’” However, the size distribution of the
particles is a key factor for the crystallization of colloidal crystals without any defects.
For that reason, chemical procedures such as emulsion polymerization or sol-gel

2829 whereas seed-

processes are used to obtain monodisperse spherical particles
mediated-growth methods are developed to control the aspect ratio of the rod-shaped
nanoparticles.® For rod-shaped particles, the diameter of the rods can also be
controlled via template-mediated fabrication using pore arrays.>!

It is also known that rod-like particles can exhibit liquid crystalline behavior. Liquid
crystals are an intermediate state of matter with the characteristics of both liquids
(fluidity) and solid crystals (long-range order).3? Different types of liquid crystal
phases exist depending on the degree of order of the particles. Examples of the liquid
crystal phases are isotropic, nematic, smectic and chiral nematic.’ In the case of the
nematic liquid crystal phase, rod-like particles possess orientational order in which
the particles align their long axes oriented in a particular direction but particles do not
have positional order. Colloidal suspensions of rod-like particles including fd virus,
boehmite and tobacco mosaic virus were reported to form nematic phase.’>3*3 On the
other hand, rod-like cellulose nanocrystals are known to assemble in chiral nematic
phase in which the particles have helicoidal arrangement. !¢

In addition to shape properties of the particles, the surface chemistry of the particles
plays an important role in the stabilization of the colloidal systems and in the control
over self-assembly process. Steric stabilization can be achieved via the adsorption of
surfactants or polymers onto particle surfaces whereas electrostatic stabilization is
maintained by the manipulation of the surface charges of the particles and the ionic
strength of the medium.3%¥7* Directed self-assembly of colloidal particles has been
achieved via modulation of particle interactions or applying external forces such as

electric fields, magnetic fields, or macroscopic deformation (e.g. fluid flow).2**
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2.2.  Evaporation-induced self-assembly

Several experimental approaches have been introduced to study colloidal self-
assembly based on evaporation, deposition, and sedimentation of particles. Those
alternative fabrication techniques for self-assembled nanostructures are illustrated in
Figure 2-1.22 The evaporation induced self-assembly process is generally exploited to
obtain nanostructured thin films via drying of a colloidal dispersions, whereas
destabilization or sedimentation of particles is used to generate three dimensional
structures of particles.*’

Evaporation induced self-assembly of particles can be carried out in different
configurations such as sessile or pendant drop evaporation, evaporation under
confinement which include wedge, parallel plate, or cylindrical confinement, and
vertical deposition such as dip-coating.®® Frequently, a drop of solvent laden with
particles is allowed to dry freely and spontaneous assembly of individual components
is achieved via solvent evaporation. However, understanding of the drying process
and the deposition of the colloidal particles is crucial to be able to manipulate the self-
assembly of micro- or nanoparticles.**>*# For instance, a sessile drop evaporating
on a solid hydrophilic substrate has a higher evaporation rate (blue arrows) towards
the contact line (Figure 2-2). This edge enhancement of the evaporation arises from
the higher probability of an evaporating molecule’s escape when leaving from the
edge than when leaving from the center of the surface of the drop.** In other words,
the probability of an evaporating molecule’s reabsorption to the drop is affected by its
point of departure. A random walk initiated at the center of the drop results in the
molecule being reabsorbed at a higher probability so that the evaporation is not
completed. However, the same random walk initiated from the edge allows the
evaporating molecule to escape from the liquid phase to the vapor phase. The higher
evaporation at the perimeter of the drop induces an outward fluid flow within drop to
replenish the evaporated fluid as shown in Figure 2-2. In the presence of particles, this
outward flow, called the capillary flow, carries the particles from the bulk drop
towards the edge of the drop where they deposit and form a ring shaped deposit,

generally referred to as the coffee-ring effect.
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Figure 2-2 Capillary flow inside an evaporating droplet (Reproduced with permission

from the publisher #7)

The growth of mass of the particles in the ring, myz was described by Deegan et al.

taking into account the evaporation rate (Equation 2.1).%

2/(1+)
m, =m, [1 - (t/tf)(“”/z] ' (2.1)

where m, is the total mass of the particles, t; is the total drying time, A4 is equal to
(r —26,)/ (21w — 26,) and 0, is the contact angle of the drop.

At the same time, evaporation induced self-assembly is a dynamic process in which
properties of the suspension including concentration, viscosity and surface tension are
subject to change due to loss of solvent. Understanding these complex phenomena
brought many disciplines such as physics, mechanical engineering, chemistry and
chemical engineering together to solve problems in many applications where a
uniform particle deposition is required, such as inkjet printing, spray coating,
assembly of photonic components, and the manufacture of DNA microarrays.
Numerous researches have been carried out to control the deposition of films in the
case of inkjet printing applications.*®4%3%3! Consequently, inkjet printing of arrays of
colloidal drops enables many possibilities to create patterned structures.** For
instance, several companies including Samsung, LG, and Visionox have invested in
inkjet printing methods for the fabrication of organic light-emitting diodes (OLED),
quantum light-emitting diodes (QLED), and thin-film transistors.>

11



Knowing that colloidal deposition is linked to fluid flow behavior, the internal flow
inside a drop has to be characterized to understand the formation of ring deposits. One
way of achieving this is by direct visualization of tracer particles within a drying
drop.*® Velocity fields of individual micron-sized or fluorescent particles can be
mapped to understand the magnitude of the capillary flow.>*35¢ However, the method
of direct visualization of tracer particles is limited to micron-sized particles due to the
optical resolution of optical microscopes. To be able to study colloidal drops
containing nano-sized particles, there is a need for another approach since direct
visualization of nanoparticles is not feasible with optical microscopy. At the same
time the addition of tracer particles to colloidal suspensions can cause aggregation of
nanoparticles. For this reason, a numerical solutions of the flow field inside drying
drop can be used applying a finite element algorithm which solves simultaneously for
the vapor concentration and the flow field inside the droplet.’” Such numerical
solutions are based on solving the Navier-Stokes equations (for a Newtonian fluid)

(Equation 2.2).

ou
p(a+u-|7u) =—-Vp+nV?u+F 2.2)

where p is the fluid density, u is the velocity field, p is the fluid pressure, 7 is the
viscosity and F is the body force acting on a fluid. Nondimensionalization of Navier-
Stokes equations and the surface boundary conditions yields dimensionless numbers
which can be used to provide physical insight into the importance of various terms in
the system of governing equations.*®

Several studies have been carried out using numerical simulations of the flow field
inside drying drops to have an understanding of the colloidal deposition.>*%6! The
numerical results were compared to experimental results of deposited films in which
deposit shapes where related to the different flow patterns. It was pointed out that the
change of evaporation dynamics across the surface has an effect on the capillary
flow.%2 In principle, the evaporation rate in a drying drop is higher towards the contact
line, and evaporated solvent is replenished from the bulk by means of capillary flow.

Therefore, the geometry of the droplet can be manipulated to control the evaporation

12



rate across the surface.% It was also reported that the evaporation flux becomes more
uniform at the drop surface when a drop has a more spherical shape rather than being
a spherical cap. For a spherical cap the predominant length scale is the radius
compared to the height as shown in Figure 2-2. In another example, molecular
simulations were used to investigate the evaporation flux distribution of sessile drops.
It was shown that the evaporation flux across the surface of the droplet changed for
drying drops when cast onto either hydrophilic or hydrophobic substrates.**

Many methodologies have been developed to manage the flow dynamics in
evaporating colloidal drops to reduce the effect of capillary flow and to control the
deposition process of particles.’>% This requires a good understanding of the flow
behavior and related features such as evaporation dynamics, mechanical instabilities,
and rheological properties of the medium.’’ Researchers have focused on the
manipulation of the flow inside a drop during the drying process which is responsible
for the transfer of the particles. For instance, suppression of the coffee-ring effect was
achieved by enhancing Marangoni flow which is induced by surface tension gradients
at the liquid interface.%® Historically, Gustave Van der Mensbrugghe reviewed all
possible instances of surface movements due to local differences of interfacial tension
in 1869.°° He was then challenged by Carlo Marangoni who claimed his work was
earlier and described the flow behavior at liquid interfaces induced by surface tension
gradients in 1871.7%7! Surface tension gradients arise for example due to solute
concentration gradients and/or temperature gradients. Since then, related works have
been named after Marangoni in forms of Marangoni flow, Marangoni eddies and
Marangoni instabilities. Much research has been carried out on different aspects of
Marangoni flow in terms of different effects that induce surface tension gradients such
as thermal’>"3, optical’*” and solutal’®’”” Marangoni flow. In all cases, surface tension
gradients create Marangoni stresses which are balanced by shear stress at the liquid
interface and leads to Marangoni flow as shown in Figure 2-3.

The concept of thermal Marangoni flow has been studied for patterning of polymers

to create internal structure or to introduce topographic features.”
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Marangoni flow J)

Figure 2-3 Comparison of Marangoni flow and capillary flow (Reproduced with

permission from the publisher 7°)

In other works covering Marangoni flow, the effect of addition of surfactants on
surface tension gradients and alterations of fluid flow were investigated.®® An example
of surfactant-induced Marangoni flow is shown in Figure 2-4. In this work, the
uniform deposition of spherical polystyrene particles was achieved after evaporation
of colloidal drop which includes an ionic surfactant i.e. sodium dodecyl sulfate (SDS).
The coffee-ring effect was prevented through Marangoni flow which was induced by
the variation of SDS concentration along the air-liquid interface. In a similar example,
a surfactant-like polymer, polyethylene glycol (PEG), was used to induce surface

tension gradients to control the deposition of the spherical particles.®!
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Figure 2-4 Surfactant-induced Marangoni flow controlling the transfer of the

spherical particles (Reproduced with permission from the publisher %)

Other research was carried out studying sequential Marangoni flows including solutal
and surfactant-induced Marangoni flow during drying of a drop of whisky.®® It was
reported that the preferential evaporation of ethanol in the drying drop created a
solutal Marangoni flow. However, this flow was not enough to generate uniform
deposits, thus a combination of surfactant and surface-adsorbed polymer was added
to drying droplets to enhance the surface tension gradients. It was concluded that the
addition of both surface-adsorbed molecules including surfactant, sodium dodecyl
sulfate (SDS) and surface-adsorbed polymer, polyethylene oxide (PEO) was needed
to achieve a uniform deposit. However, those additives caused problems associated
with impurities in the obtained films. This problem can be avoided by solvent-
mediated Marangoni flow in which the mixture of solvents with different surface
tension values dried consecutively. For instance, adding high-boiling-point solvents
such as diethylene glycol and formamide to water-based colloidal drop was
demonstrated to exert control over the deposition of monodispersed silica
microspheres.’*

In another example, photosensitive surfactants were used to control the colloidal

deposition of polystyrene particles.®> Adsorption of the photosensitive surfactant
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AzoTAB (an amphiphilic molecule composed of a cationic head and a hydrophobic
tail containing an azobenzene moiety) at the air-liquid interface was changed via
irradiation of the drop with blue (A= 440 nm) or UV (A= 365 nm) light, since
photoisomerization of the azobenzene group of the surfactant between its trans (less
polar) and cis (more polar) states controls the adsorption behavior at the interface.
Although Marangoni flow was not enough to control the deposition in this specific
case, uniform deposition of particles was achieved by trapping the particles at the air-
liquid interface by selective irradiation with light. The same strategy was also applied
with increased concentrations of AzoTAB to be able to induce optical Marangoni flow
in the drying drop and thus to control the colloidal deposition of the particles.”7
The effect of particle shapes has also been studied for its ability to suppress the coffee-
ring effect. For instance, ellipsoidal particles were shown to yield a uniform deposition
since their structuring at the air-liquid interface by interparticle attractions prevents
the suspended particles from reaching the drop edge.’® It was discussed that the
particle deposition was influenced by the competition between particle assembly at
the drop surface and the evaporation-driven particle motion to the contact line.

All in all, evaporation-induced self-assembly is a versatile method which can be used
to generate structured films and the colloidal deposition can be controlled with

different strategies.

2.3.  Structural coloration

One of the most important applications of colloidal assembly is the fabrication of
photonic crystals and nanostructures.?’#® Periodic arrangement of particles can lead
to the generation of structural colors without the use of dyes or colorants. This
structural color formation is observed in nature for many animals and plants.®® A good
example of this method of color formation is witnessed in the wing of a butterfly due
to the structure it possesses (Figure 2-5).%° Vertical separation between the shelves in
the wing causes light interference in which blue light is selectively reflected. Features
of colloidal assembly such as ordering of colloidal particles in a controlled manner

can be used to fabricate such structures. Another example of structural coloration in
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nature is observed in opal which is an amorphous form of silica. When monodispersed
spheres of silica stacks in an ordered, closed-packed fashion, they produce colors by
coherent scattering in the visible light range. In coherent scattering, there is a phase
relationship between the scattered waves by ordered silica and it usually yields
iridescence.’! Iridescent materials show luminous colours that seem to change when
seen from different angles. Thus, structural colors can be generated from the

patterning of the geometric hierarchy or refractive indices of the materials.*?

Figure 2-5 Image of Morpho butterfly and SEM image of wing (scale bar 2 pm,

Reproduced with permission from the publisher %)

In the 17" century, Robert Hooke first defined structural color in his book titled
“Micrographia” in which he described the microscopic observation of the feathers of
peacocks, birds and ducks. He further discussed the phenomenon of changeable colors
in these animals and postulated that their occurrence was due to the same causes and
the textures they possess in their parts of the body.** For instance, he speculated that
alternate layer of thin plates and air might strongly reflect light. Since then, natural
products having optical properties gave inspiration to researchers to manufacture
artificially tunable photonic materials having similar properties to those existing in
nature. Many methods including top-down and bottom-up strategies have been
developed to artificially mimic structural colors found in nature.’!

The advantages of structural color formation are twofold when compared to color

formation using pigments or dyes. First, there is no photobleaching thus fading of
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colors will not occur in structurally colored materials as long as the structure is
maintained. This is not the case for pigments since excitation of electron hole pairs
via absorption of photons causes color loss over time.” This is due to generation of
chemically reactive free radicals which can react with the dye to change its chemical
structure. Secondly, special color effects such as iridescence or environmentally-
induced color change can be generated by structural colors which is not the case for
the pigments.

Utilization of nanoparticles in non-living colored objects is also distinguished. For
example, the Lycurgus cup is a 4™ century glass object that displays colors due to
dispersed colloidal nanoparticles such as gold and silver (Figure 2-6, today preserved
in British Museum in London).*® This cup exhibits unique dichroic effects owing to
the presence of the gold and silver nanoparticles. The cup looks green when light
shines on it due to the reflection of light, yet the color changes to red when a light
shine in it due to absorption and transmission of the light. It is known that this color
formation depends on the concentration, size and shape of particles in colloidal
suspensions.””*®* In the 8" century, quantitative recipes for colored glass were
written down by Jabir ibn Hayyan.!?” These recipes describe the methods and

ingredients to prepare glass with a variety of colors and even iridescence.

Figure 2-6 Lycurgus Cup
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Optical processes related to structural colors can be classified into five classes which
are thin-film interference, multilayer interference, diffraction grating, scattering and
photonic crystals.”>!9-1922 Thin-film interference (Figure 2-7a) is typically observed in
soap bubbles and occurs when light is reflected and interferes at the upper and lower
boundaries of layers. Reflectivity of light depends on the thickness of the film layer,
the refractive index of the film and the angle of incidence light.!”? Constructive or
destructive interference arises depending on the phases of the reflected light. The
multilayer (multi-film) interference film (Figure 2-7b) is generated via an infinite
number of pairs of thin layers piled up periodically.!® In multilayer interference,
color-dependent reflections arise from the interference caused by sharp periodic
boundaries in the refractive index. An example of this type of color formation can be
seen in the Morpho butterfly (Figure 2-5). In case of diffraction grating (Figure 2-7c¢),
light reflectivity is similar to a periodic multilayer stack, except for the orientation of
the periodicity of layers. Examples of diffraction grating includes the metallic-like
colored holograms found on credit cards and foil-type wrapping paper.'® Scattering
of the light can be divided in two classes; coherent (Figure 2-7d) and incoherent
(Figure 2-7e) scattering. Coherent scattering is responsible for the color formation in
opals which results in iridescence.!® For incoherent scattering, the scattering is

random which leads to a diffuse appearance in reflection.”!
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Figure 2-7 Structural colors arise via (a) thin-film interference, (b) multi-film
interference (c) diffraction grating (d and e) scattering (coherent and incoherent
scattering) and (f~h) photonic crystals (one-, two- and three dimensional photonic

crystals) (Reproduced with permission from the publisher )

In the 20% century, Eli Yablonovitch founded the field of photonic crystals, which
have an artificial periodic structure that results in different refractive indexes as shown
in Figure 2-7f-h.!% These crystals have specific optical properties such as a photonic
band gap in which a range of wavelengths of light is blocked by the material.!” The
first photonic crystal was formed by drilling three intersecting arrays of holes into a
block of ceramic material.!® Photonic crystals can also be obtained by a bottom-up
assembly approach and are employed in several applications such as optical devices,
anti-counterfeiting technologies, light waveguides, full-color displays, and

sensors. 08109
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Examples of structural color formation are also observed in the case of helicoidal
periodic structures. Such structures can be formed by cellulose nanocrystals or chitin.
Indeed, the coloration of cellulose-based Pollia condensata fruit and chitin-based
exoskeleton of some beetles occurs via helicoidal structure formation.!'® For the
beetle C. gloriosa, the bright green color, with silver stripes is observed in unpolarized
light or with a left circular polarizer, whereas the green color is mostly lost when seen
with a right circular polarizer (Figure 2-8).!!! In the case of Pollia condensate, blue
iridescence is seen which is generated by helicoidally stacked cellulose microfibrils

that form multilayers in the cell walls of the epicarp (Figure 2-8).

Figure 2-8 The beetle C. gloriosa (left) and Pollia condensata fruit (right).

(Reproduced with permission from the publisher ''*!')
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2.4. Cellulose Nanocrystals (CNCs)

In this thesis work, cellulose nanocrystals, which have the potential to self-assemble
are chosen as a model system to generate structural color formation. Cellulose is a
polymer present in many plants and animals such as wood, algae, and tunicates. In
1947, Nickerson and Habrle employed an acid hydrolysis process to isolate CNCs
from the disordered intercrystalline regions of the networks of cellulose chains.!!?
Later in 1959, Marchessault et al. studied that liquid crystalline order could be
achieved in colloidal suspensions of CNCs.!!'* In 1992, Revol et al. produced stable
chiral nematic liquid crystalline phase in aqueous suspensions of CNCs.!® In order to
exploit the stable behavior of cellulose nanocrystal dispersions and to increase the
mechanical properties of polymer materials, nanocomposites were prepared by Favier
et al. from aqueous solutions of polymers using CNCs as a filler.!!*

CNCs have been described as sustainable, biocompatible, and their high stiffness can
be employed in functional materials such as composites, hydrogels, foams, films, and
medical applications.!!>!1¢ Market and scenario analysis showed that manufacturing
costs for CNCs production ranged from 3632 $/t to 4420 $/t of CNCs (dry
equivalent).!!” Although pilot facilities have been constructed with production
capacities as high as 1000 kg/day, there is not enough information from companies in
terms of production of CNCs because the data is generally confidential and rarely
shared.

The biological impact on human health and environmental risk that CNCs possess is
under debate although earlier work has reported that CNCs display low toxicity

potential and environmental risk,!!8119:120.121

2.4.1. Preparation of CNCs

Cellulose is a semicrystalline polycarbohydrate composed of anhydroglucose units
(AGUs) linked by chemical B-1,4-glycosidic bonds (Figure 2-9a).'?? Each unit has
three hydroxyl groups; one primary and two secondary, while the repeating AGUs
take on the thermodynamically favorable chair conformation. Hydrogen bonds exist
between adjacent anhydroglucose units (intra-hydrogen bonding) which result in

chain rigidity and between chains (inter-molecular hydrogen bonding) (hydrogen
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bonds are indicated with dashed lines in Figure 2-9a).!?? The cellulose chain consists
at one end with a non-reducing end and the other end with a reducing end which is in
equilibrium with the aldehyde structure (Figure 2-9a).

Cellulose nanocrystals (CNCs) are isolated from naturally occurring cellulosic
sources.'?® Several patents have been registered describing different preparation
methods of CNCs such as acid hydrolysis and enzymatically catalysed procedures.'?*
Recent progress on production of CNCs including the sources and methods have been
reviewed extensively in the literature.!?>126127 Various acids such as sulfuric acid,
hydrobromic acid, hydrochloric acid, phosphoric acid, maleic acid, and hydrogen
peroxide have been analysed to extract CNCs from different resources.'?> CNCs are
generally produced by sulfuric acid hydrolysis of the cellulose polymer. CNC surface
charges occur from sulfate ester groups which are induced during preparation with
sulfuric acid hydrolysis as shown in Figure 2-9b. It was reported that CNCs isolated
using hydrochloric acid (HCI) are uncharged which causes flocculation of CNCs.!'?
In another study, HCI hydrolysis of cellulose was catalyzed by inorganic chlorides
under hydrothermal conditions.'?* It was observed that the introduction of inorganic
chlorides enhanced the hydrolysis process through faster degradation of the
disordered region of cellulose. The procedure for CNC preparation involves an acid-
induced hydrolysis of the disordered domains along the cellulose fibrils via diffusion
of H" into cellulose microfibrils. The protons ingress results in the hydrolysis of the
B-1,4-glycosidic bonds and the cellulose fibrils into rod-like CNCs as illustrated in
Figure 2-9b.1*% Acid hydrolysis of cellulose takes place by rapid protonation of
glucosidic oxygen or cyclic oxygen by protons from the acid, followed by a slow
splitting of glucosidic bonds induced by the addition of water as shown in Figure 2-

Oc 131
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Figure 2-9 (a) Cellulose structure with the intra- (red) and inter-chain (blue)
hydrogen bonds (b) Physical description of acid hydrolysis of cellulose nanocrystals
(CNCs) and (c) Hydrolysis mechanism of cellulose chain (Reproduced with

permission from the publishers 13%131:132)

The cellulose source has significant importance for the characteristics of obtained
CNCs in terms of size and aspect ratio of particles as illustrated with TEM images in
Figure 2-10. The size and surface chemistry of cellulose nanocrystals are determined
by the hydrolysis conditions such as duration of the hydrolysis, the acid reagents and
their concentration, and the reaction temperature.'*!3* Cellulose nanocrystals
obtained via sulfuric acid hydrolysis of cellulose polymer form stable aqueous
colloidal dispersions. This is attributed to electrostatic repulsion due to negatively
charged sulfate esters groups introduced during the acid hydrolysis.

The surface of CNCs can also be modified chemically to disperse them in organic

solvents and to use in different applications such as composite processing.!3%136:137
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The main classes of reactions carried out on cellulose nanocrystals are oxidations,
esterifications, amidations, carbamations and etherifications.!*¢ In addition CNCs can
be coated with surfactants to increase dispersibility in organic solvents or to

compatibilize them in hydrophobic polymer matrices.!*®

—_—

Figure 2-10 Transmission electron microscopy (TEM) images of CNCs obtained by
acid hydrolysis of tunicin (a) China grass (ramie) (b) cotton (c) sugar beet (d)
microcrystalline cellulose (e) and bacterial cellulose (f) (Reproduced with permission
from the publisher **%)

2.4.2. Characterization of CNCs

Electron micrographs are most often used to characterize the morphology of CNCs,
however it is difficult to image individual CNCs at high resolution because of their
low electron density. In order to increase the resolution of the images, samples are
stained with a heavy metal salt which enhances the contrast. However, staining of
CNCs may also cause the aggregation of the particles. Several alternatives including
alteration of grid surface and stain type were explored to achieve high contrast TEM
images of individual CNCs.!40

In addition to electron microscopy studies, atomic force microscopy is frequently

employed to determine the shape and the size distribution of CNCs,!41:142.143.144
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Both TEM and AFM images can be studied complementarily to provide information
on the shape and size distribution of the particles. Particles size analysis of the samples
by AFM requires well-dispersed particles which are deposited on a flat substrate.
Aggregated particles cannot be effectively measured as tip convolution makes particle
edges indistinguishable. This is why sample preparation becomes crucial prior to
AFM measurement. Drop casting or spin coating can be used to prepare CNC films
for AFM measurement if the substrate is modified with a cationic polymer.
Poly(allylamine hydrochloride) and poly-L-lysine (0.01-0.1 wt%), or amine-
terminated monolayers, are commonly used as cationic adhesion layers and can be
deposited by dip-coating or by spin coating followed by thorough rinsing.!4%14¢
Scattering techniques including small-angle X-ray scattering (SAXS) and small-angle
neutron scattering (SANS) have also been used to determine the dimensions of
cellulose nanocrystals.!*”!*® In these methods, structural information of CNC is
obtained via the modelling of a suitable form factor of cellulose nanocrystals. For this
reason, the choice of model and fitting process become crucial to get accurate results.
For instance, it was found that CNC particles could not be fitted by a simple rigid rod
model for the consideration of polydispersity.'* Instead, a parallelepiped model with
three characteristic lengths: particle length L, thickness @, and width b are typically
used for a more correct modelling and size determination of CNCs.'*” Scattering
measurements are carried out using dilute CNC suspensions to avoid interparticle
scattering and structure contributions to the scattering pattern. For more concentrated
suspensions, interparticle scattering has also to be taken into account and the
scattering intensity will also depend on structuring of CNCs, e.g. alignment of the
ribbon-like particles, in the suspension, making interpretation more complex.

The crystal structure of CNCs has been studied by different methods such as X-ray
diffraction, Raman spectroscopy, and solid state NMR spectroscopy.!?® Different
allomorphs of cellulose exist namely lo, lg, Il, Wi, Ny, 1Vi, IVi (Figure 2-11). 1% Native
crystalline cellulose has |, or Ig structures which have parallel chain configurations
(chains are oriented in the same direction with respect to reducing or non-reducing
end). They differ in their crystalline structure where |, has a triclinic one chain unit

cell and Ig has a monoclinic two chains unit cell.!?!3!
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In general, the lg structure (Figure 2-11) is dominant in higher plants such as wood or
cotton whereas | is prevalent in bacterial cellulose and algae. Regeneration from
solution or alkali treatment of cellulose | yields cellulose || which has an antiparallel
chain configuration (chains are oriented in different direction with respect to reducing
or non-reducing end).!3>!%® X-ray diffraction studies are carried out to analyze crystal

structure changes or the degree of crystallinity upon chemical treatment of
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After understanding the morphology of CNCs, it becomes important to characterize
the surface charges of CNCs. Surface charges on the CNC surface have been shown
to influence the structuring of the CNCs in suspension and the viscosity of CNC
suspensions.!® Several methods have been applied to determine the negatively
charged sulfate ester groups of CNCs, including conductometric titration and acid-
base titration.!#¢157 In addition, elemental analysis can be used to identify heteroatoms
such as sulfur in a CNC sample to verify ionic grafts containing heteroatoms (e.g.
sulfate half esters from sulfuric acid hydrolysis). Carbon, hydrogen, nitrogen, and

sulfur elemental analysis (CHNS EA) is typically used to characterize cellulose.

2.5. CNC suspension behavior

Behavior of CNC suspensions including liquid crystalline phase behavior, viscosity,
and surface tension were shown to depend on the source of cellulose.!®® The
dependence of the source of cellulose on the properties of CNCs and thus its effect on
self-assembly behavior have been studied in the literature.!>%!° It was shown that
CNC suspensions obtained from cotton or wood exhibit different liquid crystalline
behavior, even though their dimensions are similar.!®® Rheological properties and
liquid crystalline behavior of the suspensions have also been shown to vary with
respect to the morphology and surface charge of the particles.!6%161.162

The concentration of CNC suspensions additionally has an effect on the rheological
properties of the suspension. The viscosity of the suspensions increases with
increasing concentration of particles.!®® At the same time, shear thinning has been
observed for CNC suspensions at increased shear rates which is due to the alignment
of the rod-like CNC particles in the direction of flow.!%* Viscoelastic properties of the
CNC suspensions have also been analyzed to understand the behavior of rheological
properties including complex viscosity, elastic modulus and viscous modulus. In a
low concentration regime (<10 vol%), the suspensions behaved as a viscous fluid
whereas at higher concentrations (>12 vol%), the suspensions started to display
mainly elastic behavior.!> In another study, the viscosity of CNC suspension
significantly altered after applying ultrasound energy.'®® It was found that increasing

the amount of applied ultrasound energy significantly decreased the viscosity of CNC
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suspensions. The decrease in viscosity values with applied ultrasound energy was
attributed to the breakage of aggregates in the suspension.

The effects of additional components mixed with the CNCs has been investigated for
polymers!66:167.168.169 o ¢a]45170.17L172 {6 ynderstand how these additives affect the CNC
self-assembly in the suspension. Nanocrystals can form network structures and this
occurs at lower concentrations as the ionic strength is increased.!’>!7#!7> In this
scenario, each nanocrystal acts as a collector, and nanocrystals will deposit onto each
other due to screening of electrostatic repulsions.!”® Full analysis of this behavior is
very complex because of the shape of the cellulose nanocrystals, their longitudinal
twist, and local surface charge information. Previously, molecular dynamics
simulations have been used to understand the structure and charge distribution of the

cellulose nanocrystals with added NaCl.!”’

An analysis of the 3D maps of the Na*
density distribution confirmed that an increase in electrolyte concentration shrinks the
electric interfacial layer and weakens the effective repulsion between charged
CNCs.!"7

Other aqueous CNC-cation interactions have also been studied by mixing CNCs with
different salts resulting in the formation of hydrogels, where the formation of a
network was proven through rheological measurements.'”® Furthermore, the

aggregation'” and the gelation'’®!"

of CNCs with changes in ionic strength of the
CNC suspensions have also been investigated using SANS,!”* SAXS,!”® and Monte
Carlo simulations.!® In addition, the gelation kinetics and the gel structure of CNCs
have been studied in the literature using confocal laser scanning microscopy and light
scattering.!74

CNCs are also used to stabilize Pickering emulsions since CNCs can be adsorbed at
the oil-water interface.!®:!82 Pickering emulsions employ solid particles as stabilizers
which accumulate at the interface between two immiscible liquids and stabilize
droplets against coalescence.'®* The adsorption process of the CNCs at the oil-water
interface was attributed to the (2 0 0) crystalline plane of the CNC which is believed
to be more hydrophobic than the other CNC faces. The crystal planes (1 1 0) and
(1 -1 0) of CNCs are more hydrophilic and moderately rough which are responsible
for the good dispersibility in water. On the other hand, the (2 0 0) plane of CNC is flat
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and includes CH groups which orient toward the oil phase in the case of Pickering
emulsions.!®? In addition, the CNC particle surface must be partially wetted both by
water and oil in order to stabilize emulsions. The contact angle of the particles at the
oil-water interface give an indication of the wettability of the particles.!®* For rod-
shaped CNC particles, the contact angle of the particles at the oil-water interface is
below 90° and they are wet preferably by the water phase, leading to oil-in-water

(O/W) emulsions.'®

2.6. Chiral nematic structure of CNCs

Cellulose nanocrystals are good candidates to obtain structurally colored films since
they form chiral nematic structures.'® An example of such structural coloration was
already shown in Pollia fruit (Figure 2-8). In the case of colloidal suspensions, CNCs
are isotropically oriented at very low concentrations whereas at increasing
concentration CNCs in suspension align and develop long-range order. Owing to their
longitudinal twist CNCs assemble into a helicoidal arrangement at increased
concentrations.'?® This is called a chiral nematic (cholesteric) phase. The chiral
nematic self-assembly consists of layers of particles that align along a vector
(director), with the orientation of each director rotated slightly about the helicoidal

(cholesteric) axis from one layer to the next as illustrated in Figure 2-12a.!!
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Figure 2-12 (a) Chiral nematic structure of CNCs with a helical pitch length, P and

(b) Bragg diffraction (Reproduced with permission from the publisher 36)

Beginning of the formation of this assembly can be proved with the observance of
tactoids (Figure 2-13). These initial assemblies, the tactoids, can merge and
coalescence at increased concentration of particles to form larger tactoids. The main
characteristic of this behavior can be attained by visualization of the fingerprint

textures when these samples are viewed under cross-polarized light.'¥
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Time

Figure 2-13 Cartoon depictions of the tactoids and their transformations as the solvent

evaporates from the CNC suspension (Reproduced with permission from the publisher

188)

Colloidal CNCs can be assembled via evaporation-induced self-assembly. Interaction
of light with these assemblies can be understood by Bragg diffraction since twisted
layers resemble crystal lattices. Bragg diffraction (Figure 2-12b) occurs when
electromagnetic radiation having a wavelength comparable to consecutive
crystallographic planes is scattered by different lattice planes that remain separated by
the d interplanar distance. Therefore, depending on the wavelength of the incident
wave (1), these scattered waves are able to interfere constructively according to Bragg

law (Equation 2.3):
mA = 2dsin(6) (2.3)

where m is a positive integer and @ is the incident angle.
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The relation between the pitch length of the chiral nematic assembly, i.e. the distance
required to complete a full rotation of the director, and reflected wavelength is then
formulated by Equation 2.4, where A,,,,1s the reflected light wavelength, n is the
refractive index of the film, P is the helical pitch and 6 is the incident angle of the
light with respect to the surface of the film (Figure 2-12a).%%181%0

Amax = nPsin(0) (2.4)

Thus, the pitch length of the chiral nematic assembly must be controlled to achieve
the desired wavelength of the reflected light. For instance, it has been reported that
the concentration of the CNCs in drying colloidal films has an influence on the pitch
distance (P) as depicted (Figure 2-14)."! In the dilute regime CNC suspensions are
isotropic and they do not have any helical assembly. When a critical concentration is
reached, chiral nematic phases form and coexist with the isotropic phase. The volume
fraction of each phase in this biphasic region depends on the characteristics of CNCs
and suspension behavior.! Increasing the concentration further reduces the isotropic
phase to zero and the suspension exhibits a fully chiral nematic phase. Further
increases in concentration of the suspension then causes a linear decrease in the helical
pitch length.'> The pitch values follow a power law of Px ¢! as explained by
Straley.!*? In this model, the pitch length is proportional to the ratio of two elastic
constants (K/K22). K: is called twist constant which is characterized by the
contribution of the free energy of a chiral nematics influenced by the torque a chiral
molecule exerts on its neighbor whereas K22 is called twist elastic constant (Frank
elastic constant) which defines the creation of an elastically distorted state described
in the Frank-Oseen elastic free energy density.!®>!** It has been reported that K2 is
dependent on the concentration changes for rod-like viruses which gives an account
of the dependence of the pitch length on the concentration of the suspension.'®® For
CNC suspension, the power law is followed by a possible gel formation which
constrains a further decrease in P. Lastly, the final pitch of the CNC film depends on

where along the line A—E the structure of the suspension is frozen.
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Figure 2-14 Concentration dependence of the chiral nematic pitch length and range
of pitch length that reflect visible light (Reproduced with permission from the
publisher 1)

2.7. CNCs based films

The chiral nematic structures of the CNCs could also be retained upon solvent
evaporation to obtain solid films showing iridescence.!! SEM images of the cross
section of the films after film fracture surface give a clear indication of the pitch,
handedness and direction of the chiral nematic director.!*® Self-assembly of colloidal
CNCs in dried films are governed by initial suspension behavior and its changes
during drying process. Several parameters determine the assembly of CNCs in
aqueous suspensions. These are mainly the shape of the CNCs, the electrostatic
interactions between particles and the ionic strength of the medium.!*® In addition,
external elements such as exposure to magnetic, electric, or shear fields can be

197,198,199,200

employed to control the alignment of CNCs. For instance, the orientation

of cholesteric phases of CNCs could be controlled at low electric fields whereas
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unwinding of the cholesteric structure was achieved at high electric fields.'”® However
in such studies, CNCs were dispersed in an apolar solvent (toluene) to be able to apply
strong electric fields over large distances in the suspension to align the CNCs parallel
to the electric field. To avoid aggregation of CNCs, surfactants were added to CNC
dispersions in toluene. In another example, NdFeB magnets were used to improve the
homogeneity of the chiral nematic pitch and the orientation of the particles.!”® The
orientation of cholesteric suspensions in magnetic fields is attributed to the intrinsic
anisotropic diamagnetic susceptibility of the individual CNCs.?! In addition, shear-
oriented CNC films have been obtained to characterize the effect of the alignment of
CNCs on the coefficient of thermal expansion of the films.?® It was concluded that
the oriented CNC films, obtained by applying shear, exhibited a highly anisotropic in-
plane thermal expansion whereas CNC films without preferential orientation
displayed isotropic thermal expansion. The effect of the shear speed on the
orientational order of CNC suspension was also studied by grazing incidence wide-
angle X-ray scattering (GI-WAXS).2? It was reported that the shear speed was
controlling the alignment of CNCs at low casting temperatures whereas evaporation
affected the film formation at the high casting temperatures.

Several parameters such as ionic strength, temperature, and suspension concentration
controlling chiral nematic structure of CNCs have also been introduced and their
effect on the pitch length distance in dried films was analyzed.!”! It was reported that
the chiral nematic pitch of the anisotropic phase decreased with increasing particle
concentration and with added electrolyte concentration (HCI, NaCl, and KCI).!7® Pitch
length can also be tuned by sonication of the CNC suspension.2>2%* In addition to the
fact that ultrasound treatment of CNC suspension increased the chiral nematic pitch
(Equation 2.4), increased energy of ultrasound in CNC suspension prior to drying also
induced a red-shift in the reflection wavelength of CNC films.

Furthermore, the addition of salt!’!!72205 polymers such as poly(vinyl alcohol)

168

(PVA)'®’, anionic polyacrylate'®®, and waterborne polyurethane®, organic linkers

such as glycerol?”, poly(ethylene glycol) (PEG)*®, or inorganic nanoparticles such as

d209,2 10

gol and silver?!! to CNC suspension have also been studied to understand the

effects of these additives on the self-assembly behavior of cellulose nanocrystals.
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The selection of the additives depends on the desired property to be modified. For
instance, an anionic polymer, sodium polyacrylate (PAAS), was used to modulate the
CNC film coloration, while a neutral polymer, polyethylene glycol (PEG), was used
to improve the CNC film flexibility.!®® In another example, chiral plasmonic films
were formed by combination of gold nanorods and CNCs.?!? The concentration, size,
and surface charge of spherical gold nanoparticles were altered to modify the structure
and optical properties of the CNC films. It was concluded that the concentration of
gold nanoparticles had the strongest effect on the properties of the composite films,
when compared to the effect of gold nanoparticle size and surface charge. Ionic liquids
were also used to modify the mechanical, optical and thermal processability of CNC
films.?!3 It was shown that the flexibility of CNC films was increased with the addition
of 1-allyl-3-methylimidazolium chloride (AmimCl) which also induced a red-shift in
the reflected wavelength of the produced films. The red shift of reflected wavelength

is attributed to some changes in # and P as explained in Equation 2.4.
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2.8.  Methods of film formation

Several methodologies (Figure 2-15) have been reported to obtain CNC films,

including blade coating,*® dip coating,>'* Langmuir—Schaeffer,?!> Langmuir—

217 218,219

Blodgett,?'® layer-by-layer assembly,?!” spin coating, a combination of spin

220 and drop-casting 2?2222, Each method has its

coating and layer-by-layer assembly,
own merit to control film thickness or packing density. For example, the Langmuir-
Blodgett and Langmuir-Schaeffer methods have the ability to control the packing
density of the particles whereas spin coating and dip coating cannot achieve the same
level of control.>!¢ In the Langmuir-Schaeffer method, a CNC suspension was first
mixed with cationic surfactant which enabled CNCs to transfer from the air-liquid
interface to a solid substrate during horizontal deposition (Figure 2-15b).2!> The
packing density in the obtained films was controlled by changes in the surface
pressure at the air-liquid interface prior to the deposition. Spin coating can be a good
alternative to produce film with uniform thickness, however, there is no direct control
of particle orientation for non-spherical particles in the dried films. It has been
observed that spin coating a CNC film caused a loss of iridescence and nanocrystals
aligned in the direction of shear.??* Research has also been carried out to describe the
effect of shear-induced alignment with blade coating or oscillatory microfluidic
control of CNC films.2%224225 The results obtained in these studies showed an
increased alignment of CNC by balancing the capillary and the shear forces within the
film. Application of shear is also demonstrated to be efficient for the mechanical

226,227

improvements of the composite materials and the break-up of aggregates??®

however, applied shear can also be strong enough to disturb the assembly of CNCs.??
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Figure 2-15 Methods of film formation (a) Blade-coating?® (b)
Langmuir—Schaeffer?!® (c) Dip coating®! and (d) spin coating?*® (Reproduced with

permission from the publishers)

Another study was carried out to investigate the color formation in evaporation-
induced self-assembly of cellulose nanocrystal films in which the CNC suspension
was evaporated inside a petri dish.!! Multi-colored domains have been observed due
to the differences in self-assembly of particles in different domains. Confined

assembly of CNCs have been studied via several approaches.
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For instance, aligned CNCs deposits on a surface were obtained via a wrinkled
template-mediated printing process.?*!"*32 This method was adapted from a process
developed to obtain gold nanoparticle arrays.”***** In this approach, CNCs were
aligned within pre-wrinkled template polydimethylsiloxane (PDMS) grooves and cast
onto the substrate. In another example, the self-assembly of cellulose nanocrystals
was achieved within shrinking, micron-sized aqueous droplets.!® The study showed
the effects of the confined geometry on the chiral nematic assembly of CNCs which
correlates the concentration of the particles and pitch length of the chiral nematic
assembly. In other words, this configuration enables the observation of the
microdroplet shrinkage process by polarized optical microscopy and thus the
evolution of pitch, which depicts the behavior of the cholesteric phase from low
concentration at the equilibrium towards the final dry state. CNC films were also
obtained via drying CNC suspension between two glass substrates to investigate the
effect of surface anchoring on the evolution of chiral nematic helix orientation and
pitch during drying.?*® It was shown that slow drying of anchored CNC dispersions
on an orbital mixer resulted in films with larger areas of uniform color reflectance.

Alternatively, drop-casting and evaporation of CNC suspensions have also been
investigated.'>??! Drop-casting is a relatively simple method which does not require
advanced instrumentation and films can be generated onto relatively small substrates
without wasting material. One of the biggest drawbacks of drop-casting is that the
obtained films tend to have a non-uniform film thickness due to differences in
evaporation rates across the drop causing capillary flow inside drop. There have been
several attempts to avoid this problem for CNC films. For example, inkjet printing of
CNC films has been carried out onto the aqua regia cleaned quartz substrates to induce
attractive electrostatic interactions between the nanocrystals and the substrate.*8
However, inkjet printing was limited to less concentrated systems and there was no
proof of iridescent formation in obtained CNCs films (Figure 2-16). Besides, deposits

exhibit coffee-ring pattern as shown in Figure 2-16.
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Figure 2-16 Cellulose micropattern on glass obtained by printing a 0.76 wt% cellulose
nanocrystal suspension into a ring deposits (Scale bar: 300 um) (Reproduced with

permission from the publisher #%)

In other examples, the coffee-ring effect has been observed in dried CNC films and
the control over the chiral nematic pitch length was achieved by adding glucose to the
suspension prior to drying.!>??! A qualitative explanation of pitch length changes in
different concentration regimes was described and these changes were related to the
reflected wavelength of light.!? In a similar example, self-assembly of CNCs were
studied by drying colloidal drop onto a meshed supports.?*¢ The process of thin film
formation is illustrated in Figure 2-17 where the particle concentration increases upon
drying, which leads to CNC self-assembly into larger structures, i.e. tactoids that form
the suspended film. The effect of mesh morphology on the optical properties of CNC
films was further investigated. Using larger mesh opening sizes resulted in thicker and
less even films. Despite all this work, there still remains a need for the characterization
of dynamic evolution of colloidal drops in terms of the concentration changes and the

surface behavior during drying.
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Figure 2-17 Evaporation of sessile colloidal drop of CNCs onto a meshed substrate

(Reproduced with permission from the publisher 2*¢)

2.9. Applications of CNC films

In the case of CNC films, research has mainly focused on the application of photonic
materials, anti-counterfeit, decorative, and antireflective coatings, and optical
filters.!?>196237 These are the main interests in the development of new materials as
CNC suspensions readily form a chiral nematic phase. On the other hand, CNCs can
also be used as a template to produce chiral nematic mesoporous resins.?*® In principle,
chiral mesoporous material can be prepared by the selective removal of one
component in a composite of CNCs and the material of interest such as silica or
polymer.?? Thus, chirality can be induced for porous inorganic solids which can be
used to produce new types of materials for chiral separation, stereospecific catalysis,
chiral recognition and photonic materials after removal of the CNC template. In a
similar manner, the self-assembly of CNCs with hydrogel precursors leads to
nanocomposites with long-range chiral nematic order. In such applications, hydrogel
swelling can be controlled to have tunable iridescence.?** Stimuli-responsive films can
be used for instance as humidity sensors which can be used in the food industry.?*!
Dense films of CNCs can be used as scaffold material for cell cultures in applications
of tissue engineering.?*? In another example, detection of aldehyde gases was achieved

by CNC films.?** The surface of CNCs were grafted with amine groups to produce
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colorimetric sensors that change color when exposed to aldehyde gases such as
formaldehyde or propanal.

In general, solvent casting is a preferred strategy to fabricate nanocomposite films
containing CNCs as a nanofillers. Other methods such as 3D printing are also
investigated for CNC suspensions and to provide iridescence throughout the film
while maintaining the chiral structure. Viscoelastic inks from CNC suspensions can
be produced for patterning 3D objects by direct ink writing.2** For instance, 3D
printing of CNC particles suspended in either water or a photopolymerizable
monomer solution is used to produce three dimensional CNC based
architectures.?*>*¢ In order to have control over extrusion and patterning, finite yield
stresses are required for the suspensions. These rheological properties can be achieved
with higher weight concentrated suspensions or thickening agent for low concentrated
systems. In addition, the alignment of CNCs can be achieved by the applied shear
forces during the extrusion process. CNCs have also been reported to show great
potential in printed electronic applications.?*” CNCs can be used as an additive in
conductive ink formulations to be used as stabilizing agent or they can be employed

as a bio-template or a capping agent for metallic nanoparticles synthesis.
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2.10. Conclusions

CNCs can be used to produce films which exhibit structural color. This structural color
occurs because of the interaction of light with chiral nematic structures preserved in
the films, causing a diffraction of light of a specific wavelength. There have been
several studies to control chiral nematic assembly as explained in Section 2.7. These
studies have mostly focused on the self-assembly behavior in the aqueous phase. On
the other hand, there is a need for understanding the film formation to regulate
structural color formation in dried films.

A number of methods have been employed to produce CNC films (Section 2.8),
however there is a lack of achieving control over the colloidal deposition of CNCs.
One of the examples of this case is observed for the evaporation of drop-casted CNC
suspension. Although there have been some studies where CNC films were obtained
by drop-casting, the colloidal deposition of the particles was not controlled to suppress
the coffee-ring effect. Non-uniform deposition of the particles can be problematic for
the applications such as ink-jet printing, spray coating, and evaporation-induced
colloidal self-assembly. In addition, the changes of the concentration in drying CNC
drops were not determined which is crucial to characterize the suspension behavior
including viscosity and liquid crystalline phase behavior. In this work, a new approach
is introduced to determine the concentration changes in drying colloidal drops. The
flow behavior inside the drying drops is analyzed by interpreting the dimensionless
numbers which enable to direct the colloidal deposition pattern. Following that,
several strategies will be investigated to control the colloidal deposition of CNCs and

to analyze the effects of this control on the structural color formation.
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3. Materials and Methods

3.1. Materials

Cotton wool (German pharmacopeia grade, Hartmann, Germany), isopropanol
(99.5%, HPLC grade), sodium hydroxide (99%, pellets) and calcium chloride (96 %,
granular) were purchased from Carl Roth GmbH. Sodium chloride (99.5%) was
purchased from Fisher Scientific. Sulfuric acid (95 %, RECTAPUR) and ethanol
(96%, Analar Normapur) were purchased from VWR International. Tetraethyl
orthosilicate (TEOS, 99.9% trace metals basis), poly-L-lysine solution (0.1% w/v in
water) and ammonium hydroxide were purchased from Sigma Aldrich.

H,1H,2H,2H-Perfluorooctyltriethoxysilane (FAS) was obtained from J&K Scientific.
Dialysis membranes (molecular weight cut-off 12—14 kDa) were purchased from
SpectrumLabs. Amberlite MB-6113 (for ion chromatography, mixed resin) and
potassium carbonate (99%) were purchased from Acros Organics. Glass microscope
slides (soda-lime glass) were produced by Kanittel Glaser (Germany) and were made
in accordance to international standard ISO 8037/1 (n= 1,53 +0,02) and were
purchased from MLS NV (Belgium). Glass circular cover slides (borosilicate, 10 mm
diameter, (n= 1,52 +0,01) were purchased from Agar Scientific (U.K.). Wilmad ®
NMR tubes (5 mm diameter) used in DDLS measurements were purchased from
Sigma Aldrich. Capillary tubes (rectangular glass 0.4x4.0 mm) were purchased from

VitroCom. All materials were used as received unless otherwise stated.
3.2.  Preparation of Cellulose Nanocrystal (CNC)

Suspensions

A cellulose nanocrystal suspension was obtained via sulfuric acid (10.06 M)
hydrolysis of cotton wool over 40 min at 45 °C using the same procedure for all
suspensions used in this thesis. Cotton wool pieces were added to pre-heated (45 °C)
sulfuric acid solution (10.06 M) and mixed with a mechanical overhead stirrer
(Heidolph Instruments).

At the end of the hydrolysis, the obtained product was diluted with 1 L water and
centrifuged 5 times at 10 °C, 10000 rpm with intermitted distilled water washes and
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decantation of the supernatant to remove excess acid. After the centrifugation steps,
samples were dialyzed against deionized water for 48 h using a dialysis membrane
(MWCO 12-14 kDa). The nanocrystal suspension was homogenized using a Branson
Digital Sonifier, aliquots of 300 mL of suspension were sonicated for 3 minutes at
amplitude 25% before filtration through a No. 2 fritted filter to remove remaining
aggregates. The suspension was then mixed with Amberlite MB6113 resin to remove
excess non-H* and OH™ ions in solution. The resin was subsequently removed by
filtration. The obtained initial aqueous suspension was then concentrated to the
desired concentrations by evaporating excess water by rotary evaporation. The bath
temperature of the rotary evaporator was increased to 60 °C and vacuum pressure was
set to 72 mbar. The weight concentration of the cellulose nanocrystal suspensions was
then determined by thermogravimetric analysis. Thermogravimetric analysis (TGA)
was carried out with a Netzsch F3 Tarsus under nitrogen atmosphere. The CNC
suspensions were heated at 10 °C min™! to 85 °C, followed by an isothermal period
for 30 min. The concentration of stock suspensions was determined from three
measurements of the residual mass and the standard deviation was calculated to be 0.2

wt%.

3.3. Characterization of Cellulose Nanocrystals
3.3.1. Crystallinity of Cellulose Nanocrystals

X-ray diffraction was used to determine the index of crystallinity of the prepared
CNGCs. In order to carry out measurements, solid CNCs were obtained via freeze
drying of a CNC suspension after it was flash-frozen in liquid nitrogen. The CNC
powder was analyzed on a zero-background silicon sample holder. X-ray
diffractograms were recorded on a PANalytical X’Pert Pro multi-purpose
diffractometer in Bragg-Brentano parafocusing geometry, with monochromated Cu
Ko (L= 1.5406A, 45 kV, 40 mA) radiation, automated divergence and receiving slits
(10 mm illuminated length), 10 mm beam mask, 0.04 rad soller slits, and a step size
of 0.02°. The empty sample holder was used as an instrumental background. Profex

software was used to perform Rietveld refinement fitting the experimental data using
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the cellulose Ip pattern from Nishiyama et al.?*® The experimental data and calculated
refinement fit are shown in Figure 3-1. It was observed that the diffraction intensities
are influenced by the sample orientation. The diffraction pattern of the cellulose I
from Nishiyama et al.?*® includes preferred orientation which causes a difference in
the fitted profile at around 21° (Figure 3-1). The crystallinity index (yc) of cellulose
was calculated based on the method by Thygesen et al.®* as described by Equation
3.1 where I.(s) is the intensity at a particular vector due to crystalline material, /(s) is
the total intensity at a particular vector where the scattering vector (s) is given by s =

2sinf/ A. The limits of integration were chosen as so at 20 = 10° and s at 20 = 40°.

Ae = fﬂlc(s)szds/fﬂl(s)szds 3.1)

The crystallinity index (yc) was calculated to be ~ 0.84 using the data in Figure 3-1.
Concha et al.*° reported the crystallinity index of cotton cellulose as 0.90. However,
it has to be noted that the analysis method can significantly alter the determined

crystallinity index as studied by Svedstrém et al.®!
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Figure 3-1 Diffractogram of CNCs and refinement data
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3.3.2. Size Distribution of Cellulose Nanocrystals

There are several methods proposed to characterize the size distribution of CNCs.
They include transmission electron microscopy (TEM), atomic force microscopy
(AFM), small-angle X-ray scattering as described in Section 2.4.2.14+14L147 Examples
of TEM images can be seen in Figure 2-5 in which a small number of particles can be
visualized directly.'*® Although TEM images gave an idea about the size and shape of
the particles, it gets difficult to analyze the size distribution of the particles since the
number of particles imaged are limited. Increasing the concentration of initial
suspensions to be able to record larger number of the particles causes problems
associated with the aggregation of the particles during drying.'*® In addition, the
contrast in TEM images is affected by the electron density of the material. This also
causes problems in case of the imaging of cellulosic materials which are made of
carbon having low electron density. A stain containing heavy metal salt such as uranyl
acetate is often used to increase the contrast of the images. Staining procedure can
also cause aggregation of CNCs which impair the characterization of individual
nanocrystals. Besides, uranyl acetate which is commonly used as a stain is a toxic and
radioactive material which has to be used in a cautious manner for health and
environmental safety.!46

In order to characterize the size distribution of CNCs, atomic force microscopy (AFM)
was used in this work. Sample preparation is easier for AFM measurements with
respect to TEM experiments since it does not require staining of the samples. Particles
size analysis of the samples by AFM also requires well-dispersed particles which are
deposited on a flat substrate. Additionally, the anchoring of the CNCs are necessary
to avoid slipping problem of the particles due to dragging by the AFM tip. For this
reason, a cationic polymer adhesive was deposited onto the substrates prior to CNC
deposition. In this work, 20 pL poly-L-lysine solution (Sigma Aldrich, 0.1% w/v in
water) was deposited on a freshly cleaved mica surface (NanoAndMore GMBH) for
3 minutes and subsequently rinsed with deionized water. The surface treated mica was
dried with compressed air. 20 pL of a CNC dispersion (0.001 wt%) was placed on the

treated surface for 3 minutes, then rinsed with deionized water, and dried with
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compressed air. The sample were left in a vacuum oven at 40°C overnight before
analysis. A Multi-mode V AFM (Digital instruments Nanoscope Veeco) was used in
tapping mode with AFM probes from Budget Sensors (Tap300 Al-G, resonance
frequency 300 kHz and force constant 40 N/m) to image the samples. The length of
300 particles was measured manually using ImageJ and the mean length and standard
deviation were determined. The average and standard deviation is 225 + 93 nm and
the log-normal fit resulted in 201 nm as shown in Figure 3-2. The width of particles

cannot be determined accurately due to AFM tip broadening.
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Figure 3-2 Atomic force microscopy image of cellulose nanocrystals and length

distribution extracted from AFM image
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3.3.3. Determination of Sulfate Ester Groups

The number of sulfate ester groups was determined independently by elemental
analysis and by acid-base titration, as previously reported.!>” Comparable results were
obtained, as shown in Table 3.1. Elemental analysis data (nitrogen, sulfur) were
collected on a Thermo Flash 2000 elemental analyzer (Thermo Fisher Scientific, Inc.)
using enriched phenanthrene as a calibration standard with linear calibration. Nitrogen
and sulfur content were reported as mass percentage of the total sample. Acid-base
titration was performed using a SI Analytics Titroline 6000 autotitrator. Three
independent titrations shown in Figure 3-3 were performed using sodium hydroxide
(99%, p.a., ISO, in pellets, purchased from Carl Roth), which was previously
standardized with oxalic acid (> 99.5%, purchased from VWR). The concentration of
cellulose nanocrystals used in the acid-base experiment was 2.6 wt%, as previously

determined by thermogravimetric analysis (TGA).

Table 3.1 Concentration of sulfate ester groups of CNCs determined from two

independent techniques

Technique employed Concentration of sulfate ester groups
(mmoles/gCNCs)
Elemental analysis 0.24 +£0.01
Acid base titration 0.28 £0.01
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volume NaOH (ml)

Figure 3-3 Titration of sulfated CNCs (2 mL, 2.6 wt%) with sodium hydroxide
(0.01 M)

3.4. Film Deposition

In a typical experiment a droplet of aqueous CNC suspension is deposited on a glass
substrate and allowed to evaporate. Glass microscope slides and cover slides were
rinsed with isopropanol and dried with compressed air prior to film casting. Glass
slides being transparent are chosen for the ease of optical characterization of the CNC
films. An aluminum optical breadboard (Thorlabs) was used to achieve stability and
consistency in the deposition setup. Leveling of the sample stage is fundamental to
obtain symmetric films. Glass slides were put on a goniometer stage (Thorlabs, GN2)
which is mounted on the aluminum optical breadboard. A round bubble level
(Manutan) was used to assure the leveling of the stage. Each film was prepared by
depositing 10 pL of a suspension of cellulose nanocrystals with a specific
concentration or component. For pipetting, Eppendorf research plus single channel
pipette (10 pL) and tips (EppendorfepT.I.P.S.) were used which are tested in
accordance to international standard ISO8655:2002.
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The weight concentration of the initial cellulose nanocrystal suspensions was
determined by thermogravimetric analysis as described earlier in Section 3.2.
Saturated aqueous solutions of KoCOs (40% RH) were used in a closed desiccator (25
cm nominal size) to obtain environment with a controlled specific relative humidity.?*
In chapter 5, ethanol was mixed with desired amount of water to 100 mL inside a
closed desiccator (25 cm nominal size) to obtain an environment containing a
controlled amount of ethanol vapor.

In chapter 6, cellulose nanocrystal suspension were mixed with sodium chloride or
calcium chloride to obtain the desired ionic strength prior to casting onto a dust-free
cover slide. Drops were cast immediately after the CNC suspension was mixed with
the desired salt to avoid gelation time effects, as it was noticed that leaving the
suspension to equilibrate led to the formation of hydrogels at higher ionic strength as
expected from other literature reports.!’>178:17

In chapter 7, superhydrophobic substrates were prepared via coating glass substrates
by sol evaporation.*® In order to prepare the sol, Tetraethyl orthosilicate (TEOS, 5
mL), together with 1H,1H,2H,2H-Perfluorooctyltriethoxysilane (FAS, 1 mL) was
dissolved in 25 mL ethanol. The solution was mixed with ammonium
hydroxide/ethanol solution (6 mL 28% NH3-H20 in 25 mL ethanol), and stirred
intensively at room temperature for 24 hr. The mixture was sonicated in a bath

sonicator for half an hour and 10 mm glass covers were coated with a drop of a mixture

and dried at room temperature and cured at 100 °C.
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X-ray photoelectron spectroscopy was employed to characterize the elemental
composition on the surface of glass before and after the coating. XPS spectra (Figure
3-4) was recorded on a Kratos Axis Supra photoelectron spectrometer employing a
monochromated aluminium Ka (hv = 1486.7 eV, 150 W emission) X-ray source,
hybrid combined magnetic-electrostatic optics, a hemisphere analyser and delay-line
detector. The analyser was operated in fixed-analyser transmission mode with a pass
energy of 160 eV. Charge neutralization was performed using a low-energy electron
flood gun within the field of the magnetic immersion lens. Analysis chamber pressure
was <5 x 10® mbar during analyses. Binding energy was referenced to aliphatic
carbon at 285 eV. Empirical relative sensitivity factors supplied by Kratos Analytical
(Manchester, UK) were used for quantification. Homogeneous sample composition
within the information depth was assumed and no correction was made for matrix
effects. The XPS peak at 688 eV is attributable to F 1s, suggesting that the glass was
coated with fluorinated alkyl silane (FAS) (Figure 3-4b). A peltier heating stage (PE
120, Linkam) was used to regulate the temperature of the substrate in thermal

Marangoni flow studies (Section 7.2.1.).
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Figure 3-4 XPS spectra of the (a) glass cover slide and (b) coated glass

Table 3.2 XPS data for glass and coated glass

Orbital Concentration (At. %)
Glass Coated Glass
Na ls 1.14 0.24
F1s 0.46 30.65
Ols 47.19 33.91
Cls 27.90 20.58
Si2p 16.52 14.62

3.5. Droplet Imaging

In chapter 4, sessile droplets were monitored from side with a system adapted from
study **. A Canon EOS 1200D camera was coupled with a Plano-Convex Lens =50
mm (Thorlabs) to capture images of sessile droplets. LED lighting was used in the
background with a diffuser to create the required contrast between the drop and air.
Measurements were analyzed with ImageJ and drop shape analysis software.?> In

chapter 6, images of drying droplets were recorded with a camera (DCC 3240C,
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Thorlabs) fitted with a zoom lens (MVL7000, Thorlabs) and analyzed with ImageJ to
derive the droplet volume versus time. Drop volumes were obtained by acquiring

images over time at frame intervals 100 s and fitting the droplet shape with a spherical
cap.”** Volume of the drop is given by, V.o, = %nh(3r2 + h?) where 4 is the height

of the droplet and r is the contact radius of the droplet. In chapter 7, in order to
characterize the temperature gradients at the air-liquid interface of the drop, the drying
process of the colloidal drops was monitored with an infrared (IR) camera (A6703sc,

FLIR Systems Inc.).

3.6. Cross-Polarized Light Microscopy

Cross-polarized light microscopy images were taken with an Olympus BXS51
microscope. The glass slide with a deposited film was placed between crossed
polarizers and images were recorded using a digital colour CCD camera (Lumenera
Infinity 2 Mpx). For the characterization of the liquid crystalline behavior of CNC
suspensions, 30 pL of the suspension were put inside capillary tubes and observed

between crossed polarizers.

3.7. Profilometry Measurements

Profilometry was used to determine the height profile of the deposited films through
the center point of the deposited films. Profilometer traces were obtained with a
Taylor-Hobson 120-L Form Talysurf using a diamond tip with a radius of 2.5 pm and
a measurement speed of 0.5 mm/s. This device works with a 120 mm traverse unit
with a HeNe laser interferometric transducer (phase grating interferometer). In a
typical experiment, a diamond stylus is moved vertically in contact with a sample and
then moved laterally across the sample for a specified distance and specified contact
force. Surface height variations are measured by tracking the displacement of the
stylus tip as a function of position.?” This is done mechanically with a feedback loop
that monitors the force from the sample pushing up against the probe as it scans along
the surface using phase grating interferometry. A feedback system is used to keep the
arm loaded with a specific amount of torque. Changes in the vertical position of the

arm holder can then be used to reconstruct the surface.
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3.8.  Pendant Drop Tensiometry

The surface tension of pendant drops containing different concentrations of CNCs
and/or salts was measured with a CAM200 (KSV NIMA) at room temperature. A
CCD firewire camera (512x480) with telecentric zoom optics combined with LED
based background lighting were used to produce grayscale images of pendant drops
for drop shape analysis. Dispense tips (Nordson EFD) with an outer diameter of 0.82
mm and inner diameter of 0.51 mm were selected to create the pendant drops. Before
analyzing the shape of the drops, the camera image was calibrated with a solid sphere
with a diameter of 2.75 mm. During the measurements, gray level values were assured
to be in the optimum range for the required contrast between the drop and the air. The
measurement precision was determined using the Worthington number, Wo, 8 which
was calculated to be ~ 0.8. The Worthington number is given by Equation (3.2);

_ ApgVy
°  myDy

3.2)

where Ap is the density difference between drop and the air, g is gravitational
acceleration, Vuis the volume of the drop, y is the surface tension and D, is the needle
diameter. It was reported that including the volume of the drop and the needle
diameter in dimensionless number analysis increased the measurement precision.?*
In chapter 6, in addition to Worthington number, the accuracy of the surface tension
determination of CNC suspensions with added salt was confirmed by the Bond
number (Equation 3.3) which was calculated to be ~ 0.3.

ApgRp2
B:PQD

, (33)
Y

where Ap is the density difference between drop and the air, g is gravitational
acceleration, v is the surface tension and Ry is the radius of the drop. Bond number is
a dimensionless number measuring the importance of gravitational forces compared
to surface tension. Thus, if the gravitational effects are too small then Bond number

gets close to zero.
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3.9. Rheological Measurements

An AR-G2 stress-controlled rotational rheometer (TA Instruments) was used to
determine the rheological properties (viscosity changes and gelation) of the
suspensions. Temperature control was achieved using a Peltier plate with an upper
heated fluid bath. All of the suspensions were tested at 20 °C using a double-wall
concentric cylinder geometry with gap sizes of 380 and 420 um. The instrument and
the geometry were calibrated prior to testing of the samples in terms of friction and
instrument inertia. This geometry was chosen since it has the highest sensitivity for
low viscous samples. For each test mentioned in this dissertation, 7 mL of suspension
was put inside the geometry. A solvent trap was used to avoid ethanol evaporation for
CNC suspensions containing ethanol. Steady shear viscosity versus shear rate curves
were obtained for each sample at shear rates between 10 to 100 s!. The time required
to reach steady state was determined by a transient test. For frequency sweep
experiments, the linear viscoelastic (LVE) limit was determined by carrying out an
amplitude sweep experiment at a frequency of 1.6 Hz.

In chapter 6, the desired concentrations of CNC and salt suspension were reached by
adding different concentrations of CNC and salt in water with a volume ratio of 9:1
v/v. Time sweep experiments were carried out at 5% strain and a frequency of 1 Hz.
The yield stress values were obtained by fitting steady shear flow data with the
Herschel-Bulkley model.?® In order to avoid shear induced reduction of the yield
stress values of the mixtures, salt solutions were mixed with CNC suspensions which

were already loaded to the geometry.

3.10. Depolarized Dynamic Light Scattering (DDLS)

DDLS measurements were carried out on an ALV 5000 autocorrelator to determine
the scattered light electric field time autocorrelation function for each suspension. All
measurements were carried out between 30-120 degrees with an angular step of 5
degrees for 300 s. A toluene bath was used around the sample tubes to control the
temperature and match the refractive index of the glass sample holder (Wilmad ®
NMR tubes 5 mm). Assuming Gaussian statistics for the scattered field, the

normalized second-order (intensity) autocorrelation function, gz(2), is related to the
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normalized first-order (electric field) autocorrelation function by the Siegert relation
(Equation 3.4),260.26!

The normalized first-order (electric field) autocorrelation function, gi(¢), was
analyzed to extract the diffusion coefficients as described elsewhere.?®2 The

correlation function, g;(t), was fitted with Equation 3.5 to obtain the decay constant

I, where Iy 1 = 1 / rand lyy, = 1 / z,» With i the relaxation time for the slow mode

(t1) and fast mode (12). The obtained decay constant /'vx was subsequently fitted with

Equation 3.6 to get the rotational and translational diffusion coefficients.?%

g =1+g,®OI (3.4)
81(0) = Arexp(—(Tyu1)O) + A exp(—(Ty )’ +B (39
Iyy = 2Dt + 6Dy (3.6)

L 4 .8 . L
The wavevector (q) is given by, q= % sin, where 7 is the refractive index of the

medium, A is the wavelength of the light, and 0 the scattering angle i.e. the angle
between the propagation direction of the incident light and that of the detected light.

3.11. Zeta Potential Measurements

Zeta potential measurements were carried out on a NanoBrook Omni (Brookhaven)
using phase analysis light scattering. 264263266267 The instrument used a laser light with
a wavelength of 640 nm. In this work, a BI-SREL electrode (Solvent resistant
electrode assembly) was used for measurements including ethanol whereas BI-ZEL
electrode (Electrode assembly for aqueous systems) was used for aqueous CNC
suspensions. Consecutive measurements were taken at 20 °C degree for each sample
(2 mL) to assure the stability of the cell and laser. To determine the zeta potential of
CNCs in water-ethanol mixtures, the cellulose nanocrystal suspension in water was
mixed with the desired amount of ethanol whereas for CNC suspensions containing
salt, the mixtures were obtained with desired concentrations of salt within the cell.

Dielectric constants (permittivity) for ethanol mixtures were taken from reference®®®,
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For all measurements the Smoluchowski model was applied (Equation

3 .6)'266,269,270,271

H=—o (3.6)

Zeta potential, T is determined from electrophoretic mobility, i where € and g, are the
relative and vacuum permittivity respectively andmis the viscosity of the
medium. (Water permittivity = 80.56 at 20 °C). In the Smoluchowski limit (ka > 1),
infinitely long rods are oriented parallel to the electric field and (kL/2 >> 1) where
k~Lis the double layer thickness, a is the rod radius and L is the length of the rod.?”
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4. Deposition of Cellulose Nanocrystal Films

4.1. Introduction

Cellulose nanocrystals (CNCs), rod-like crystalline nanoparticles are a bio-based
material that can be a great alternative to obtain films with tunable optical properties.
Iridescent and light-diffracting films can be readily obtained by drying a suspension
of these CNCs. One of the aims of this research is to understand the colloidal
deposition and its effects on the structural color formation in CNC films that is
produced via evaporation of the water from the colloidal drop.

Evaporation based colloidal film formation is a dynamic process that involves solvent
evaporation, particle transfer, and deposition. As the solvent evaporates some of the
properties of the suspension such as the concentration, viscosity and surface tension
are subject to change. These changes influence both the self-assembly of the particles
and the fluid flow during the drying process. In addition, the fluid flow inside the
drying drop governs the transfer of particles, which determines the final shape of the
film. Thus, it becomes crucial to understand the characteristics of the particle
deposition process together with the self-assembly in the precluding suspension since
they have a direct effect on the optical properties and the deposition pattern of the
obtained films.

In this chapter we set out to understand the deposition behavior of the particles and
the fluid dynamics to be able to control the colloidal deposition pattern and thus the
final optical properties of the dried films.

In the first part of this chapter, the determination of the concentration in the colloidal
drop during drying is addressed. This will enable us to have a quantitative
understanding over the evaporation induced self-assembly of the particles since phase
transitions from isotropic to chiral nematic occur as a function of the concentration of
the rod-shaped CNCs. We developed a new analytical approach to calculate the
concentration changes in drying drop-cast suspensions. This approach is based on the

determination of the deposition rate of the film and thus the deposited mass of the film
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as a function of time. This information is then used to calculate the remaining mass of
particles in the drying drop, which together with information on the time resolved
drop volume gives us access to the average particle concentration in the drop during
drying. Afterwards, the optical properties of the CNC films are described while
analyzing the morphology of the obtained films and looking into detail in the
concentration changes in the drying colloidal drops.

In the last part of this chapter, the dynamics of the deposition process are investigated
in terms of flow behavior and governing factors including Marangoni flow, particle
diffusion, and suspension viscosity. Understanding the effect of each factor on the
colloidal deposition using a dimensionless number approach is then used to guide
manipulation of the desired parameters to alter the fluid flow and thus the deposition

pattern of the films in the following chapters.

4.2. Results and Discussion

4.2.1. Concentration determination in colloidal drops

One of the most important parameters controlling the self-assembly of CNCs is the
concentration of the suspension which governs the phase transitions and helical pitch
length as described in Section 2.6. Quantitative analysis of the concentration changes
is important to understand and describe concentration-dependent self-assembly
processes as observed in lyotropic liquid crystals or colloidal glass transitions. This is
also valid for studies of CNC-based films in which the concentration is changing
during the drying process. However, the determination of the concentration in the bulk
of the suspension can be rather complex in the case of colloidal drop drying as
particles will leave the suspension as a result of deposition. Figure 4-1 shows images
of a drying drop of 3.7 wt% on a hydrophilic substrate at initial deposition and after
30 min. At a later stage during the drying process, the drop is seen to be receding
toward the center while a deposit of particles on the substrate can be noticed at beyond
the droplet edge (Figure 4-1b). In order to determine the concentration of the receding

drop, the amount or mass of particles left within the drop has to be known.
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Deposited film

Receding drop

e

Figure 4-1 (a) Drying of colloidal drop is shown for initially 3.7 wt% CNC suspension
(b) receding drop after 30 min of initial casting

This cannot be achieved using instrumental characterization techniques such as a
weighing balance or thermogravimetric analysis. Instead, numerical calculations can

1. introduced an

be an alternative to solve such a problem. To this end, Deegan et a
analytical expression to determine the mass of a solute in the deposited ring for drops
with a pinned contact line. This expression (Equation 2.1) estimates the ring growth
as a power law depending on the evaporation time and the contact angle of the drop.
Although this solves mass deposition for thin films with a relatively small height to
radius ratio and a constant contact angle, it fails for the larger drops with a more
substantial variation in the contact angle with time during evaporation. As a result,
this approach is limited to only specific scenarios where the contact angle remains

constant. For other cases where the contact angle varies with time the results of ring

growth needs to be obtained numerically using computational fluid dynamics.*



However, these simulations can be complex due to dynamic boundary conditions at
the air-liquid interface and requires a knowledge of particle concentration near the air-
liquid interface to solve the diffusion equation of the solvent concentration in the gas
phase.?’?

Due to these limitations, we proposed a different approach to determine the deposited
mass of the particles during the drying process of a colloidal drop and use this to
calculate the average particle concentration in the drying drop with time. The key step
is to establish the rate of film deposition during the drying of the colloidal drop. This
deposition rate is derived by combining information on the film thickness to determine
the deposited mass as function of radius, which is extracted from profilometer
measurements, and the droplet shrinkage rate which is obtained from time-resolved
droplet imaging. The deposition rate (Equation 4.1) is defined by applying the chain
rule, thus the change in mass of nanoparticles deposited as a function of time can be
expressed as a product of the profilometer profile and the radius change of the

evaporating drop with time:

o _omor @1
The first assumption is that the deposition of the film occurs as the colloidal drop
recedes toward the center as illustrated in Figure 4-1. Thus, the analytical expression
(Equation 4.2) used for the change in radius as a function of time (dr/dt) for the
receding drop can be directly determined from time-resolved measurements of the
drying drop and must be equal to that of the change in radius change for the deposited
film.

(dr) _ ( dr) @2)
dt film deposition dt droplet shrinkage .

The thickness changes of a film, h(r), through the center point can be measured by

profilometry and can be used in combination with droplet imaging to determine the
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deposition rate. The total area under the profilometer profile h(r) yields M (Equation
4.3), the known total initial mass of the solid particles in the deposited drop:

fo 2n fo Rh(r)drda =M 4.3)

Once the deposition rate for the films is determined, the absolute deposited mass at
any given time is then calculated by the integration of dm/dt and normalized with
the initial mass of nanoparticles in the deposited droplet. With this knowledge, it
becomes possible to obtain the mass of nanoparticles inside the suspension during
drying and, together with the time-resolved evolution of drop volume, to obtain the
average concentration of nanoparticles inside the droplet at any time during droplet
evaporation.

We used our methodology to characterize the concentration changes in the drying
films of CNCs with different initial concentrations. For this reason, a series of films
were prepared by evaporation of drop-cast CNC suspensions with different initial
mass concentrations. The thickness of these films was measured by profilometry, a
technique that also provides information on the final shape of the film (i.e. profile of
the cross-section of a film). Increasing the concentration of the initial suspension led
to an increase in the accumulation and stacking of particles around the perimeter of
the films as illustrated in Figure 4-2. This is due to the coffee-ring effect in which
capillary flow carries suspended CNCs particles toward the edge of the droplet during
the drying process. It was also observed that films possess uniform thickness around
the center except for the film at the intermediate concentration regime which has a

pyramid-like deposition.
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Figure 4-2 Deposition profile of the CNC films with different initial concentrations

of colloidal drops

Reproducing of the films requires precise control of levelling of the substrate, stable
environmental conditions including temperature and relative humidity, and
homogeneity of the CNC suspension. In order to have information on the deposition
rate of the films, the droplet imaging (Figure 4-1) was coupled to the data from the
profilometry measurements (Figure 4-2). The area under the incremental profilometry
slice was used to estimate the deposited mass. The deposition rates of the
particles (dm/dt) during film formation (Figure 4-3) were then determined using
Equation 4.1. It was found that the drying process can be decomposed into different
stages. At the early stage, the deposition rates for all samples appear to increase, as
shown in Figure 4-3. For the particular case where a 3.0 wt% CNCs suspension was
used to cast a drop, at the first stage the deposition rate increases initial 10 min which
is followed by a slight decrease of the deposition rate at the second stage (from 10"
min to 30" min) and further increase in the deposition rate at the final stage of the

ing (from 30" min onwards).
g
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In the case of 3.7 wt% deposition rate decreases more rapidly at the second stage of
the drying process compared to the case of the second stage of 3.0 wt%. On the other

hand, the deposition rate for 3.0 wt% reaches much higher values at the final stage of

the drying.
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Figure 4-3 Deposition rate of the CNC films

Next, the deposited mass of the films is determined as a function of time (Figure 4-4)
by the integration of dm/dt (Equation 4.1). An increase in the deposition rate results
in a convex shape in the corresponding curve whereas a decrease in the deposition
rate results in a concave shape in deposited mass trends. For example, after 10 min
the deposited mass for 3.7 wt% CNCs in Figure 4-4 becomes concave shaped which
is due to decrease in the deposition rate whereas deposited mass gets a convex shape
after 30 min for initially 3.0 wt% CNCs film. The deposition rate stays constant for
the dilute suspensions which leads to a constant mass deposition as seen by the flat

deposition profile (Figure 4-2).
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Figure 4-4 Deposited mass of the films in time

Once the deposited mass is determined, it becomes possible to obtain the mass of
nanoparticles inside the colloidal drop during drying providing the initial mass of
nanoparticles in the system is known. In Figure 4-5, the average concentration of
nanoparticles inside the droplet as a function of time during evaporation of the water
from the droplet is shown. For suspensions with initial concentration of 1.8, 3.0, and
3.7 wt%, the concentration is found to increase gradually during droplet evaporation.
The concentration for drops with an initial concentration of 1.8 wt% and above
reaches values where gelation and chiral nematic stacking become possible. As the
concentration inside the colloidal drop increases, CNCs accumulate at the liquid-air
interface which causes the formation of a skin at this interface. At longer evaporation
times, this skin deposits and the colloidal drop becomes richer in water. Consequently,

the weight concentration of the suspensions decreases in the final stage of drying.
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Figure 4-5 Average concentration of nanoparticles in drying colloidal drops

4.2.2. Optical properties of the films

In this section, the optical properties of the films are discussed on the basis of the
understanding of the concentration changes during the drying of colloidal films and
the deposition patterns of the films developed in the previous section. In a first
instance, the self-assembly behavior of CNCs in suspension was analysed under cross-
polarized light. Cross-polarized light is used on colloidal suspensions having rod-like
particles to visualize phase transitions such as from isotropic to chiral nematic
phases.'®” In the case of dilute suspensions rod-shaped particles are isotropic i.e.
oriented in a random manner which leads to dark view field under cross-polarized
light, whereas at increased concentrations phase transition occur from isotropic phase
to chiral nematic phase which results in fingerprint like textures under cross-polarized
light.?”® In the same way, the phase transitions are characterized in case of increased

concentrations of CNCs suspensions.
In a first instance, the formation of tactoids was observed at initially 3.0 wt% of CNCs

as shown in Figure 4-6a. The pitch length of these initial tactoids was around 15 pm
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(Figure 4-6a). As some of water evaporated inside the capillary tubes, these tactoids
merged into larger assembly domains in a step-growth manner with a pitch length
decreasing first to 10 pm (Figure 4-6b) then to 8 um (Figure 4-6¢). The determination
of the local concentration is challenging as the nanoparticles are transferred by
capillary forces. Longitudinal growth occurs if two tactoids domains meet each other
end to end. Some defects can also occur, for instance when tactoid domains with
different orientations are merging; an example of which is shown in Figure 4-6c.
Long-range order is generally retained over several hundred micrometres (Figure 4-
6d). Although the evolution of the pitch length for the suspensions can be recorded
with cross-polarized light microscopy up to an optical resolution limit, i.e. 2 um, for
the dried films the pitch lengths cannot be extracted due to further decreases in pitch
lengths.

Figure 4-6 Cross-polarized images of (a) Initial formation of tactoids for 3 wt% CNC
(b) merging of tactoids (c) local defects (d) long-range order of chiral nematic

assemblies.
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It is also crucial to understand the degree of orientational order in these assemblies.
Capillary tubes are frequently used in studies of characterization of CNCs such as in
X-ray scattering, light scattering or helical pitch determination experiments. However,
this geometry might cause problems associated with surface induced orientation of
the CNCs or induced local concentration gradients due to capillary flow or tube wall
effects. It was observed that initially tactoids were randomly oriented (Figure 4-6a).
Further evaporation of water inside the capillary tube led to solidified films in which
defects caused by parabolic focal conic structures are observed. Similar results were
obtained and analysed for dried films of CNCs.?™ In a recent study the effects of the
shape instabilities and layer undulations on dynamic assembly of chiral nematic
domains were investigated.?”> There remains a need for an efficient method such as
X-ray scattering®’® to analyse the orientation of tactoid domains and formed defects.

So far, liquid crystalline behavior of CNCs in the suspension has been discussed since
the optical properties of obtained films are inherited from those of initial casted
suspensions. The discussion will be continued with the analysis of the optical

properties of the dried films.

diameter (mm)

Figure 4-7 CNC film viewed (a) under a cross-polarized light at the edge of the film
(scale bar 200 pum), (b) from the top by the naked eye, (c) in the center of the film
under a cross-polarized light (scale bar 50 um) and height profile of the film as a

function of diameter
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The optical properties of the film obtained via drying of a drop prepared from the
deposition of a CNC suspension with an initial concentration of 3.7 wt% were
assessed using cross-polarized light microscopy. These films exhibit birefringence
just inside the outer border of the film and color changes which are caused by the
height differences of the deposit as illustrated by Figure 4-7a. These color changes
can be related to the corresponding thickness values by using the Michel-Lévy chart
(Appendix A) which consists of the relations of the thickness of the film, optical path
difference (retardation), and birefringence (numerical difference between the
refractive indices of the CNCs parallel and perpendicular to the optical axis) for
polarized light studies.?”” The optical path difference (OPD) is the product of the

thickness of the sample and birefringence values (Equation 4.4).27827

where ¢ is the thickness of the specimen, n is the refractive indices. The height
obtained from the profilometer yields a thickness at different positions across the
diameter of the film as shown in Table 4.1. Multiplication of these values with the
birefringence of crystalline cellulose yields an optical path difference that fits the
colors observed under the cross-polarized light microscope (Figure 4-8) and the colors
displayed in the Michel- Lévy chart (Appendix A). This methodology can be extended
to be used for thickness determination of CNC films directly from microscope
imaging. For instance, if birefringence values of the samples are known, cross-
polarized light microscope images can be used to cross-check with Michel- Lévy chart
to determine thickness values at any given position of the films. On the other hand, it
was noticed that there is no color formation for unpolarized visible light for the outer

region of the film where the thickness gradients exist (Figure 4-7b).
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Figure 4-8 Distance from the edge positions which is used in color analysis

Table 4.1 Analysis of OPD from cross-polarized light microscope image of the film

in Figure 4-8.
Distance from the Height of that position OPD (nm)
edge (um) (um)
68 6 147
180 18 450
241 24 600
322 31 785
480 40 1000

At the center of the drop-cast films obtained from drying a drop deposited from a
suspension of CNCs with an initial concentration of 3.7 wt%, one observes

iridescence with the naked eye (under unpolarized light) as a result of the chiral
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nematic stacking of the deposited CNCs (Figure 4-7b, c¢). Fingerprints due to the chiral
nematic structuring are readily observed in some domains in the center of the film
whereas due to the stacking of the nanocrystals, it is very difficult to differentiate
existing fingerprints at the outer edges. The inner area of the film displayed in Figure
4-7 has a uniform average thickness of about 9 micrometer leading to a uniform bluish
color that can be explained by Equation 2.4 (A, = nPsind),'® where n is the
refractive index of the film, P is the helical pitch and 8 is the incident angle of the
light with respect to the surface of the film. 2A,,,, can also be decreased by altering
the helical pitch with increased particle concentrations as explained in Section 2.6.
We can further analyse the color formation observed by the naked eye via correlating
the color changes with concentration changes in the colloidal drop prepared from a
CNC:s suspension with an initial concentration of 3.7 wt% as shown in Figure 4-7b.
Formation of red, yellow and green colored rings are attributed to increase in the
concentration of the suspension as observed in Figure 4-5 since an increase in the
concentration of suspension causes a decrease in the pitch length. At the center of the
film, a blue circle is formed where the helical pitch is fixed in a glassy state. However,
the pitch length for the blue domains could not be measured due to the optical
resolution limit of the microscope.!* When a film obtained via drying of a suspension
of CNCs with an initial concentration of 3.0 wt% was analysed, iridescence was found
to be weak at the center of the film which might be due to the scattering of the light
caused by the thickness gradients. For 0.6 wt% CNC suspension, there is no
iridescence observed in the formed film since the concentration changes of in the
colloidal drop stays virtually constant during the drying process and the concentration
never reaches values where chiral nematic arrangement occurs.

The optical properties of the films obtained were shown to be dependent on the
thickness of these films and the concentration of the colloidal drop. Therefore, it
becomes crucial to control either the concentration changes of colloidal drop or the
thickness of the films by avoiding the coffee-ring effect to make sure that the colors

arise only from uniform film iridescence.
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4.2.3. Fluid dynamics

In previous studies numerical simulations were employed to predict the final shape of
the deposit obtained from drying colloidal drops.>*$12%° Studies related to the
evaporation of colloidal films have free-boundary problems in which the shape of the
interface is unsteady. In general, analytical solutions can be obtained by the
lubrication approximation in which the flow field is predominantly radial, with the
largest gradient in radial velocity being the gradient in the axial direction.>” Marangoni
effects can also be incorporated into these lubrication analyses, however the
determination of surface tension gradients requires solving the mass conservation
equation for the particles near and at the liquid interface.”

To avoid the complexity of full numerical simulations, dimensionless numbers can be
introduced to understand the relative magnitudes of processes controlling the
deposition of the particles, and get a practical understanding of how to control the
deposition pattern.®3222281.282 [y flyid mechanics, these numbers are used to compare
the relative magnitudes of forces such as inertial forces, gravitational field, and surface
tension which directly affect the fluid behavior.

For instance, Reynolds number, defined by Re = pUl/7, can be introduced via
nondimensionaliztion of the Navier-Stokes equations (Equation 2.2) and used to
compare the relative magnitudes of inertial and viscous forces. In the case of the
evaporation induced colloidal self-assembly, the relative magnitudes of different
contributions can be manipulated to selectively reinforce a specific process to
modulate the colloidal deposition pattern. This study follows this approach to
understand the internal flow behavior including Marangoni flow inside the drying
drop.

To be able to characterize the Marangoni flow via introducing a dimensionless
number, a detailed description of the boundary conditions and interfacial stresses for
the colloidal drop is needed. A fluid interface consists of two velocity boundary
conditions; (1) one for the normal velocity to the interface and (2) one for the
tangential velocity. The boundary conditions for the normal and tangential stresses

are added for the case of deforming interfaces.
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Here, the focus is to analyse of the dynamic boundary conditions for the tangential
stresses which can lead to Marangoni flow.

The fluid stress at the surface is defined as, o - 71, and the tangential component of
the surface fluid stress as (o - 1) - £ . The tangential stress caused by surface tension
is proportional to the component of the gradient Vy which is in the plane of the
interface and is expressed as [Vy — A(A-Vy)]. The component in the interfacial plane
is obtained by subtracting the normal component of gradient, A(A-Vy) from the
gradient, Vy. The tangential component of the interfacial tension can be rewritten to
derive the dynamic boundary condition:

(c,A) t—(c, ) L= [Vy—A(A-Vy)]-t 4.5)

where o ;and o, are the fluid stresses in the domains inside (1) and outside (2) of the

liquid-liquid interface. (Appendix B)

i i a a M ..
For a Newtonian fluid, o= 77(%+ﬁ) the dynamic boundary condition for
Marangoni flows is obtained as:?8>284
ouyy 0uy,, _ ouy, 3 Oy,

= —[Vy —A(AVy)] (4.6)

M n T g Mg, "My

where u: is the tangential velocity component at the interface and u. is the normal
velocity component. Thus, any surface tension gradient, Vy, induced by changes in
chemical composition or temperature gradient at the interface, generates Marangoni
stresses which are balanced by a shear stress in the liquid which drives a recirculating
flow called Marangoni flow.

In order to obtain a dimensionless number which characterizes Marangoni flow,
Marangoni stress can be compared to the fluid shear stress. The surface tension
gradient Vy is responsible for Marangoni stress and for a flat surface it can be
approximated as Ay /l., where a surface tension difference Ay develops over a length
scale .. The fluid shear stress can be estimated by 77U/l as observed in left-hand side
of Equation 4.6. The characteristic length scale can be defined as the height of the
droplet which is determined by the definition of the shear rate.
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Thus a generalized Marangoni number can be obtained as shown in Equation 4.7.

Ay/le _ Ay
nu/l. nU

Marangoni number = 4.7

The Marangoni number (Equation 4.7) was used to determine the relative magnitude
of Marangoni flow versus convective transport during the drying of a droplet.”>?3
For the complex motions at the interface, the velocity scale U can be expressed in
terms of the diffusive scaling U~D, /. where D, represents the particle diffusivity.
Equation 4.7 can be modified by means of diffusive scaling to define Péclet

Marangoni number as given in Equation 4.8.

Ayl,
P =
€Ma 1”ID

(4.8)
P

In this chapter, we focus on the understanding of the effect of the particle
concentration on the Marangoni flow. Thus, M. is calculated for the surface tension
gradients with changed chemical composition of the interface (Equation 4.9).

dy L

M,=———— 4
a dC T,le ¢ (49)

M. is based on the change of surface tension () with change of particle concentration
(c¢) and the viscosity of the suspension (77), the length scale of the droplet (), the
particle diffusivity (D,) and the concentration difference (4c) between the edge and
the top of the droplet approximated as the difference between the initial mass
concentration and the mass concentration during the evaporation.

In order to calculate the Marangoni number for CNC suspension drops, the surface
tension changes of CNC suspensions with different concentrations were determined.
The surface tension of the suspensions is shown in Figure 4-9 as determined by
pendant drop tensiometry. There is a decrease observed in the surface tension values
of the suspensions when the mass concentration of the particles is increased to 3.0
wt%. The decrease in the surface tension of the suspensions is attributed to the

accumulation of the nanoparticles at the liquid-vapor interface.
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In order to determine the first term of the Marangoni number, which characterizes the
magnitude of surface tension forces, the first derivative of the y(c) is determined by

fitting an exponential function to the curve plotted in Figure 4-9.
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Figure 4-9 Surface tension values of CNC suspensions

After determining the surface tension of the suspensions, rheological tests were
carried out to determine the viscosity of the suspensions with different concentrations.
Steady shear flow tests show the relation between the shear rate and the viscosity of
the suspension (Figure 4-10). It was observed that the viscosity of the suspensions
increased with increasing concentration. The viscosities were on the order of a few
mPa.s. In dilute concentrations rods are freely rotating and exhibit a Newtonian
behavior whereas at increased concentrations the particles start to align which alters
the hydrodynamic interactions between the particles. In general, shear thinning is
observed for the suspensions with increased mass concentrations (Figure 4-10) which
is caused by the orientation of the nanocrystals in suspension by applied shear.?® In
addition, tactoids can be formed or destroyed depending on the magnitude of the shear
forces. In the literature it is described that coupling the particle alignment to the flow

creates shear thinning.®” In this work, the magnitude of the shear thinning in
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suspensions are determined by the rate index values. Rate index values (n), are
calculated by fitted flow curves to a power law, 7 = K #*~* where K is the consistency
coefficient, yis the shear rate. For a CNC suspension with a concentration of 0.6 wt%,
n is calculated to be 0.99 which is unsurprising for a Newtonian behavior. For a 3.0
wt% suspension, n is 0.85 and for a 3.7 wt% suspension n is 0.8 which is more shear

thinning.
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Figure 4-10 Steady shear viscosities of CNC suspensions

For the CNC concentration regime in this study, the magnitude of the parallel
diffusion coefficients are approximated to the case of the dilute situation (D: ~
5x10712 m¥/s). 288

After analysing the contributions of the Marangoni number, we set out to calculate
the relative Marangoni numbers for the CNC samples to analyse the deposition
patterns. Calculated Marangoni numbers (Equation 4.9) are shown in Table 4.2 where
a high M. is seen for low mass concentrations, which would result in a large reverse
flow of particles towards the inside of the drying droplet. This is indeed seen for film
prepared from a 0.6 wt% suspension, which shows a relatively homogeneous deposit

without a clear coffee ring band at the outer edge.
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As M. decreases, the contribution of the capillary flow of particles towards the outer
edge becomes more important, and a larger fraction of particles is deposited in the

outer ring.

Table 4.2 Relative Marangoni numbers for CNC suspensions

Weight concentration Marangoni
(wt %) numbers
0.6 5.57
1.8 2.22
3.0 1
3.7 0.58

Time-dependent Marangoni numbers were further analysed by considering the
concentration changes (Figure 4-5). The viscosity values of different mass

1 versus the mass

concentration of CNC suspension at a shear rate of 10 s~
concentration of the suspension were fitted with an exponential function. This
function was then used to determine the viscosity values for changed concentrations
of the suspensions during drying.

First, M. numbers were calculated for the initial 10 min of evaporation as illustrated
in Figure 4-11a. These numbers are then used to explain the formation of the coffee-
ring displayed in Figure 4-2. For the case of 0.6 wt% M. is governed by surface tension
gradients as the viscosity of the system stays constant. After the initial 4 min, the
viscous changes have a larger influence on the M. for 3.0 and 3.7 wt% as the
concentration of the system increases. This is also seen as a relatively uniform
thickness of the film obtained from a 0.6 wt% suspension as the capillary flow is
largely offset by Marangoni flow. For the 1.8 wt% suspension, Ma increases relatively
faster for the initial 15 min. The obtained films have a ring deposition for 1.8 wt% as
Marangoni flow is not high enough to fully counteract the capillary flow. After 20

min the viscosity changes start to take a larger role in the colloidal drop from a
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3.7 wt% suspension, and a decrease in M. value is observed. Higher M. numbers due
to induced surface tension gradients result in uniform depositions at the center of the
droplets obtained from 0.6 and 1.8 wt% suspensions. The detailed analysis of the
initially 3.0 wt% CNC of the film deposit is challenging as ring deposition occurs
initially which is followed by the hill shaped deposition. Inspection of Figure 4-11a
for the initial 10 min shows that Ma numbers are lower for 3.0 wt% CNC than for 0.6
and 1.8 wt% systems which is causing the outer ring deposit. However, after 10 min
M. values start to diverge for 3.0 and 3.7 wt% as illustrated in Figure 4-11b. This more
pronounced increase in Ma number for 3.0 wt% is the likely reason to explain the

obtained central peak in the film.
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Figure 4-11 Marangoni numbers for (a) initial 10 min (b) for 30 min of drying film

82



4.3. Conclusions

The colloidal deposition of CNCs in a drying sessile drop is influenced by the coffee-
ring effect. Thus, a uniform deposit thickness was not feasible for the produced films.
In these systems, a larger fraction of particles is deposited in the outer ring leading to
enough deposit height to give Bragg diffraction and colored bands. The determination
of the thickness profile of the films and the concentration changes of the drying
colloidal drops were effectively used to characterize the optical properties of the films
obtained. The analytical approach of determination of concentration changes in drying
colloidal drops used in this study can be extended to other applications of colloidal
films or to analyse ink formulations for ink-jet printing. Indeed, the efficiency of the
inks can be optimized with a better understanding of the concentration changes in
drying ink drops and deposited mass.

Dimensionless number analysis reduces the complexity of the numerical solutions to
understand fluid flow behavior and colloidal deposition in drying colloidal drops. The
coffee-ring effect can be offset by either regulated Marangoni flow counter-acting the
capillary flow or resistance to the flow which is induced by viscous or elastic changes

in the colloidal suspension.
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The content of this chapter was published:
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5. Control of the Deposition by Solutal Marangoni

Flow

5.1. Introduction

In Chapter 4, the dynamics of the deposition process and important features of the
suspensions influencing the colloidal deposition were introduced. It was demonstrated
that control over the colloidal deposition can be achieved by selectively manipulating
a specific contribution such as fluid flow or the viscosity of the suspensions inside the
colloidal drop to obtain the desired deposition pattern. It was identified that, for the
case of drying CNC colloidal drops with different concentrations, Marangoni flow
was not enough to suppress the coffee-ring effect and thus, to obtain a uniform
deposition.

Therefore, we set out to use another way to enhance Marangoni flow relative to
capillary flow to control the deposition pattern and thus the optical properties of the
films. To this end, solutal Marangoni flow was investigated to offset the capillary flow
while retaining colloidal stability of the cellulose nanocrystal dispersions. Solutal
Marangoni flow can be achieved by the spatial variation in relative ratios of miscible
liquids at the air-liquid interface which can induce surface tension gradients.”’” For
instance, the differential evaporation of the solute (liquid with a different surface
tension than of solvent) from a solution can induce surface tension gradients.?®’ In this
work, the evaporation-related coffee-ring effect is aimed to be suppressed by creating
a surface tension gradient via the diffusion of ethanol vapor into the colloidal drop of
CNCs in water, which will create a stronger Marangoni flow dragging particles back
to the center of the droplet and thus helping to prevent the accumulation of particles
towards the edge. While solutal Marangoni flow is set to induce changes in colloidal
deposition, the colloidal stability of CNCs dispersions in ethanol-water mixtures also
has to be characterized to ensure the CNCs are not hindered in their structure
formation required to obtain the desirable optical properties of the films. For this

reason, rheological measurements were carried out for CNCs dispersed in water-
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ethanol mixtures. In general, the colloidal stability of CNCs in aqueous suspensions
is retained by the electrostatic repulsion among negatively charged sulfate ester
groups. Addition of ethanol to the CNC suspension can cause the screening of these
electrostatic repulsion between CNCs and thus lead to the aggregation of CNCs.
Rheological tests were used to understand the effects of possible aggregation of CNCs
on the viscosity behavior of the suspensions. In addition, zeta potential measurements
were performed on the CNC suspensions in ethanol-water mixtures to investigate the
altered electrostatic interactions which are responsible for the aggregation of CNCs.

In the second part of the chapter, dried films of CNCs produced using solutal
Marangoni flow were analyzed in terms of deposit shapes and dimensionless group
analysis. By understanding the effect of the Marangoni flow, it became possible to
exert control over the colloidal deposits by increasing the relative magnitude of
Marangoni flow to capillary flow inside the droplet by changing the droplet surface
tension. Varying the amount of ethanol in the atmosphere, we were able to find a
balance between (1) colloidal stability in the droplet, which is reduced by ethanol
diffusion into the droplet, and (2) increasing the Marangoni flow relative to capillary
flow inside the droplet by changing the droplet surface tension. Iridescent films with

a uniform thickness could therefore be produced.

5.2. Results and Discussion

In this chapter, the solutal Marangoni flow is obtained by diffusion of an ethanol vapor
into the colloidal drop consisting of CNCs and water. Ethanol, a relatively benign
solvent, is miscible with water and economically available (1.4 $ per Gallon, Nasdagq,
July 2018).%%° The surface tension of ethanol-water mixtures changes with respect to
the relative ratio of each component.?’! The viscosity of ethanol is very close to that
of water so that rheological characterization of the colloidal stability become easier.
Furthermore, it does not require heating for evaporation as is the case for high-boiling
solvents.

Solutal Marangoni flow has the advantage over surfactant-induced Marangoni flow

that there is no surface contamination due to immiscible chemical species.®?
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Thermal Marangoni flow would be another alternative, however, it is difficult to
localize temperature gradients at a dynamic liquid interface.

The choice of solvent is very crucial as it needs to induce surface tension gradient
while retaining the colloidal stability of the suspensions.'?® Since colloidal stability of
CNC suspensions are critical in our work, colloidal stability of cellulose nanocrystals
in mixtures of ethanol-water were analyzed before analyzing the flow behavior due to
solutal Marangoni flow. A mixed methodology of rheological and zeta potential

measurements were applied to the mixtures of CNC in binary ethanol-water mixtures.

5.2.1. Rheological characterization

The effect of the volume fraction of ethanol on the steady shear viscosities CNC
suspensions was analyzed to have an understanding of the suspension behavior. The
flow curves for a CNC suspension with an initial concentration of 0.6 wt% in water
mixed with different volume fractions of ethanol is shown in Figure 5-1. The shear
viscosity of the CNC suspensions is increased by the increased volume fraction of

ethanol in the suspension at all shear rates.
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Figure 5-1 Steady shear measurements of initial 0.6 wt% cellulose nanocrystal

suspensions in water/ethanol (v/v)
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The data can only be recorded up to a minimum shear rate of 15 s due to the torque
limitation of the instrument. At lower volume fractions of ethanol, the behavior of the
mixture is Newtonian as in the case of dilute CNC suspensions in water. This situation
is observed up to 25 % v/v ethanol/water with a small increase in viscosity. At 50 %
v/v ethanol/water, the overall increase of nearly an order of magnitude of viscosity at
15 s7! with respect to water is attributed to the formation of CNC aggregates. When
the ethanol volume fraction was increased to 33 % v/v, shear thinning started at
25 57! due to the orientation of the aggregated CNC domains or to the breakup of CNC
aggregates with increased shear.??® The degree of shear thinning is highest for the case
of 50 % v/v ethanol-water with a calculated rate index of 0.6 as the aggregates formed
cause an increase in viscosity at low shear rates and are disrupted as the shear rate is
increased to 100 s™.

After understanding the effect of the addition of ethanol on the behavior of the
aqueous CNC suspension for a dilute system, the shear flow tests were repeated for
higher weight CNC concentrations (1.8 and 3.0 wt%). For these experiments,
problems were encountered during measurements due to the sedimentation of
aggregated CNCs. Thus, in order to avoid sedimentation related problems, tests were
also carried out using oscillatory measurements.

Oscillatory measurements were performed on CNC suspension with an initial
concentration of 3.0 wt% and 3.7 wt% with increased amounts of ethanol. The
complex viscosity of the CNC suspensions was observed to increase with an
increasing amount of ethanol added to the suspension in water as illustrated in Figure
5-2. This can be due to the aggregation of the particles. One plausible explanation is
when ethanol is added to the suspension repulsive forces between particles are
screened and attractive forces bring particles into closer proximity and thus increase
resistance to flow. At the same time the complex viscosity values seemed to decrease
with an increase in frequency which is due to non-Newtonian behavior. Problems due
the instrument inertia were encountered at 100 s which caused a plateau behavior in

the complex viscosity profile.
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Figure 5-2 Complex viscosity values of initial (a) 3 wt% and (b) 3.7 wt% CNC

suspensions in water/ethanol (v/v)
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The coupled hydrodynamic effects can cause an increase in the viscous modulus
values at higher frequencies (Figure 5-3a). It was described that the solvent mediates
the interparticle forces through coupling the motion of colloidal particles which is also
known as hydrodynamic interactions.??>?%* In all cases, the viscous modulus values
are observed to dominate the elastic modulus values, an indication of fluid-like
behavior of the suspensions. These systems do not exhibit viscoelastic behavior as the
contribution of Brownian motion is screened by hydrodynamic interactions. When the
hydrodynamic interaction contribution, 77_w is substracted from the viscous modulus
data G" (7, the limiting high-frequency viscosity), a characteristic viscoelastic
behavior with a single relaxation mode due to the Brownian motion of the particles is
obtained.? Relaxation times are seen to decrease with an increased ethanol volume
fraction resulting in faster stress relaxation due to the dilution of the systems as

indicated in Figure 5-3b.
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Figure 5-3 (a) Viscous modulus values, (b) Elastic modulus (dash) and corrected
viscous modulus (line) of cellulose nanocrystal suspensions with an initial

concentration of 3 wt% in water/ethanol (v/v)

Further experiments were carried out to understand the effect of ethanol addition on
the electrostatic interactions between the CNCs and thus the colloidal stability of the
suspensions. Zeta potential measurements are a good option as a complementary tool
to rheological measurements which are calculated based on the electrophoretic
mobility of the particles. For a 0.6 wt % cellulose suspension in water the zeta
potential increased from -47 mV in pure water to -20 mV (3:1 v/v water/ethanol) and
to -12 mV (1:1 v/v water/ethanol) upon the addition of ethanol to the suspension. In
an aqueous dispersion, the CNCs are stabilized by the electrostatic repulsion between
the negatively charged sulfate ester groups which yield a relatively more negative zeta
potential. The addition of ethanol disturbs these repulsions between the CNCs and
increases the zeta potential of the dispersion. This is due to fact that ethanol having
low dielectric permittivity (¢) reduces the solvation of the counterions of the CNCs

(H"and OH") and leads to condensation of the counterions.?*’
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The changes in electrostatic interactions can cause the aggregation of the CNCs which
is not desired to obtain a structural formation of CNC films since the agglomeration
of CNCs hinders the self-assembly process. Therefore, the ethanol volume fraction in
the CNC colloidal drop has to be large enough to induce solutal Marangoni flow yet
low enough not to cause aggregation of the particles. So far, the colloidal stability of
the CNC particles has been investigated in different volume fractions of ethanol and
water using rheological and zeta potential measurements. It was concluded that the
direct addition of ethanol into CNC suspension is not a good strategy since it causes
problems associated with the aggregation of CNCs. This is why a new approach is

needed to induce solutal Marangoni flow for drying CNC colloidal drops.

5.2.2. Solutal Marangoni flow

In a new approach, ethanol was introduced into the colloidal drops via diffusion of
ethanol vapor into the CNC colloidal drops. In order to do that, a reservoir of ethanol
and water mixtures was used to regulate the vapor concentration of ethanol in a closed
environment. Total vapor pressures for an ethanol and water mixture is shown in
Figure 5-4 together with predictions from Raoult’s law.?*62°72% Since the evaporation
of the reservoir mixture is assumed to be quasi-steady, the vapor concentration in the
atmosphere is assumed to be equal around the colloidal drop and the reservoir, aside
from boundary effects close to the interface. Thus, the first assumption is that at
equilibrium the bulk vapor boundary conditions at the colloidal drop interface and the

liquid interface of the reservoir is the same.
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Figure 5-4 Total vapor pressure of an ethanol/water mixture at 20 °C with a mole

fraction of ethanol, Xe.

During the drying of the colloidal drop, the scenario becomes more complex in which
the diffusion of the ethanol vapor into the drop is followed by preferential evaporation
of ethanol from the drop, leading to Marangoni eddies. In the literature, molecular
dynamic simulations have been carried out to determine the adsorption and solvation
of ethanol at the water liquid-vapor interface.?*>*% Ethanol is shown to have a positive
adsorption at the interface, however, water molecules are arranged to maximize
hydrogen bonding between themselves, thereby expelling ethanol molecules. Thus,
the density of water is increased in the region of ethanol depletion. These results
allowed for the calculation of instantaneous surface tension for ethanol -water
mixtures. However the values obtained were overestimating values obtained during
macroscopic experimental measurements.>

In order to control the colloidal deposition of CNCs, the discussion will be followed
by the fluid flow behavior and the control of the solutal Marangoni flow.
Understanding the mechanism of induced surface tension gradients is crucial to

generate the desired Marangoni flow. In Section 4.2.3., the effect of the Marangoni
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flow on the colloidal deposition with varied concentration of the suspensions was
briefly described. For those systems the Marangoni flow was induced by internal
contributions in which the dispersed particles regulate the surface tension of the
colloidal drops. On the other hand, the solutal Marangoni flow is controlled by
dissolved ethanol (solute) via the diffusion of ethanol vapor into the colloidal drop.
Thus, the solutal Marangoni flow is induced by external control i.e. the vapor phase.

In Chapter 4, the relative Marangoni numbers were determined in order to understand
the changes in deposition morphology that were obtained by drying suspensions with
different concentrations. For dilute systems (0.6 and 1.8 wt% CNC) the relative
Marangoni numbers were determined to be higher than unity which is related to an
increased contribution of the Marangoni flow relative to the convection of the CNCs.
However, the contribution of the Marangoni flow has to be increased for all
concentration regimes to obtain films with a uniform deposition thickness. For this
reason, further investigations were carried out on drying films of initially 3.0 wt% and
3.7 wt% CNCs under an ethanol atmosphere since iridescence have been generated at
the higher concentrations.

To compare the magnitudes of capillary flow and Marangoni flow, a similar approach
of dimensionless group analysis as in previous chapter was followed. The Péclet
number for evaporation Peg (Equation 5.1) is introduced where, v, = Jo/I? is the
evaporation velocity, Je is the evaporation flux, D, is the particle diffusivity, and /. is

the length scale of the droplet:

Vele
D

Pep =

(5.1)

D

This scaling is obtained by the ratio of two characteristic times, 7;/7, namely;
characteristic time for diffusion, 7, which is proportional to I,* / D,, and characteristic
time for evaporation, 7, which is proportional to [,/ v,. Pey compares the magnitude
of capillary flow via the evaporation velocity to the particle diffusive properties. This
number has been used extensively in studies of colloidal film formation to investigate

phenomena including skin formation, stratification and vertical drying.3!-302
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In principle if Pez>>1 evaporation is dominant over diffusion and the system leads to
skin formation. In this scenario, the particles cannot be able to diffuse away when the
air-liquid interface is descending due to evaporation. Oppositely, if particle diffusion
is dominant, i.e. Peg <<I, the colloidal film results in a uniform profile since the
diffusion of particles is fast relative to evaporation.
Consider a CNC colloidal drop with a evaporation flux Je( 4.5 X 1073 uL/s) average
amount of water evaporated during the drying, length scale of the droplet (~7 mm)
which is initial diameter of the drop, v, the evaporation velocity (~9 X 1072 um/s)
and D), diffusion coefficient for CNCs (5 um?/s)*®8, Pe; is calculated to be 120 which
should lead to non-uniform film deposition in the absence of Marangoni flow.
Both numbers, Pey,, (Equation 4.8) and Pe; (Equation 5.1), thus describe the ability
or inability of particle diffusion to offset the concentration gradients induced by the
macroscopic flows, i.e. Marangoni or capillary flow. Dividing these two
dimensionless numbers results in another dimensionless number, Pey,,; which can
be used to compare the magnitude of the Marangoni flow compared to capillary flow
in the drying droplets (Equation 5.2):

Ay

n Ve

PeMa/E = (52)

where Ay is the surface tension difference between a CNC suspension with added
ethanol and a neat CNC suspension, 7 is the viscosity of the suspension and v, is the
evaporation velocity. The surface tension values of ethanol-water mixtures measured
at 20 °C can be used as an approximation together with those of the CNC
suspensions.?! Equation 5.2 is a variation of Marangoni number (Equation 4.7) since

for Peyq/r the velocity scale is characterized by the evaporation velocity.
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5.2.3. Film analysis

In the first set of the experiments, the influence of pure ethanol vapor on the colloidal
deposition of a CNC suspension with an initial concentration of 3.7 wt% was
investigated. The films obtained by drying CNC suspensions (3.7 wt%) under an
ethanol vapor gave rise to a film having a white color when viewed with the naked
eye. This may indicate that the colloidal stability of the CNCs was negatively affected
by the ethanol diffusion into the drying droplet to form the structured patterning
needed for iridescence. Cross-polarized light microscope images showed no evidence
of color formation in the dried film either as shown in Figure 5-5a. This suggests that
long range ordering of the CNCs has to be retained to obtain iridescent films.

At the same time, the deposition of 3.7 wt% under ethanol vapor leads to disk-shaped
deposition (Figure 5-5b). This is attributed to induced Marangoni flow which affects
the colloidal deposition. For this system, Peyq g is calculated to be 3x107 proving
that the Marangoni flow is dominant over capillary flow and viscous forces. The
amount of ethanol was high enough to induce the necessary surface tension gradient
(27 mN/m) and to exert some control over the deposition. On the other hand, the
change in vapor phase influences the wetting of the colloidal drop which leads to an
increase in contact radius and size of the film. In addition, the ethanol diffusion into
the drying droplet creates some problems associated with the aggregation of CNCs.
This can also be expected from zeta potential measurements for 3.7 wt % CNCs in
water, where the zeta potential increased from -34 mV to -18 mV (3:1 v/v ethanol-
water) and -14 mV (1:1 v/v ethanol-water). The flocculation of the CNCs in
suspension is also observed with the naked eye upon the addition of an excess of
ethanol which creates problems with the zeta potential measurements for higher

ethanol volume fractions.
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Figure 5-5 (a) Cross-polarized light microscope images of the film obtained via
drying 3.7 wt% CNCs suspension under ethanol vapor (scale bars 200 um and 50 um)
and (b) height profile of the film

Next, the volume ratio of the reservoir was changed to 7:3 v/v ethanol/water
(X, = 0.4) for 3.7 wt% CNC to be able to retain the colloidal stability. For this system
Peyq /i is calculated to be 2.6x107 which is enough to induce a control in the
deposition, however the colloidal stability of the suspension was still hindered as
anticipated from the rheological measurements (Figure 5-2b). In order to decrease the
probability of the aggregation, CNC concentration was determined to be reduced. In
another set of experiments, CNC concentration was decreased to 3 wt% to avoid the
problems associated with the colloidal stability. When a colloidal drop of 3 wt% CNC
was dried under ethanol vapor, the flocculation of CNC aggregates caused non-
uniform deposition pattern (Figure 5-6a). Although there were signs of flocculation in
the film, the deposition pattern suggested an increased Marangoni flow in the drying

drop as the central deposition of the film was increased. For this system, Peyq g is
4.7x107 which is higher than Pey, / (3x107) for 3.7 wt% CNC under ethanol which

gives an indication for increased central deposition. To avoid the flocculation of CNCs
and alter the magnitude of the Marangoni flow the composition of the vapor phase

was varied.
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The deposition of the film still exhibited an increased central deposition after drying
3 wt% CNC under ethanol vapor obtained by mixture of 7:3 v/v ethanol/water
(X, = 0.4), as shown in Figure 5-6b. For this system, Peyq g is calculated to be
4.2x107 with a surface tension difference Ay, 24 mN/m. Compared to the CNC film

without any ethanol, the maximum height of the coffee-ring was reduced one third.
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Figure 5-6 Height profile of the films obtained drying 3 wt% CNC under (a) ethanol

and (b) different ethanol vapor concentration

The amount of ethanol in the vapor phase was reduced in order to decrease surface
tension gradient and thus obtain a more uniform deposition. Thus, a reservoir of 6:4
v/v ethanol/water, (X, = 0.3) was used to induce a solutal Marangoni flow for drying

the colloidal drop of 3 wt% CNC. For this system, Pey,  is calculated to be 3.8x 107

(Ay, 22 mN/m), i.e. lower than the previous case in which a central peak formed in the
film. On the whole, Marangoni flow is adequate to cancel the effect of the capillary
flow to produce a film with a more uniform thickness under this atmosphere as shown
in Figure 5-6b. Further decrease of ethanol in the vapor phase (a reservoir of 5:5 v/v
ethanol/water) causes a loss of uniformity in the obtained films due to reduced surface
tension gradients in the system.

The films obtained with a reservoir of 6:4 v/v ethanol/water have a bluish uniform
iridescent color throughout the film when viewed by the naked eye which can be seen
in Figure 5-7a as a result of a uniform deposition without particle aggregation. The
optical properties of the films obtained via this methodology changed considerably
compared to that of the films displaying a ring-shaped deposition.
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Firstly, the rainbow colors due to thickness gradients at the outer edges are completely
absent so that only a blue color is observed under the cross-polarized light as shown
in Figure 5-7b, c. The dynamic absorption and the evaporation process of ethanol fine-

tune the concentration induced color changes under visible light.

Figure 5-7 (a) Photograph (scale bar 1 mm) and (b, c) Cross-polarized light
microscope images of the film obtained by drying a 3 wt% CNC suspension under

vapor obtained by a mixture of 6:4 v/v ethanol/water (scale bars 100 um)
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Figure 5-8 Transition of film properties by means of solutal Marangoni flow

In general, the control of the colloidal deposition is a very complex phenomenon
which is governed by the fluid flow behavior and thus particle motion inside drying
drops. It is realized that if the magnitude of Marangoni flow is increased the coffee-
ring effect can be suppressed. The magnitude of the surface tension gradients controls
the extent of the Marangoni flow. On the contrary, an increase in the viscosity of the
system can reduce the impact of the Marangoni flow. However, it has to be noted that
the viscosity of the suspension can also influence the magnitude of the capillary flow
by the induced viscous resistance. Dynamic absorption and evaporation of ethanol
makes it difficult to analyse the evaporation behavior which is crucial to understand
both the magnitude of the capillary flow and Marangoni flow. This methodology can
be adapted with other solvent systems where differential evaporation of the solvents
induces surface tension gradients. Nevertheless, a special attention has to be given to
the combination of the solvents which ensures the colloidal stability of the particles.
For the improvement of the study, the hydrodynamic interactions of the particles have
to be considered since they are not included in the dimensionless number analysis. By

doing so, the deposition of the particles with different shapes can also be understood.
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5.3. Conclusions

Iridescent films with a uniform deposition of cellulose nanocrystals were obtained by
controlling the relative magnitude of the Marangoni flow (Figure 5-8) opposing
convective terms. The forces influencing the deposition process were successfully
described using dimensionless number analysis, which enabled the description of the
systems studied and to control the deposition profile. The colloidal stability was
characterized by rheological and zeta potential measurements to optimize the optical

properties of the obtained films through the desired structure formation.
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6. Effect of Gelation on the Deposition of CNC
Films

6.1. Introduction

In Chapter 5, a homogeneous deposition of cellulose nanocrystal films was achieved
from a drying colloidal drop by reinforcing Marangoni flow over the internal capillary
flow. This was attained by exposing the colloidal drop to ethanol vapor which induces
solutal Marangoni flow during drying. The uniform films showed iridescence when
ethanol absorption was limited to retain colloidal stability and self-assembly of the
particles. In general, the addition of organic solvents to aqueous CNC suspensions
alters the electrostatic interactions between the particles which can lead to aggregation
of the particles. This causes limitations for the application of solvent-mediated
Marangoni flow in studies of evaporation induced self-assembly.

An alternative way of controlling the colloidal deposition is introduced for CNC films
in this chapter. In this new approach we aimed to reduce the coffee ring effect by
inducing elastic resistance in the colloidal drop via gelation. The capillary flow inside
the drying drop, responsible for non-uniform deposition, is thus restricted by the
viscoelastic changes in the colloidal drop. These changes consequently affect the final
morphology of the dried films. To test this hypothesis, CNC films were prepared by
drop casting CNC suspensions containing NaCl and CaCl. salts which are known to
facilitate gel formation.!”>!”® The effect of gelation on the deposition pattern and on
the self-assembly of CNCs during the droplet drying is discussed. A mixed
methodology using rheological and depolarized dynamic light scattering was applied
to understand the deposition behavior of the CNCs. In addition, the analysis of the
surface tension, viscosity and yield stress of the suspension mixture was used to gain
deeper insights into the deposition process. The understanding of the gelation
behavior in the drying droplet was used to exert control over the deposit where the
coffee-ring deposit can be converted to a dome-shaped deposit. Lastly, the effects on
the optical properties of the films were characterized with cross-polarized light

microscopy and linked to the deposition parameters.
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6.2. Results and Discussion

Gel formation in a colloidal drop can be an effective way to restrict the radial capillary
flow that is responsible for the coffee-ring effect. Thus, the particles motion towards
the drop edge can be suppressed via induction of gelation. For instance, Talbot and
co-workers used the sol-gel transition during evaporation to regulate the colloidal
deposition of polystyrene particles.’® Other examples include the addition of
polymers to microsphere dispersions prior to drop casting to increase the viscosity of
the system and thus to avoid the coffee-ring effect.’**3% In order to adapt these
strategies to CNC films, an additive is required to induce gelation in colloidal drops.

In the work presented here NaCl and CaClz, which have different type of cations and
cationic charges, were chosen to induce gelation. It has been discussed that network
formation and gelation of CNC suspensions is caused by different mechanisms
namely charge screening for monovalent salts such as NaCl and cationic bridging for
divalent salts such as CaCl.!">!73180 The differences in network formation due to the
addition of salts changes the rheological properties of the suspensions for different
concentrations of the salt. Increasing the charge and ionic radius of the cations have

178306 which was attributed

also been shown to increase the elastic moduli of the gels,
to the fact that the mesh size of the network was changed relative to the ions added to
the system.

Both CNC and salt (NaCl or CaClz2) concentrations can be varied to achieve the
desired magnitude of the elastic modulus. As the deposition of CNC particles is set to
be controlled by inducing gelation, there remains a need to understand the effect of
the induced elastic resistance on the capillary flow. Again, it is possible to apply
dimensional analysis to compare the effect of contributing factors on the fluid flow
and weigh out the relative magnitude of the different contributions. As gelation is a
different process, another dimensionless number is needed to characterize the
contribution of the elastic modulus due to gelation of the suspensions: The modified
capillary number, € (Equation 6.1), enables one to compare the elastic modulus with
the internal capillary pressure to quantify the elastic modulus at which the capillary

flow is completely stopped.>®
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e—G’rC 6.1
=2 (6.1)

€ is based on the ratio of the elastic modulus, G’, to the Laplace pressure (P = 2y/7,)
inside the droplet, where r. is the radius of curvature of the droplet andyis the surface
tension. The value for € has to be higher than unity for network (gel) integrity,
expressed by the modulus, to resist the Laplace pressure inside the drying droplet. To
determine whether gelation as a result of salt addition is sufficient to stop/limit the
capillary flow, in a drying droplet, one needs to establish the magnitude of the gel
yield stress at which the capillary flow is inhibited. Setting €=1, it becomes possible
to estimate the elastic modulus at which capillary flow is inhibited for a droplet with
known surface tension and a radius of curvature. For the systems under investigation

here (droplet radius 2.5 x 10 m), values are reported in Table 6.1.

Table 6.1 Elastic modulus values required to attain € = 1 and surface tension values

for CNC suspensions with added salt (10 mM)

CNCs NaCl CaClz NaCl CaCl
G' G' Y Y
(wt %) (Pa) (Pa) (mN/m) (mN/m)
2 50.08 52.87 62.6+2.3 66.0+ 1.7
4 37.44 30.83 46.8+£ 1.9 38.5£2.9

The decrease in the calculated moduli with increased CNC concentration is due to
reduced values of surface tension of the mixtures (Table 6.1). Previous work has noted
that the actual yield stress required to overcome capillary flow is lower than this
calculated G'as there is a gradient in capillary pressure within the drying droplet.>®
The determined G’ values using this method can thus be considered to be an upper
limit.

The experimentally determined yield stress values, oy (Table 6.2) were compared to
the gel modulus at € =1 (Table 6.1). It can readily be seen that in all of the cases for

CNC suspensions containing NaCl, the magnitude of the yield stress under
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equilibrium conditions should not be sufficient to resist the capillary pressure, and
thus these systems are not expected to fully inhibit capillary flow. The CNC
suspensions containing CaClz display a higher yield strength compared to the ones

containing NaCl under equilibrium conditions.

Table 6.2 Yield stress values for CNC suspensions with added salt (10 mM)

CNCs NaCl NaCl NaCl CaClz CaCl
(Wt %) oy(Pa)  oy(Pa)  oy(Pa)  oy(Pa)  oy(Pa)
Initial After 30 After 1 Initial After 30
min hr min
2 - 0.31 0.64 1.02 23.38
4 0.20 1.52 10.32 9.49 119.84
10 8.52 22.89 - 74.18 -

On the other hand, dynamic changes of yield stress values have to be taken into
account since the evaporation of water from the colloidal drop causes changes in the
concentration of CNCs. For this reason, the concentration changes in the evaporating
droplets was determined in the drying droplets as described in Section 4.2.1. The
calculations gave an understanding of average weight concentration changes in the

drop (Figure 6-1).
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Figure 6-1 Average weight concentration variation of cellulose nanocrystals in the
drying droplets with added NaCl

During drying of a droplet with initially 4 wt% CNC+ 1 mM NaCl, we observed a
peak in the weight concentration change at 15 min due to depinning, in which some
of the formed skin collapses. However, it was observed that the average
concentrations in the drying droplets reached much higher values for suspensions
containing 1 and 5 mM NaCl, while the increase in concentration was suppressed
when 10 mM NaCl was added to the suspension. This suppression for 10 mM NaCl
is either due to gelation or to the deposition of the skin during drying.

Unfortunately, local concentration gradients cannot be determined since spatial
information on the particles within the droplet is missing. If one would like to estimate
local concentrations, other methods such as computational fluid dynamics should be
used but the accuracy will also heavily depend on the simulation assumptions.**” For
this dimensional analysis (Equation 6.1), average concentrations are sufficient to gain
the required insights into the order of magnitudes of the opposing forces. One can thus
refer to bulk concentration changes in the colloidal drops and analyze the yield stress

values for a specific concentration regime. For instance, when the weight
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concentration of CNCs increases to 10 wt% for drying colloidal drops at longer times
with initially 4wt% CNCs + 10 mM NaCl (Figure 6-1), the recorded yield stress value
(8.52 Pa) is still lower than the required gel modulus to stop capillary flow (Table
6.2). On the other hand, it becomes impossible to determine the yield stress values for
systems with added salt where the weight concentration of CNCs exceeds 10 wt%
since homogenous mixing of the salt and gelled CNCs cannot be achieved due to
aggregation. For the studied concentrations of CNC suspensions, the determined yield
stress values when CaClz is added to the suspensions reached sufficiently high values
to stop capillary flow. Yield stress values for CaClz after an hour cannot be recorded
due to inhomogeneous flow which is caused by the formation of aggregates of CNCs.
To detect the transition from viscous to gel state, dynamic oscillatory tests were
performed for different concentrations of salts added to the CNC suspensions. For 4
wt% CNC + 5 mM NaCl suspension, the viscous modulus values dominate the elastic
modulus as shown in Figure 6-2 which is an indication of viscous fluid-like behavior.
The elastic modulus was observed to dominate the viscous modulus when the
concentration was increased to 10 mM for 4 wt% CNC which is a proof of gel
formation. In addition, for gel-like systems the elastic modulus values display a

frequency-independent behavior.
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Figure 6-2 Dynamic oscillatory measurements of 4 wt% CNC suspension with added

salt

Next, the effect of the different salts on the viscoelastic behavior of the CNC
suspensions were analyzed. Dynamic oscillatory measurements were carried out with
2 wt% and 4 wt% CNC suspensions with a salt concentration of 10 mM and modulus
values were compared to understand the magnitude of the network formation and the
gel strength (Figure 6-3). Both elastic and viscous modulus values were found to
increase with increasing the CNCs concentration from 2 wt% to 4 wt%. The elastic
modulus values were higher for CNC suspensions containing CaCl> when compare to
suspensions containing NaCl as illustrated in Figure 6-3. This was attributed to the
different mechanisms of network formation. The same behavior was observed in
steady shear tests: for the same concentration of salts, the viscosity of the suspension
was recorded to be higher for the CaClz systems (Figure 6-4). Thus, gelation starts at
lower concentrations for CaClz than for NaCl. At the same concentration regime,
CaClz added suspensions exhibit stronger gel behavior than NaCl added suspensions.
In all cases, the suspensions with added CaClz showed a higher modulus values, which

was ascribed to increased percolation.
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Figure 6-3 Dynamic oscillatory measurements of CNC suspensions with different salt
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Figure 6-4 Steady shear viscosity values of salt added CNC suspension at initial time

of mixing

The addition of salt to the suspensions also caused changes in the zeta potential of the
systems, as shown in Figure 6-5. The zeta potential of salt containing suspensions
increased as the concentration of the salt was increased to 5 mM. This information
can be useful to predict the colloidal stability of the CNCs, since the systems with zeta
potential below -25 and above 25 mV are stable whereas the systems with zeta

potential closer to 0 mV are unstable.?®®
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Figure 6-5 Zeta potential values for CNC suspensions (0.55 wt%) as function of the

concentration and type of salt in the suspension

So far, the changes in rheological properties of the suspensions were described with
respect to the concentration of CNC and added salt. Understanding the gelation
kinetics is also important during the time-dependent drying of the colloidal
suspensions. It was already reported that NaCl addition to CNC suspensions leads to
a network formation of particles that grows with time.!”* The addition of salt is known
to cause a change in the rheological behavior of CNC suspensions in time.?° For this
reason, it is important to determine the rheological behavior of CNC suspensions as a
function of time upon salt addition. The evolution of the rheological properties was
investigated using two different approaches: In the first approach, steady shear
viscosities were measured after a certain period of time and changes in the viscosity
were tracked. As seen in Figure 6-6 half an hour after the initial mixing, the viscosity
is observed to increase at any given shear rate. At the same time, shear thinning
behavior was observed for salt added suspensions. The magnitude of the shear
thinning in suspensions are determined by the rate index values (n) as described in
Section 4.2.3. For a CNC suspension with 5 mM NaCl, rate index is reduced from
0.69 to 0.51 after half an hour of mixing whereas with 10 mM NaCl, rate index is
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reduced from 0.46 to 0.22. The decreased rate index values were attributed to shear-
induced breakup of CNCs networks. In the second approach, time sweep experiments
were carried out to be able characterize changes in the modulus of the suspensions in
time. The obtained results for different wt% CNC suspensions with different salts are
shown in Figure 6-7. An increase in the elastic modulus as a function of time is
observed, proving the continuation of the network formation and quantifying its
strength. These samples exhibited gel-like behavior since the elastic modulus is
dominating the viscous modulus during the time scale of the measurement. It was
reported that divalent cations induce attractive forces between two rigid
polyelectrolyte rods.>® This effect increases CNCs aggregation in the presence of
Ca?" cations which is responsible for the increased elastic modulus for CaCl, added

CNC suspensions compared to NaCl added CNC suspensions.
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5 mM NaCl (30min)
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Figure 6-6 Time evolution of viscosity values for 4 wt% CNC suspension with added

salt

115



2 wt% CNC

L AAAAAAAAAMMAAAAAAAMMAAAAMAMAMMMAAAAL iy i
anaadies
m  G'NaCl
o G"NaCl
104 A G'CaCl,
© A G"CaCl,
o
(2]
=
=)
'8 anuEE
g 13
B e e a e
[EmaEnEN
01 T T T T T T T 1
0 50 100 150 200 250 300 350
time (s)
4 wt% CNC
10 mM salt
“M“MMMW
« = G'NaCl
100 o G"NaCl
A G'CaCl,
A G"CaCl,
— A
& LONNNANS NN NN NN NN NSNS ANSANNSNSNNDS
%)
=
'g 10‘ 1 L
o)
S
LoOO0OOO000000000000000000000000000000000000000
1 T T T T T T T
0 50 100 150 200 250 300

time (s)

Figure 6-7 Time sweep measurements of 2 and 4 wt% CNC mixed with 10 mM salt
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Understanding the rheological properties of salt containing CNC suspensions is an
important step to characterize the deposition process of the CNCs. Yet, particle motion
is also influenced by the fluid flow which is subject to change with induced surface
tension gradients. For this reason, the contribution of the Marangoni flow on the

colloidal deposition was further analysed.

6.2.1. Marangoni flow for salt containing CNC suspensions

The modified capillary number (Equation 6.1) gives one a means to describe the effect
of the elastic resistance opposing the capillary flow but does not take into account the
effect of Marangoni stresses. The surface tension gradients induced by gelation create
a Marangoni stress at the interface which is balanced by a shear stress within the
liquid. In this work, the Marangoni stresses are induced by gradients of surface tension
in the gelled suspension due to the addition of salt into the CNC suspension. In a
similar way, the surface tension of ethyl cellulose nanoparticle suspensions has
previously been shown to decrease upon the addition of salt.?*® This mechanism was
explained in two different ways; in the first scenario, the nanoparticle aggregates
formed in the bulk are adsorbed at the air—water interface alongside the single
nanoparticles whereas in the second scenario only a single nanoparticle is initially
adsorbed at the air—water interface while the nanoparticle aggregates are formed at the
interface through attachment of nanoparticles onto those already at the interface. As
the adsorption is a dynamic process there will inherently be concentration gradients
on the surface giving rise to local Marangoni stresses. One can analyze the effect of
surface tension gradients and the viscosity of the suspensions on the deposition using
the Marangoni number, M., using the same dimensionless number approach as used

in Section 4.2.3.

&l Ac) was calculated for the CNC

The Marangoni number (M, = —
dc 1 Dpar

suspensions with different salt concentrations where (dy/dc) is the surface tension
change with the change of the salt concentration, /. is the length scale of the droplet

(diameter of the droplet), 77 is the viscosity of the suspensions, and Dpar is the parallel

particle diffusivity. The product of — (%) Ac is the magnitude of the surface tension
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difference across the droplet determined by the difference between the surface tension
of the suspension containing salt and the neat CNC suspension. In order to calculate
the Marangoni number, the surface tension of the salt mixed suspensions was
determined using pendant drop tensiometry in the same way the surface tension of the
neat CNC suspensions was determined (Figure 4-9). The obtained results (Figure 6-
8) showed that the surface tension of the CNC suspensions decreased with increased
concentration of the salt. This is attributed to network formation of particles at the air-
liquid interface which is disturbing hydrogen bonding between water molecules.’?
The decrease in the surface tension in the case of increased CaClz concentration is
more pronounced since Ca?" can form ionic bridges with CNCs.!”>3% Average surface
tension values are used together with the surface tension of the neat CNC suspension

to determine the local surface tension changes in the dimensionless number analysis.
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Figure 6-8 Surface tension measurements of 4 wt% CNC mixed with salt

To determine the diffusional properties of CNCs in the salt solutions depolarized
dynamic light scattering (DDLS) was used. This enabled us to extract the diffusion
coefficients of the CNCs in the mixed systems. Furthermore, DDLS makes it possible

to extract the translational and rotational diffusion coefficients.
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Figure 6-9 (a) Autocorrelation curves measured at scattering angle of 30° for 4 wt%

CNC mixed with salt (b) fitted decay constants to extract the diffusion coefficients
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The DDLS autocorrelation functions (Iva geometry) at a scattering angle of 30° for
CNC suspensions mixed with different concentrations of salt are shown in Figure 6-
9a. The relaxation times increased with increased salt concentrations which leads to
the shift towards longer times in the autocorrelation curves. Rod shaped particles
undergo slow and fast diffusional translational motions perpendicular and parallel to
the particle main axis. Parallel diffusion coefficients were obtained via the slope of
the linear fit to I (decay constant) vs. g2 in fast mode whereas the perpendicular
diffusion coefficients were obtained by the slope of the linear fit to I' (decay constant)
vs. ¢* in slow mode (Figure 6-9b).

The diffusion coefficients are shown in Table 6.3 together with the calculated
Marangoni numbers for a 4 wt% CNC suspension as a function of the amount of NaCl.
The calculated Marangoni numbers can then be used to understand the relative

magnitude of the Marangoni flow with respect to the capillary flow.

Table 6.3 Diffusion Coefficients and Relative Marangoni Numbers of 4 wt%

Cellulose Nanocrystal Suspension containing NaCl *

NaCl Dyer Dyar Drot Ma
(mM) (nm?/s) (nm?/s) s
1 0.54 3.23 18 0.6
5 0.52 2.7 24 0.7
10 0.052 0.68 13 34

* Dper, Dpar and Drot are respectively the diffusion coefficients perpendicular and
parallel to the particle main axis, and the rotational diffusion coefficient around the

main axis

Increased Marangoni numbers with increasing NaCl concentration (Table 6.3)
indicate that Marangoni flow becomes more important relative to the capillary flow.
The diffusion coefficients for CaCl: containing CNC suspensions could not be
determined using the light scattering experiments because the relaxation times were

too long, and gelation set in within the measurement time for the relevant CaClx
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concentrations. Due to these limitations in the determination of the diffusion
coefficients for the CNC- CaCl: system, another dimensionless number which is
independent of the diffusion coefficient can be used instead: The importance of the

relative magnitude of the Marangoni flow to the processes inside the drying droplet

can be described by the modified Péclet number Pe,,, ,; = Ly Equation 5.2) as used
/ nve

in Section 5.2.3. where Ay is the surface tension difference between added salt and
neat CNC suspension, ve = Jo/I? is the evaporation velocity, Je is the evaporation flux,
I 1s the length scale of the droplet, # is the viscosity of the suspension. The evaporation
velocity of salt added CNC suspensions can be determined by the drop volume
changes during drying which is obtained by the droplet imaging (Section 3.5). The
changes of the mixtures composition do not significantly alter the evaporation velocity
of the systems. The calculated values for Pey, /g are given in Figure 6-10 for 4 wt%
CNC suspension with added salt. It can clearly be seen that Pey, /5 decreases as time
progresses showing that the relative importance of Marangoni flow to capillary flow
decreases during the deposition. At the same concentration regimes suspensions with
NaCl have higher Pey,, r compared to suspensions with CaCla. Although both surface
tension gradients and viscosities are higher for the suspensions with CaClz than for the
suspensions with NaCl, increase in the viscosities are much dominant in CaClz
systems thus Pey, g is reduced for CaClz added suspensions. The changes in the
magnitude of Pey, are small when different salts are compared at the same
concentration. On the other hand, when the concentration of salt is doubled, the
magnitude of Pey, p decreases nearly by one order of magnitude. In Chapter 5,
induced solutal Marangoni flow results in Pey /g in the magnitude of 107 when the
capillary flow is suppressed whereas for suspensions with salt the magnitude of order

for Pey, ; ranges between 10° and 10°.
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Figure 6-10 Pe mar numbers for 4 wt% CNC with added salt

6.2.2. Analysis of the film deposition

Up to now, the key factors which control the deposition of the colloidal films have
been introduced, the discussion will be followed by the analysis of the deposition
patterns of the obtained films based on these factors and their importance. Firstly, the
deposition of the drying colloidal drops containing NaCl will be discussed which then
will be followed by CaClz containing droplets.

6.2.2.1. Colloidal CNCs drop containing NaCl

The deposition at the outer edges of the drying droplets caused by capillary flow, can
be expected to decrease with increasing amounts of added NaCl as the increased
viscosity reduces capillary flow (Figure 6-2).

In order to quantify the changes in the final deposit with added salt, a new parameter,
the deposition number, DN (Equation 6.2) was defined, relating the maximum height
of the outer ring deposit, hmax.edge, to the average film thickness at the centre of the

ﬁlm, haverage,center:
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hmax,edge

Deposition Number = (6.2)

haverage,center

If the deposition number is larger than 1, the outer ring deposits, i.e. the “coffee-ring”,
will dominate in the deposition profile, where as if it is equal to 1, the deposit is
uniform. The deposition number versus NaCl concentration for different CNC
concentrations was plotted in Figure 6-11a by using the data from profilometry of the

final deposits.

CNC wt%
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Figure 6-11 (a) Deposition number of films deposited from a CNC-NaCl aqueous
mixture with corresponding cross-polarized light microscope images from edge of the
films, film profiles for NaCl addition to (b) 2 wt% CNC and (c) 4 wt% CNC

suspension
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In Figure 6-11a the cross-polarized microscope images of the edge of the films were
also illustrated. In Figure 6-11b, c the height profile of the films was shown which are
measured with the profilometer (Section 3.7). The trend observed in the deposition
numbers gives an idea about the influence of the salt on the colloidal deposition. For
instance, at low salt concentration regime the deposition numbers are higher for 2 wt%
and 4 wt% compared to high salt concentration regime. This is due to suppressed
coffee-ring effect. Deposition numbers are lower for the 4 wt% CNC salt systems
since the central deposition of the particles were increased. The calculated deposition
numbers were also compared to the ratio of maximum height of the film to minimum
height of the film (Table 6.4). Similar trends were obtained for these ratios compared
to obtained deposition numbers as defined by Equation 6.2 for both 2 and 4 wt% CNC
suspensions with only magnitude of the values differing. A decrease is seen for 4 wt%
as the NaCl content is increased, whereas the values for 2 wt% CNC suspensions
remained somewhat constant. However, using the average, i.e. the DN as defined by
Equation 6.2 has the advantage that it still gives a usable value for deposits which
have sections without any deposition. This is seen for 2wt% CNCs with SmM NaCl,
where a central section is left empty because the drying drop becomes depleted of

particles at later stages of drying and the minimum height becomes 0.

Table 6.4 Comparison of deposition number (DN) and max/min values of the deposit

NaCl (mM) 2wt% CNC 2 wt% CNC 4 wt% CNC 4 wt% CNC

DN Max/min DN Max/min
0 5.1 6.7 3.7 4.8
1 5.8 8 2.8 32
5 5.4 Undefined 1.6 1.9
10 3.7 8.9 1.4 1.9
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For a colloidal drop of 2 wt% CNC+ 5 mM NaCl, it was observed that there is
enhanced accumulation of the particles around the ring which is possibly due to the
flocculation as colloidal stability is decreased in the system (Figure 6-5).
Consequently, there is a depletion of the particles at the center of the films as seen in
Figure 6-11b. Due to this depletion in the films, it becomes unfeasible to determine
the concentration changes based on Equation 4.2. Pey,/,; for this system was
determined to be in the order of 10% yet the deposition profile suggests that the
capillary flow is effective in the colloidal deposition. Thus, it was presumed that
original surface tension gradients are smaller than the determined surface tension
changes.

For the 2wt% CNC+10 mM NaCl the dynamic oscillatory tests can be performed, and
the system exhibits gel-like behavior (Figure 6-3). This retards the particle motion
and limits the capillary flow in the case of the obtained films (Figure 6-11b). As a
result, the particle deposition is diminished at the outer ring.

For the suspension of 4 wt % CNC + 5 mM NaCl, the yield stress could not be
recorded after initial mixing and the deposition of the film is controlled mostly due to
Marangoni and capillary flows for the first 16 min. This is seen in Figure 6-10 where
Peyq p is large and decreases during drying. Although the viscosity of the suspension
increases gradually with time for this system, it only becomes important in controlling
the deposition profile after ~ 16 min (Figure 6-1, 6-10). The viscous resistance was
thus found to be effective only from ~ 16 min to the end of the deposition at around
36 min. The contribution of the viscosity of the suspension dominates Peuae for 4
wt% CNC + 10 mM NaCl which results in lower values than Peuwe for 4 wt% CNC
+ 5 mM NaCl. The ensuing effect on the deposition is directly seen in the shape of the
final deposit with a reduced height of the outer ring deposit relative to the center height
(Figure 6-11c). Uniform films could not be obtained for the studied concentration
regime since the measured magnitude of the yield stress of the suspension was not

sufficient to fully suppress the radial capillary flow (Table 6.2).
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6.2.2.2. Colloidal CNCs drop with CaClz

The effect of the addition of CaClzto a CNC suspension on the film formation was
also studied. Contrary to NaCl, films obtained by the addition of CaClz to the CNC
suspension showed a transition from a ring-shaped deposit to dome-shaped deposits
(Figure 6-12). It was shown in Table 6.2 that the yield stress is high enough for
suspensions containing CaClz to stop capillary flow and this can be seen in the deposits
taking on a dome-shaped form. For 4 wt% CNC suspensions, an increase in CaCl
concentration from 5 mM to 10 mM led to a decrease in Pewmwe throughout the
deposition (Figure 6-10) which indicates the dome-shaped deposit is obtained by
elastic resistance i.e. an increased yield stress retarding the capillary flow rather than
the induced flow due to surface tension gradients after gelation of the drying drop. For
4 wt% CNC + 5 mM CaCl: the contribution of the Marangoni flow is higher for the
first 10 min than at later times of evaporation. This causes a decrease in terms of the
height of the coffee-ring compared to obtained film of 4 wt% CNC (Figure 6-12b).
When we compare the films obtained from drying a 4 wt% CNC + 5 mM CaClz
suspension to the film obtained from 4 wt% CNC + 10 mM NaCl, both films showed
a two-humped deposition pattern. With SmM CaCl, the humps are of lower height at
the summit than for 10 mM NaCl, which can be attributed to the higher Peyar for4
wt% CNC + 5 mM CaClz during the deposition (Figure 6-10).

The deposition number cannot be calculated for systems where the outer ring is
inexistent since the location of the edge cannot be defined. Another observation for
the flocculation induced by Ca*" ions is the formation of sharkskin patterns on the
surface of the film (Figure 6-12a). Sharkskin occurs because the elasticity induced in
the colloidal drop cannot compensate the flocculation related to the crack formation

in the colloidal deposit.*!°
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6.2.3. Optical properties of the films

Considering the color formation of the films under visible light, the pitch distance
values of chiral nematic assembly must be reduced to a certain range to reflect visible
light.!>?22. The concentration inside the drying droplets prepared from CNC
suspensions with an initial concentration of 4 wt% can be seen to increase as the
droplet dries, going through a maximum towards the end of the drying process (Figure
6-1). Clear iridescence was observed for the dried films of initially 4 wt% neat CNCs
whereas the droplets prepared from a 4 wt% CNC suspension containing 1 and 5 mM
NaCl did not result in iridescent films although their concentration increased
sufficiently during drying. This can be due to the loss of the chiral nematic structure
(network formation) or because the pitch increased with the increased ionic strength
via induced electrostatic interactions’!! or alternatively, gelation may avoid a further

312 or kinetic arrest.>'? It was also

decrease in the pitch due to jamming of nanocrystals
shown that increased ionic strength shifts the phase sequence towards the isotropic
phase.3!4

The observed thickness changes at the perimeter of the films were further analyzed by
cross-polarized light microscopy and included in Figure 6-11a for direct comparison.
The colored band variation were further correlated using the Michel-Lévy color
chart*!>!%7 in terms of optical path difference (Appendix A). The changes in colors
could be directly related to the thickness changes as described in Section 4.2.2. and is
therefore unsurprising.?*? The obtained rainbow pattern is thus a direct effect of the
deposit thickness at the outer edge and the slope of outer edge deposit peaks, and can
thus be fully controlled by the deposition conditions.

On the other hand, small aggregates (Figure 6-13) were observed for the dried films
from 2 wt% CNC + 10 mM NaCl and 4 wt% CNC + 10 mM NacCl suspensions under
cross-polarized light which were not seen for dried neat CNC films. The possibility
of salt-induced CNC aggregation was also proven by changed -electrostatic

interactions between CNCs as determined by zeta potential measurements (Figure 6-

5).
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Figure 6-13 Cross-polarized light microscope images for salt added films (a, b) 2 wt%
CNC +10 mM NacCl (c, d) 4 wt% CNC +10 mM NaCl and (e, f) neat CNC film 4 wt%
CNC (scale bars= 100um)

The center of the films deposited from a CNC-NaCl mixture still has color
characterized by cross-polarized light microscopy (Figure 6-13), indicating retained
individualization of the nanocrystals and thus sufficient colloidal stability within the
time frame of the deposition process. The observed color under cross-polarized light
microscope however disappeared around 15mM for NaCl added CNC suspensions of
2 wt% and 4 wt%. For CNC suspensions containing CaCly, the color disappears
already at lower concentrations (SmM) for both 2 wt% and 4 wt% CNCs. Films
obtained by the addition of CaCl> to CNC suspensions showed no color formation
under cross-polarized light due to the loss of the structure formation (Figure 6-14).
These mixtures led to films of flocculated CNCs which is attributed to the fact that
calcium ions form bridging complexes with CNCs, unlike sodium ions which only

175,316

screen CNC charges.
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Figure 6-14 Cross-polarized light microscope images for CaClz added films

6.3. Conclusions

The gelation controls the deposition of CNCs at increased salt concentrations, whereas
the capillary flow shapes the final deposition pattern of the CNCs for low salt
concentrations. However, the addition of salt changes the electrostatic interactions
between the CNCs which causes changes in terms of colloidal stability and self-
assembly which is crucial to obtain optically active films. Both the addition of NaCl
or CaCl» induce gelation of the suspension. The addition of NaCl retains the structure
formation for CNCs and thus results in optically active films under cross-polarized
light, whereas the addition of CaCl: results in loss of colloidal stability and the
structure formation of CNCs. The transition from ring-shaped deposition to dome-
shaped deposition occurs for CaCl.added CNC suspensions due to gelation during the

deposition.
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7. Drying of CNC Films on Superhydrophobic

Surfaces

7.1. Introduction

It was already discussed that the coffee-ring effect stems from preferential evaporation
of water toward the outer edge of the colloidal drop on hydrophilic substrates. In other
words, the local evaporation flux distribution is particularly responsible for the
capillary flow which carries the suspended particles towards the edge of the drying
drop. Thus, if the local evaporation flux is manipulated along the drop interface, the
capillary flow can be reduced to avoid this coffee-ring effect. One way to achieve this
scenario is to change the drop geometry to alter the distribution of the local flux at the
air-liquid interface as shown by numerical calculations of droplet evaporation (Figure
7-1).6364
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Figure 7-1 Evaporation flux profile of droplets with different geometries

(Reproduced with permission from the publisher )

In a case study, we aimed to reduce the effect of the capillary flow on the drying of a
colloidal film by altering the distribution of the local flux at the air-liquid interface in
experiments. In order to achieve this, water was evaporated from colloidal drops of
CNCs deposited on superhydrophobic surfaces. Thus, preferential evaporation of
water around the outer edge of the drops is avoided. In addition, the effect of the

substrate on the colloidal film deposition could also be studied. The advantage of this
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strategy is it does not require addition of any additive to the colloidal system such as
surfactants or solvents to induce a Marangoni flow to regulate the colloidal deposition.
It also provides a well-defined confined assembly area for the CNC suspensions if the
constant contact angle is achieved during the evaporation. A similar work was carried
out by Parker and co-workers to investigate the hierarchical self-assembly of CNCs
in micron-sized droplets which are obtained via a microfluidic assembly.!’ It was
reported that the spherical geometry of the droplets affects the colloidal self-assembly
process, resulting in concentric ordering within the droplet. The optical properties of
the droplets which were immersed in oil were analysed with the polarized microscopy
images of the droplets and were compared to the theoretical images which were
obtained from numerical simulations.!>3!7

In our work, the optical properties of the films dried on superhydrophobic substrates
were analyzed to check if thin-film interference is occurring as is the case for CNC
films dried on hydrophilic substrates. In the last part, the drying of a colloidal drop
onto a heated substrate was monitored with thermographic (infrared) camera to

characterize the thermal Marangoni flows.

7.2. Results and Discussion

Superhydrophobic surfaces were produced as described in Section 3.4. In the first
instance the resultant coating of reasonable adhesion to the glass substrates showed a
water contact angle of 165 + 2°. Then a CNC colloidal drops with initial weight
concentrations of 1 and 2 wt% were cast onto prepared superhydrophobic substrates.
The shape of the drop is drastically changed for drying of 1 wt% CNC relative to the

case of drop drying on hydrophilic substrate as can be seen in Figure 7-2.
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(b)

Figure 7-2 (a) CNC colloidal drop (1 wt%) casted onto superhydrophobic substrate

and (b) evolution of drop after half an hour

The mode of evaporation was observed to be a constant contact radius in which the
contact line remained pinned during the evaporation. For both 1 and 2 wt% CNCs in
the colloidal drop, the contact radius was measured to be 0.7 mm. The contact angle
of the drops was determined to be 166 £ 3° initially and decreased during evaporation

(Figure 7-3).
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Figure 7-3 Contact angle changes of drying CNC droplets onto coated substrates
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This decrease in contact angle during drying is generally observed for constant contact
radius evaporation cases.>!® In the specific case described here, the decrease in contact
angle was attributed to the fact that some of the CNC particles dispersed in the drop
accumulated at the contact line and locally disturbed the superhydrophobic property
of the coating. Before studying the optical properties of the dried films, the plan was
to characterize the deposition rate and concentration changes in the drying colloidal
drops to be able to understand the self-assembly process. However, the model
proposed in Section 4.2.1 could not be implemented to the colloidal drops drying onto
superhydrophobic substrates since the evaporation process was observed to be
occurring via a vertical drying in which the evaporation of water occurred without
retraction of the contact line. In the literature, a model was reported to solve the rate
of mass loss from colloidal drops with higher contact angles by mimicking the
solution of electric potential around a charged lens-shaped conductor.?!® This leads to
a diffusion based analytical model in which the diffusive flux from the droplet surface
has to be characterized to determine the rate of mass loss during drying. Another
alternative is to analyze the images of the drying drops to calculate the volume
changes and thus the concentration of the colloidal drops over time. However, the
determination of drop volumes via the image analysis become challenging since the
shape of drops exhibits flattening on the side where it is in contact with solid surfaces.
The analysis was continued in a qualitative way and the optical properties of the
obtained films were investigated. Cross-polarized light images of films obtained from
drying colloidal drops obtained from CNC suspension of initial concentration of 1
wt%, 2 wt% and 3.5 wt% showed that the films exhibited a very similar behavior in
terms of the optical properties independent of the concentration of the suspensions.
Cross-polarized light microscope images obtained for the dried film of 1-3.5 wt%

CNC are shown in Figure 7-4.
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Figure 7-4 Cross-polarized light microscope images of dried films (a, b) 1wt% (c) 2
wt% and (d) 3.5 wt%

The first observation in terms of color formation compared to the dried films on
uncoated glass substrates was that there was no rainbow-like color formation at the
outer edge of the films. Instead, color spots were observed in a random manner around
the rim of the film. This was due to either irregularities in thickness throughout the
surface of the film or due to the microstructure of the CNC particles. The cross-
polarized images showed that there is a thickness difference between the center of the
film and its rim which is proven by the loss of the focus of image in related areas.
Therefore, the morphology of the obtained films is resembling to the bowl-shaped
deposition. This is actually unsurprising since such cavity formations observed in
films are normally due to the buckling instabilities.?!332032! 1t is known that when
water evaporates from the colloidal drop, the CNC particles can accumulate at the air-
liquid interface causing skin formation. The reason for the buckling instability

induced during the evaporation is the sol-gel transition of the skin formed at the air-
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liquid interface. Skin formation is favored for colloidal drops drying onto
superhydrophobic substrates since the preferential evaporation towards the contact
line is suppressed. Therefore, it is anticipated that the bowl-shaped depositions
obtained here are induced by the buckling instabilities during the evaporation instead

of the coffee-ring effect.3??

7.2.1. Thermal Marangoni flow

Colloidal drops of CNCs were also dried using the same coated substrate using a
peltier heating stage. In the case of drying films dried on heated substrates, thermal
Marangoni flow might become pronounced and influence the particle deposition
behavior. This situation can be explained using Figure 7-5. In general, the regions
with a low temperature possess a high surface tension whereas the regions with a high
temperature possess a low surface tension. It is due to fact that intermolecular
attractive forces between molecules decreases at increased temperatures and increases
at decreased temperatures.’?® Thus, the direction of the flow is dictated by these

surface tension gradients.
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Figure 7-5 Schematic description of thermal Marangoni flow for droplets on

superhydrophobic substrates (Reproduced with permission from the publisher’?%)
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To be able to characterize the influence of thermal Marangoni flow, the temperature
gradients in the drying colloidal drops were further characterized. When the
temperature of the heat source was at 45 °C, the air-liquid interface of the drop could
be distinguished, and the temperature profile could be analyzed to understand the
Marangoni flow inside the colloidal drops (Figure 7-6). The temperature profile
measured represents the air-liquid interface across the droplet since water was opaque
to the infrared radiation. In this analysis, the droplet surface temperature could be used
to estimate the surface tension gradients and the magnitude of the Marangoni flow in
the drying drops.
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Figure 7-6 Temperature profile of 2 wt% CNC drop after the initial casting

The magnitude of the Marangoni flow is scaled with,dy/dr as this gradient is
responsible for the Marangoni stress. To be able to analyze this contribution, the chain
rule was used (Equation 7.1);
d dy dT
a_a (7.1)
dr dTdr
where dy/dT represents the surface tension changes with respect to the changes in
temperature and dT/dr is the temperature gradient across the interface which is

extracted from the temperature profile obtained by the infrared camera.
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The temperature profile of drying 2 wt% CNCs drop was recorded as a function of
time and used together with the surface tension changes calculated from Equation 7.1,
in order to characterize the Marangoni stresses caused by the temperature gradients
shown in Figure 7-6.>%2° The temperature gradients were acquired by thermal
imaging from side view of the drop. The temperature of the drop is highest close to
the heat source and decreases as a function of the height. Since these results are
available in two-dimensional space it is difficult to predict three-dimensional
information of the temperature gradients on the surface of the spheroid. The analysis
of temperature gradients is based on the temperature changes on the axis perpendicular
to the heat source. For a colloidal drop of 2 wt% CNC, time-dependent changes of the
surface tension changes were extracted with respect to the given height of the drop as
shown in Figure 7-7. A similar trend is observed at different times of evaporation and
a shift is witnessed due to the reduction of height of drops. The magnitude of the
Marangoni flow is higher for the position of the drop where a high surface tension
gradient exists. This approach could be implemented for the numerical simulation of
the drying colloidal drops on heated superhydrophobic surfaces.?* Yet, there remains
a need to characterize the stresses induced by skin formation to fully understand the

flow behavior.
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Figure 7-7 Magnitude of Marangoni stresses at different times of evaporation

7.3. Conclusions

Drying CNCs colloidal drops onto superhydrophobic substrates alters the optical
properties of the dried films. The strategy of drying colloidal drops of CNCs onto
superhydrophobic substrates could be used as a platform to study the confined self-
assembly of CNC in a shrinking geometry. This way the coffee-ring effect can be
avoided, and the self-assembly process can be investigated with a uniform spatial
concentration inside the drying drop. In addition, the surface tension gradients can be
induced by the temperature gradients which can further be studied to control the fluid

flow and thus the particle motion in the drying colloidal drops.
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8. General Conclusions and Outlook

CNCs are a very promising material to be employed in inks to generate structural
color. There have been already several attempts in areas of inkjet printing and 3D
printing to investigate the applicability of CNC films,*-244245327328 The optical
properties of the films is largely controlled by the self-assembly behavior of CNCs
and the method of production of the films. Self-assembly of CNCs depends on the
behavior of the drying CNC suspension. For instance, phase transitions occur with
increasing concentration of the particles. However, the coexistence of different phases
namely isotropic and chiral nematic leads to biphasic systems, which can cause
possible non-uniformities in the self-assembly process. For this reason, the onset of
phase transitions and the orientation of chiral nematic domains has to be better
understood to have a control in the self-assembly process. In addition, the properties
of the particles such as surface charge density, shape and size distribution have to be
regulated to have a control for the onset of phase transitions, colloidal stability and
rheological properties of the suspensions.

On the other hand, methods of film production influence the optical properties of the
obtained films. Several methods such as blade coating, dip coating, drop-casting and
spin coating were introduced in Section 2.8. Depending on the method, differences in
the particle alignment and the deposition of the particles can be observed in the
produced films. For instance, applied shear affects the orientation of the rod-shaped
particles in the case of blade coating and spin coating. On the contrary, the effect of
shear is less pronounced in the case of drop-casting. However, fluid flow in drying
drops can influence the alignment of the particles.?”> Although many of the studies
have focused on the production of the films via drying CNC suspension onto different
substrates including in petri dish, and on AFM meshes and glass slides, these studies
only characterized the initial properties of the suspensions and the final properties of
the obtained films.!!'22%¢ Drying of CNC films leads to complex systems in which
particle transfer and deposition during drying determines the final morphology of the
obtained films. Thus, there is a need for a dynamic characterization of the drying

process. Tracking of the individual nanocrystals in drying drops is not feasible due to
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the limitations of the microscopic methods. Instead, computational fluid dynamics can
be useful to understand the velocity field and the particle motion inside a drying
colloidal drop. Yet, these have not been studied for CNC films since many of the
parameters such as concentration and the viscosity of the suspensions are subject to
change during drying and has to be known for numerical analysis.

The dynamic self-assembly of CNCs takes place during drying which is affected by
the concentration changes. To this end, a new analytical method was developed which
can be used to determine the concentration changes in drying colloidal drops. Thus,
the phase transitions and cholesteric pitch of chiral nematic assembly can be correlated
with the concentration changes. This method is advantageous over simulation-based
calculations since in the latter the prediction of particle motion hence the
understanding of the deposition behavior is very complex.

The relation between the deposition pattern and the optical properties of CNC films
showed that thickness changes occurred due to the coffee-ring effect and these
changes are responsible for the thin film interference at the perimeter of the films. On
the other hand, the radial color changes observed by the naked eye in the absence of
thickness gradients in the CNC films was attributed to concentration changes in the
drying colloidal suspensions. It can also be reasoned that the concentration changes
during drying alter the chiral nematic pitch distance. At later times of drying of the
colloidal drop, gelation might take place which avoids further changes in the pitch
distance. The observation of different color spots at length scales of a few microns
around the center of the film is induced by local defects in the self-assembly process
of CNCs. For instance, flow dynamics during drying can cause local defects that are
produced by the sliding of cholesteric phases.?”> In addition, the control of helix
orientation is challenging during drying of CNC films.

Determination of helical pitch lengths in films was limited due to the optical resolution
of light microscopy. For this reason, the helicoidal nanostructure of the CNC films
has to be characterized by electron microscope studies. X-ray scattering techniques
such as GI-SAXS can also be employed to study the self-assembly and the alignment
of rod-like shaped CNCs in films.?%?
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The developed understanding of the colloidal deposition process enabled us to further
design and control the deposition of the particles via manipulation of the fluid flow
inside the droplet. The influencing forces in the deposition process were successfully
described using the dimensionless number analysis, which enabled us to describe the
studied systems and develop a framework to control the deposition profile. In Chapter
5, uniform deposition of CNC films was achieved by induced solutal Marangoni flow
in the drying drops. The magnitude of the Marangoni flow was increased by means of
increased surface tension gradients. This was accomplished by diffusion of ethanol
vapor into drying colloidal drop of CNC suspension. Retaining the colloidal stability
was necessary to preserve the structure formation and thus iridescence for the obtained
films. Since the colloidal drops were exposed to ethanol atmosphere, excess diffusion
of ethanol caused aggregation of CNCs. To avoid this problem, the vapor composition
of atmosphere was altered via using reservoir of ethanol-water mixtures with different
mole fractions in a closed environment. In addition, the suspension behavior of
ethanol added CNC suspensions were tested by rheological and zeta potential
measurements. Increase of ethanol amount for CNC aqueous suspensions caused an
increase in the viscosity of the suspensions. This was due to the aggregation of CNCs
since the electrostatic interactions between particles were impaired by the addition of
ethanol.

Alternatively, different organic solvents that are miscible to water and have different
surface tension behavior can be tested to induce solutal Marangoni flow. Naturally,
the colloidal stability of the suspension has to be considered for the selection of the
solvent. For instance, solvents having dielectric permittivity close to that of water (e.g.
formamide) can be a possible candidate. Thus, the disruption of the electrostatic
interactions between CNCs can be minimized and the self-assembly behavior which
is linked to helical pitch length can also be controlled together with the deposition
profile to manipulate the optical behavior of the films.?®> Additionally, the drying of
colloidal drops can be coupled with an external stimulus such as an electric field or a

magnetic field to control the self-assembly behavior of the CNCs,197:198:19
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Gel formation was shown to restrict the radial capillary flow in drying drops and thus
particle motion towards the drop edge. In general, gelation controls the deposition of
CNCs at increased salt concentrations, whereas capillary flow shapes the final
deposition pattern of CNCs for low salt concentrations. Control of the colloidal
deposition and the self-assembly of CNCs can be tested using other salts which induce
gelation in colloidal suspensions. As a result, viscoelastic inks can be produced from

CNCs which can be used in 3D printing applications.
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Appendix A: The Michel-Lévy Interference Color
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Appendix B: Fluid Stresses at the Interface
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