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Abstract

Cellulose nanocrystals (CNCs), nanorods isolated by acid hydrolysis from cellulose sources, be-
long to a selective type of functional biomaterials. The intriguing ability of these nanoparticles
to self-organize and develop a chiral nematic liquid crystal phase when suspended in aqueous
suspensions, is increasing interest regardless of the diverse range of research fields. Unfortu-
nately (or fortunately, for this thesis), pristine CNCs are always disperse, with great variations
in rod length within a single sample. Of particular interest is the fractionation of CNC rods by
separation of the coexisting phases: isotropic phase from the liquid crystalline (LC) part. Since
the aspect ratio is considered to be the critical parameter that dictates the particle fraction
at which cholesteric-isotropic phase separation starts, it is expected that the high aspect ratio

rods will separate from low aspect ratio rods, and this is indeed what I find in this thesis.

By a systematic repetition of separation of phases, I could reach a quality of separation of long
from short rods that is remarkable. The fractionation procedure was then improved by varying
the equilibrium phase volume fraction ® at which the phases were separated, reducing with
this new procedure the multiple separations from five cycles to only one. The onset of liquid
crystallinity was drastically reduced in the long rod fraction and the decrease in the threshold

for complete liquid crystallinity was even stronger.

The mass fraction threshold at which gelation of the CNC suspension is triggered is not at all
affected by the fractionation. Since gelation is a percolation phenomenon, the expectation was
that also the onset of gelation would move to lower mass fractions, but this remained at about
the same value. Together with the shift to lower mass fractions of the cholesteric liquid crystal
phase formation we have thus opened access to a whole new range of the equilibrium phase

diagram, where the full sample is cholesteric yet not gelled.

I demonstrate that the critical parameter for inducing gelation is in fact not the fraction of
CNC, but the concentration of counterions in the solution. This suggests that the gelation is
more complex than direct percolation between individual CNC rods, and instead is related to

loss of colloidal stability due to reduced electrostatic screening.

I also show that the behavior of key parameters, such as the period of the helical modulation,
so-called pitch, that is characteristic of the cholesteric phase, is very different in the range of

phase coexistence compared to the range of complete liquid crystallinity. In addition, I find



that the dependence of the pitch on CNC mass fraction has less to do with the size of the
nanorods but rather than with the variation of effective volume fraction as a result of more
rods in the suspension or higher counterion concentration. I corroborate this hypothesis by
adding different amounts of salt to CNC suspensions of varying mass fraction such that the
ion concentration is held constant, thereby tuning the pitch to the same value throughout the

suspensions.

In films prepared by drying CNC suspensions, the pitch can go down to a few hundred nanome-
ters, resulting in circularly polarized colorful Bragg reflection of visible light. By working with
the long-rod fraction we can absolutely obtain a highly-ordered monodomain structure that
results in uniform color of film, with only one circular polarization reflected, as should be the

case for CNC solid films.

While the study is carried out on CNCs, the implications go far beyond this particular nanoma-
terial, revealing new challenges and opportunities in general liquid crystal and colloid physics, as
well as in strategic research where fractionation and the drying of initially disperse populations

of nanorods is desirable.

Keywords: Cellulose nanocrystals, colloids, liquid crystals, fractionation, cholesteric helix,

thin films, photonic crystal, Bragg reflection.
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Chapter 1

Goal and overview of this study

Over the last years, bio-based nanomaterials have gained even more importance in different
industrial sectors as well as in fundamental research, especially due to environmental reasons.
Among others, the nanotechnology research has experience a shift towards sustainable raw ma-
terials. Cellulose belongs to this category, which corresponds to the most abundant bio-polymer
on earth. Cellulose can be extracted from a large variety of plants, while cellulose from wood
has been used for centuries to produce paper and cotton for the manufacturing of tissues (e.g.
for clothes). Continuous improvement of the purification processes of cellulose lay the founda-
tion for the research with one highly ordered part of cellulose, cellulose nanocrystals (CNCs).
CNCs can be obtained by different chemical approaches and the final cellulose nanorods consist
of almost pure crystalline cellulose with a diameter of 5-10 nm and length ranging from 100 nm
to a few microns. The dimension of the crystals are strongly dependent on the raw material
chosen as a source of cellulose, increasing the degree of complexity when studying its properties.
Cellulose nanocrystals have attracted the interest of researchers with different backgrounds due
to their low density and thermal expansion, outstanding mechanical properties as well as their
optical properties. For this study, the ability of CNCs to self-assemble in aqueous suspension
and to form cholesteric (nematic) liquid crystals was exploited. Extensive studies have been
carried out in the past, focusing on the chemistry used for the preparation of CNCs and/or
chemical modification of the surface of the crystals. In contrast to these studies, the goal of
this thesis is to better understand the physics of CNCs in suspensions. Previously carried out
research led to conflicting conclusions and unsatisfactory reproducibility of the experiments,
mainly due to the previously mentioned high variability of the dimensions of the CNC rods.
This thesis had from the beginning a strongly physics-based oriented and systematic approach

to study the macroscopic behaviour of the CNC suspensions.



2 Chapter 1. Goal and overview of this study

This thesis is organized in seven chapters. Chapter 2 introduces the basic concepts of liquid
crystals and the key physical chemistry concepts, in addition to the experimental techniques
utilized throughout the study. The fundamental concepts are described for cholesteric liquid
crystals and for the preparation of the nanorods are discussed in full. Chapters 3 — 6 present
the most relevant results of my research. In Chapter 3, I start with the characterization of
the commercial material mainly used in this thesis. It was of high importance to verify that
the commercial CNC is very pure and hence a suitable base material for the planned sensitive
experiments. To assure this, I performed series of purification steps and finally compared the
as-received CNC from the manufacturer (FPL) to the purified CNC suspensions at different
mass fractions. In Chapter 4, I present three procedures for CNC fractionation by exploiting the
spontaneous rod fractionation that takes place between coexisting isotropic and chiral nematic
phases. Afterwards, I study the effect of the aspect ratio on the phase diagram by preparing
suspensions using the different fractions and allowing them to phase separate. In Chapter 5, I
discuss gelation and the parameters that govern this non-equilibrium phenomenon. In Chapter
6, I explore how the helix develops at different mass fractions of various CNC samples and
discuss what is the real effect of the rod size and ion concentration on the final pitch. The
experimental part of this thesis is finalized in Chapter 7 by preparing dry iridescent CNC films
and by explaining the appearance of homogeneous or inhomogeneous colors in these films. The

overall conclusions are presented in Chapter 8.



Chapter 2

Background

Overview of the chapter

The key concepts that are discussed in this thesis are presented in this chapter. The concepts
are especially related to cholesteric (chiral nematic) liquid crystals and to the physical chemistry
of colloids for cellulose nanocrystals (CNCs) in aqueous suspensions. By discussing the Onsager
and DLVO (Derjaguin, Landau, Verwey and Overbeek) theories applied to a system of charged
rod-like particles, I investigate the competition of gelation and liquid crystal ordering. The
chapter is finalized by presenting the experimental techniques for preparing CNCs and the

most relevant characterization methods.



4 Chapter 2. Background

2.1 Liquid crystals

Liquid crystals can be defined as moderately organized anisotropic systems, which can exhibit
properties of solid crystal states and of the isotropic liquids [7]. A solid crystal has long-
range, three-dimensional, positional and orientational order, while a liquid has neither positional
order nor orientational order over long range. The study of liquid crystals started back in the
year 1888, when an Austrian botanist named Friedrich Reinitzer reported his observations on
cholesteryl benzoate, noting a strange behavior that he interpreted as two melting points. He
noticed that the solid material did not melt to a colorless liquid after increasing temperature,
but always to a muddy fluid until, by further temperature increase, the compound changed again
into a clear and transparent liquid. Reinitzer receives most of the credits on the discovery of
one more state of matter: the liquid crystal state. Nevertheless, it was Otto Lehmann the
person who proposed the liquid crystal phase after investigating Reinitzer’s material. It has
to be considered the possibility that liquid crystalline phases might have been observed before,

but a deeper investigation of this new type of material was lacking that time.

Liquid crystals are largely classified into two categories, the thermotropic and the lyotropic
liquid crystals or mesophases. The word mesophase has a Greek origin, with meso meaning
in between (the intermediate phase between a solid and a liquid). Typically, the mesophase is
developed by anisotropic shapes, thus the building blocks of the liquid crystal phase are called
mesogens. In thermotropic liquids crystal, the phase is controlled generally by a change of
temperature, while in lyotropic liquid crystals, the phase appears depending on the presence
of a suitable solvent and on having the mesogenic material dissolved or dispersed in the right
mass fraction range. Because of the latter, lyotropic mesophases are always mixtures, while

many of the reported thermotropic liquid crystals are single compounds.

In this thesis, my focus is on rodlike particles called cellulose nanocrystals. Suspensions of these

in water belong to the category of lyotropic liquid crystals.
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2.1.1 Chirality

Chirality can be defined as the lack of mirror symmetry, being an inherent property of many
systems in nature, such as biomolecules (e.g. natural polypeptides, enzymes or DNA), as well as
snails and plants that have developed a helical shape with unique handedness [7]. Louis Pasteur
conducted experiments that showed the importance of stereochemistry in the understanding of
chirality. He observed that salt of tartaric acid forms two types of chiral crystals, being mirror
images of each other [8]. However, chirality is not unique to molecules, as it can also be applied

to geometrical objects.

An object is referred to be achiral if it is identical to its mirror image. If we consider now
molecules with the same constituent components but presenting variations in how their atoms
are located in space, we are able to call them stereoisomers. Two stereoisomers that behave
like image and mirror image are enantiomers (Figure 2.1). Enantiomers present the peculiarity
of having exact physical behaviour, for example they exhibit exactly the same melting points
as well as the exact properties related to their chirality, with the only exception of showing an

opposite sign [7].

In liquid crystals, chirality can directly be introduced within the mesogen by the incorporation
of chiral elements. This can be accomplished by replacing carbon atoms by different ligands
(atoms or groups of atoms joined to the central atom). Another method is the addition of a
small amount of chiral dopant—which can be mesogenic or non-mesogenic—to an achiral host
liquid crystal. The chirality related effects typically increase linearly with the concentration of

chiral dopants in the host phase, at least in the limit of low chiral dopant concentrations.

Figure 2.1: Schematic illustration of two enantiomers of a generic molecule that is chiral.
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2.1.2 The nematic phase

The nematic is the most common and simplest liquid crystal phase, in which the building
blocks are aligned along a common direction that is known as the director. The director is
typically abbreviated with n, as indicated in Figure 2.2. In general, the building blocks in the
isotropic phase are randomly oriented, with neither orientational nor positional order. Once
the phase transition takes place and the nematic phase forms, the building blocks will orient
with long-range orientational order (although not perfect) but still, no positional order. The
lack of positional order in a nematic phase can be understood in terms of their centers of
mass. If we imagine an arrangement of all the centers of mass of each building block and plot
them, we would not see any difference compared to the isotropic phase; the main variation is
the orientational ordering of the building blocks, even though the nematic phase is the most

disordered among the different variety of liquid crystalline phases [9].

Increasingly ordered

v

isotropic nematic
liquid liquid crystal

Figure 2.2: Schematic illustration of an isotropic liquid and the nematic liquid crystal phase.
The director n indicates the average direction of the building blocks.

Despite the fact that the building blocks in a nematic phase have the tendency to orient along
the director n, the thermal fluctuations lead to angular deviations [10]. Considering these
deviations, the analysis of the degree of orientational order can be quantified by the scalar

order parameter S, according to:

S = ;<3c0529 —1), (2.1)

where 6 is the angle between the axis of the building block and the director and the brackets
() indicate the statistical spatial or temporal average [11]. The order parameter can be found
within the range of —% < § < 1. For the case of perfectly aligned building blocks, the order

parameter would be S = 1. On the contrary S = 0 refers to the random orientation of the
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building blocks in the isotropic phase. The negative order parameter S = f% indicates that the
building blocks are located in the plane without any preferred orientation and perpendicular to
the director. Generally, the order parameter is positive, and for the case of the thermotropic
liquid crystals, for which their phase transitions depend on the temperature, S can be found
in the range of 0.4 — 0.8 [10,11].

The deformations in the director field in a nematic liquid crystal can be described as the
contribution of three fundamental elastic distortions, known as splay, twist and bend. The

schematic illustration of the three types of deformation is presented in Figure 2.3.

The total elastic energy per unit volume of a nematic liquid crystal, Ggcform., can be expressed

as:

1
Gaesorm. = 5[K1(V - m)* + Ka(n - (V xm))* + Kz(n x (V x m))?] (2.2)
where K5, K5 and K3 correspond to the Frank elastic constants from to the three fundamental

types of distortion mentioned before.

Generally speaking, the three different elastic constants present no significant differences in
value. For this reason we can use one approximation considering that K;=K,=Kj3 are in the
order of ~10712 N, although K3 (the bending constant) can present larger values compared to

the other two elastic constants [9].

splay ' T st bend

Figure 2.3: The three types of elastic deformations that can be found in a nematic liquid crystal.

Nevertheless, Eq. 2.2 is not suitable for chiral nematic liquid crystals, since this expression
only applies for systems with a completely uniform ground state director field [12], which is not
the situation for the helical structure which is the hallmark of the chiral nematic, also called

cholesteric, phase.

Because of this, it is necessary to modify the expression for the total elastic energy in order to

be compatible for chiral nematics. The corrected expression must now include:
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1
Gl = SHo(n (V% m) + o) (23)
From Eq. 2.3, g0 = 27/po denotes the wave vector of the cholesteric helix and py corresponds to
its natural pitch. Following the description used by Lagerwall et. al [12], if now the cholesteric
director field is parametrized as n = (cos ¢z, singz, 0), with ¢ as an arbitrary helical wave

vector and Z the direction of the helix axis, the curl of the director, V x n, develops into —gn.

If we now consider that n-n = 1, Eq. 2.3 can now be presented as:

Groist = ;Kg(q — q0)*. (2.4)
This means that the free energy density is now minimized due to the existence of a twisted
director field, instead of by a uniform director field as in the case of the unmodified Eq. 2.2.
If now the natural twist is in the order of the wavelength of visible light (or even smaller),
the modified expressions in 2.3 or 2.4 would be considerably affected, meaning that the added
elastic energy of the system is not trivial. On the contrary, if the natural twist is weak, this

will not make a significant contribution to the free energy density of the system [12].

2.1.3 Birefringence in liquid crystals

A common property that is experienced by almost all types of liquid crystals is their optical
anisotropy, in which the refractive index of the material depends on the direction and polar-
ization of the incident light [11]. It means that the interaction of light with the material would
depend on the orientation of the building blocks as well as on how the light propagates within
the sample [10].

For anisotropic materials, the incident light beam that enters at an angle 5 # 0, angle formed
between the light beam and the optic axis, can split into two components, the ordinary ray and
the extraordinary ray. The resulting two beams experience different directions and velocities due
to their different refractive indices: the ordinary refractive index (n,) for the case of the ordinary
ray, which is polarized perpendicular to the optic axis, and the extraordinary refractive index
(ne), for the extraordinary ray, which is polarized parallel to the optic axis, [10] respectively.

The variation in velocity of the two beams leads also to a phase difference according to:

o

Ao 3

(e — no)d (2.5)
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where A is the vacuum wavelength of the incident light and d is the distance traveled in the

medium [11].

The indices n, and n. are correlated according to the principal refractive indices n; and n) as:

nny
Ne = = (2.6)
\/nﬁ cos? 4 nA sin®

for which n, = n, and 8 the angle between the light beam and the optic axis. Finally,
birefringence is defined as the difference between n. and n,, according to the expression An =

Ne — M.

2.1.4 Cholesteric phases

The cholesteric or chiral nematic phase, as its name suggests, corresponds to the chiral form
of the nematic liquid crystal, normally expressed as N*, where the chirality is denoted by
the asterisk. The building blocks lack of positional order, although they are oriented along a
common direction n (the director), as for the case of the nematic liquid crystals. In cholesteric

phases, the director rotates in a helical manner, with the twist axis perpendicular to the director

It is rather common to indistinguishably use the terms cholesteric and chiral nematic for indi-
cating the same helical phase, since the first compound found that developed a chiral nematic
liquid crystal was a cholesterol derivative. Figure 2.4 presents a representative illustration of
rod-like building blocks forming a helical structure due to the tendency of the particles to self-
organize at a small angle with respect to adjacent particles. For the only reason of simplicity of
drawing, the rods have been localized to layers, which do not exist in reality, and within each
layer they are drawn with perfect orientational order, in contrast to the typical S ~ 0.5 case of

a real chiral nematic.

This helical structure brings important features to this type of materials. For example, they
exhibit a distinct pitch p much larger compared to the size of the building blocks. The pitch is
defined as the distance for which the director makes a complete turn, although the periodicity

occurs already at p/2.

The helix gives outstanding properties to chiral materials when p is on the order of the wave-
length of visible light, in the range of 300-500 nm. Within these values, the sample will reflect
colors that only come from the self-organization of the building blocks. This selective reflection
can be explained according to Bragg’s law (see Figure 2.5), when light is incident along the helix

with a short-pitch. The reflected light should reflect only one circular polarization with the
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Figure 2.4: In cholesteric liquid crystals, the director n rotates in a helical fashion, with n always
perpendicular to the helix axis z. The periodicity is equal to half the pitch, with p defined as
the distance for which the director completes a whole turn. For simplicity of drawing, the rods
have been localized to layers, which do not exist in reality, and within each layer they are drawn
with perfect orientational order, in contrast to the typical S ~ 0.5 case of a real chiral nematic.

same handedness as the helical structure. The wavelength that is reflected can be determined

according to:

Ar = nipcosf (2.7)

where 7 corresponds to (n. + ng)/2, the average of the extraordinary and ordinary refractive
indices, and 6 corresponds to the angle that is formed between the incident light and the helical

axis.

Optical
PR,

Figure 2.5: Representative illustration of the Bragg selective reflection for a chiral nematic
liquid crystal with short pitch. The horizontal dashes in the central structure represent the
projection of the director in the figure plane. From Lagerwall et al. [4]

Structural coloration is largely common in nature. The typical case is exhibited by some beetles,
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feathers in peacock tails and some butterflies [13-15]. Nevertheless, the most beautiful blue
color that is observed in a living organism due to Bragg selective reflection can be found in the

Pollia condensata fruits [16].

2.2 The isotropic-nematic transition of hard-rod parti-

cles

Anisotropy emerges due to the rod-like shape and rather rigid character of the particles. In
addition, an anisotropic steric interaction can be expected, due to the impenetrability of one
particle by another. By only applying the steric interactions, Onsager founded his theory for
the tendency of hard rods to experience a transition from the isotropic to an anisotropic phase
when the density of the particles increases [17]. Two types of entropy need to be considered in
order to understand the Onsager theory. Besides the orientational entropy, the entropy based
on the translational degree of freedom needs to be taken into account. The excluded volume
couples these two kinds of entropy. The excluded volume represents the volume into which the
center of a building block cannot move because of the presence of other building blocks. When
two hard rods lie at an angle with each other the excluded volume is always larger compared
to the case in which the rods are parallel to each other. A parallel organization of the building
block leads to a much lower excluded volume, a favorable condition for the translation entropy,
which results in a higher mobility of the building blocks. The parallel alignment is however
a state of low orientation entropy, thus there is a competition between the translational and
orientational entropy, both with the tendency to reach their highest possible value. When the
density is decreased relatively close to zero, the orientational entropy will always win because the
building blocks are rarely colliding with each other. In this case, the increase in the translational
entropy would only marginally impact the already large space in which the building blocks can
move. While increasing the density, the importance of the excluded volume will be much larger.
The more building blocks in the system will therefore lead to more parallel organization of the
units. For that reason, the transition between the isotropic and the anisotropic states must
happen at an intermediate density. Finally, the stability of the isotropic and the nematic phases
depends on the geometrical morphology of the building blocks. The limits for the two-phase
regime is given by the particle volume fraction ¢, in which the isotropic phase loses its stability
at ¢o = 3.3d/L. For the case of the formation of the nematic phase, the rod volume fraction is
¢1 = 4.5d/L, with d the diameter and L the length of the rods [9].
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2.3 Electrostatic forces and the DLVO theory

2.3.1 The Stern layer

If we think of a solid surface that is either positively or negatively charged, a few models have
been proposed in order to understand the distribution of the different anions and cations in the
system. The diffuse double-layer model considers the ionic atmosphere as being split in two
regions, referred as the Stern layer and the diffuse layer. Close to the interface, between the
particle surface and the surrounding media, the counterions dominate because of the attraction
by the surface, but they are not present at high enough concentration to completely screen out

the surface charge. This first region is known as the Stern layer, illustrated in Figure 2.6.
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Figure 2.6: Representative illustration of the Stern layer for a negatively charged surface. The
Debye length is denoted with a dashed line and the diffuse layer forms the major part of the
right side of the illustration.

When getting further away from the surface, the diffuse layer will have a counterion concentra-
tion which gradually decreases with the distance from the surface [18]. This decrease has its
origin in the thermal motion and will end up reaching an electroneutral solution. The overlap
of the diffuse double layers of particles is the reason for their electrical forces. The length or
thickness of the double layer is express as the Debye length and depends on the solvent medium,

the temperature and the concentration of ions in the system according to:
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where e is the elementary charge, €y the vacuum permittivity, € the relative dielectric constant

of the medium, kg7 the thermal energy calculated as the product of the Boltzmann constant
and the temperature, z the valence of the ions and n., the ion concentration far away from the

surface [19].

2.3.2 The DLVO theory

Colloidal particles are able to interact due to the combination of different forces which are

dependent upon the separation distance between the particles [20].

Quantitatively, the DLVO (Derjaguin, Landau, Verwey, Overbeek) theory is applied to describe

the stability of colloidal suspensions. Figure 2.7 generally illustrates the profiles of these forces
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Figure 2.7: Interaction energy for a pair of spheres against their separation distance, known
as the DLVO curve. The black curves refers to a system without the addition of external salt

and the red curves refers to the system after the addition of salt. Figure redrawn with the
permission from the original in [5].

against the separation distance between nanoparticles, known as the DLVO curve. The black
curves indicate the interaction energy of a pristine system and the curves in red after the
addition of a non-colloidal salt such as NaCl. The combination of the attractive van der Waals
interaction together with the electrostatic or double-layer repulsion as well as shorter-range

interactions—as for the case of the Born force—will lead to a total interaction energy, which
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could result in attraction or repulsion between the surfaces [18,19]. The net interaction energy

can be calculated as follows [19]:

q)net = (I)A + CDRv (29)

with &4 the attractive and ®x the repulsive interaction energy, respectively. All curves are

plotted in Figure 2.7.

The DLVO profile presents interesting information regarding the colloidal behavior of our sys-
tem. At a rather close distance between the particles, we observe a primary minimum, cor-
responding to the global minimum free energy. If the particles get this close to one another,
they will irreversibly aggregate as the minimum is much deeper than kT, hence thermal fluc-
tuations cannot move the particles out of the minimum. However, there is also a secondary
minimum in the salt-free curve, at about five times longer particle-particle separation. Between
the primary and secondary minima there is a significant energy barrier, which is greater than
kgT in a stable colloid. If the system is prepared such that the particles do not reach the pri-
mary minimum, they will thus tend to reside preferentially in the secondary minimum. While
they cannot move closer due to the energy barrier, thermal fluctuations will also move them

further apart at many times; they are not trapped in the secondary minimum. [21].

The electrical double-layer that surrounds all particles in colloidal suspensions is thus funda-
mental for the overall behavior, as it provides electrostatic repulsion. In water or any other
polar media, almost all particles are charged, resulting in positive or negative surfaces. Never-
theless, the most typical scenario corresponds to negative surfaces, which will be highly sensitive
to pH, concentration of other added salts and to the nature of the functional chemical groups
present at the particle surface. The reason why most surfaces are negatively charged has its
origin in the nature of the counterions [3,18]. Cations are generally smaller than anions and
are typically more hydrated due to their more intense electric field. This causes the cations to
remain in the aqueous solution, whereas the anions tend to absorb on the surfaces. The bonds
between the ions and the water molecules are weak and the water molecules are constantly
exchanged by water molecules from the bulk water. The number of water molecules which bind
to ions depends on the nature of the ions and is referred to as hydration number. According to
Israelachvili [3], the hydration number is considered more like a quantitative indicator of the
degree to which ions bind water, than as an exact value. For the case of monovalent anions,
they are only weakly hydrated and are hence less ”dissolved” in the media. The hydration of
counterions reduces the tendency of the ions to approach the surface and makes it less probable

that the ion enters the Stern layer (Figure 2.6).
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If we go back to Figure 2.7, the total interaction energy can be modified after the addition of a
salt (curves in red). For this case, the attractive van der Waals contribution will not be affected
by the extra ions in the system. However, the electrostatic repulsion largely drops (red dashed
curve), leading to a decrease in the energy barrier. If the concentration of salt is high enough,
the height of the energy barrier is decreased to kgTor lower, allowing thermal fluctuations to
drive the particles into the primary minimum. Because this is so deep, they will be stuck in
this minimum and the particles will aggregate. If the amount of added salt is high enough, the
system could thus be able to enter a kinetic arrested state, such being the case of some types

of gelled materials.

2.4 Gelation

Jones [9] defined a gel as a network of macroscopic dimensions containing interconnected build-
ing blocks. The formation of a gel starts with an isolated building block which is bonding
successively to other subunits, resulting in a system that goes form a liquid-like state—a sol—
towards a system that can resist a shear force—a gel. A gel is more or less structurally disordered
and usually contains large fractions of liquid. Despite of this poorly ordered structure, a gel
reveals the mechanical properties of a solid. As per definition, gels encompass many different
types of structures, whereby the building blocks might belong to different classes as well as
being connected by different types of bonds. For example, bi- or multi-functional monomers
can form covalent bonds between each other due to their capability to bond to more than
one monomer, and as a consequence, three-dimensional networks are formed. If the individual
building blocks consist of linear polymers connected by covalent cross-links, then the overall
system is referred to as a rubber. However, linear polymers can also be linked to each other
by physical bonds (e.g. hydrogen bonds) rather than chemical bonds, leading to a thermo-
reversible network that is weak and might re-disperse in the liquid. Another possibility is that
the building blocks themselves are colloidal aggregates that have been formed by molecules
linked by physical interactions. In general, all these classes of gels have the common feature
that they can go through a transition from the sol state to a gel state, induced by the continu-
ous increase of bonds between the building blocks. This transition can be either called gelation

transition or sol-gel transition.

The more bonds that are created between the building blocks in a steady manner, the more the
macroscopic properties of the gel will change. This interesting characteristic of gel formation
includes an abrupt transition from the liquid- to a solid-like material. Despite of the different
microscopic details of gelation in the variety of systems, some generic features of the transition

can be captured by the percolation model. In this case, clusters will start forming as more
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bonds are created in the system in a random way. This will lead to the formation of a larger
cluster that, at some point, will span the complete system, which will indicate the percolation

point, which here corresponds to the gelation point.

2.5 Drying of colloidal suspension drops

When a colloidal drop is placed in contact with a solid substrate, a triple contact line is formed
between the vapor, the liquid and the solid, as illustrated in Figure 2.8. The drop will spread
mainly due to the three types of forces involved: the surface tension, the gravitational force

and the viscous force [22].

Figure 2.8: Contact angle 6 at the three-phase contact line of a colloidal droplet. Surface
energies of solid-vapor gy, solid-liquid ;s and liquid-vapor vy .

The total surface energy is minimal when the horizontal components of the surface tensions are

in equilibrium. At this point the contact angle (6,,) can be determined by the Young equation:

€08 Opy = Jsv st (2.10)
Vv
where 7,,, 7g and 7, are the surface energies of solid-vapor, solid-liquid, and liquid-vapor

surfaces, respectively.

The coffee-ring effect

The evaporation of drops containing non-volatile particles dispersed in a volatile solvent might
result in ring-like deposits along the perimeter [23-25]. This phenomenon is called coffee-ring
effect and the resulting ring-like deposits are familiar to anyone who has observed a drop of
coffee dried on a surface. The ring formation corresponds to a hydrodynamic process due to

the capillary flow in the drop during drying.
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The capillary flow can be understood as the flow that is compensating the solvent that has
been evaporated, which is promoted by the differential evaporation rates across the interface
of the drop during drying [23]. When a colloidal drop is deposited on an ideal substrate (flat,
smooth and homogeneous) the evaporation rate at the edge of the drop is increased due to the
pinning of the sample contact line. The increase of the evaporation rate induces the solvent to
flow to the periphery of the sample in order to compensate the solvent that has evaporated,
which results in a radial outward flow within the sample [26]. The radius of the drop usually
remains unchanged, while the contact angle decreases. Once evaporation is finished, most of
the particles are relocated at the periphery, thus forming a coffee ring at the perimeter of the
droplet [22,23,26,27].

- . — — R— — - 'S

colloidal suspension eVaPOFaﬁij and particle movement coffee-ring stain
drop on a substrate contact line to the edge

Figure 2.9: Drying of a colloidal suspension drop on a substrate. 1. A colloidal suspension drop
is deposited on a flat substrate. 2. The contact line is pinned, as illustrated by the red particles
at the edge of the drop. In addition, the local evaporation rate at the contact line is increased.
3. The radial outward capillary flow of water in the drop deposits particles in the periphery,
creating a concentration gradient along the sample, resulting in the famous ”coffee-ring” effect
(4) after all water is evaporated.

2.6 Cholesteric cellulose nanocrystal suspensions

2.6.1 Cellulose

Cellulose is the main biopolymer found in nature and the dominant chemical component that is
present in the fiber wall in plants. Cellobiose is the repeat unit, consisting of two glucose units,
as shown in Figure 2.10 [28]. The glucose units in the cellulose matrix are linked together via
B-1,4 glycosidic bonds in order to form linear polymer chains. Although cellobiose is considered
to be the repeat unit of cellulose, the degree of polymerization is determined by the amount
of total glucose units that build the cellulose chains. Native wood has an average degree of
polymerization (DP) in the range of 9,000-15,000, which means that 15,000 monomeric glucose
units are the main constituents of a cellulose chain. Cellulose molecules have the ability to

form rather robust intra- and intermolecular hydrogen bonds due to the presence of highly
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reactive hydroxyl groups, resulting in cellulose aggregates that are known as microfibrils. These
cellulose aggregates can either form largely ordered crystalline structures, which are thermally
stable and inaccessible by any chemical treatment, as well as completely disordered regions that

are typically known as the amorphous part of the cellulose fiber.

The hydroxyl groups located at the surface of the cellulose fiber makes this polymer accessible
to different polar solvents (e.g. water), giving the possibility to form hydrogen bonds as well as
the chance to perform chemical modifications such as esterification and oxidation [29], largely

important for the preparation of cellulose nanocrystals.

OH
0 OH
HO O
OH O
OH
Figure 2.10: Chemical structure of cellobiose, consisting of two molecules of glucose.

2.6.2 Preparation of cellulose nanocrystals

CNCs have attracted much interest, largely due to their ability to develop a fluid yet ordered
liquid crystal phase in aqueous suspensions. This is thanks to the high aspect ratio of the rods

and the charges introduced after the acid hydrolysis of an initial cellulose suspension.

In 1959, Marchessault et al. [30] reported the formation of birefringent aquous gels of microfibrils
of acid-treated cellulose and chitin, respectively at high mass fraction, although no textures
indicative of helicoidal arrangements were observed. Revol and Gray et al. [31] reported in vitro
self-organization aqueous CNC suspensions of lower mass fraction into stable chiral nematic

phases.

CNCs can be prepared by hydrolysis with sulfuric acid of natural cellulose sources such as
cotton, wood, bacteria and tunicates [1,32-35]. A cellulose microfibril contains disordered
amorphous regions as well as crystalline parts. The acid degrades the amorphous regions,
leaving the CNCs as rod-like particles [36]. Due to the sulfuric acid based hydrolysis, negative
charges are incorporated on the rod surface [37,38], corresponding to the sulphate half-ester
groups (SO3 ) shown in Figure 2.11. The surface charges promote the colloidal stabilization of
CNC suspensions, and together with the anisotropic rod-like shape, permit the formation of

liquid crystalline phases.
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Figure 2.11: Esterification of the hydroxyl group during cellulose hydrolysis via sulfuric acid.

Figure 2.12: Preparation of cellulose nanocrystals on laboratory scale. 1) A cellulose suspension
is dispersed in a sulfuric acid/cellulose mass ratio of 8.7 at 45°C (2-3), stirring for 1 h. The
reaction is then stopped by the addition of ultra pure water (4) followed by centrifugation with
a large excess of fresh water (5). The centrifuged suspension is subsequently purified using
dialysis membranes in ultra pure water that was exchanged every 8 hours during 4 days (6).
After the purification step, the CNC suspension is sonicated (7) in order to break down the
CNC aggregates into individual rods.
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CNCs present high aspect ratio L/d, typically with diameter d in the range of 5-10 and length
L between 50-1000 nm [14], depending on the cellulose source and the preparation conditions

with which the rods are produced.

Before the purchase of commercial CNC from Forest Product Lab (FPL), I prepared our own
CNC suspensions using cotton and wood pulp as the main cellulose sources, results that were
part of our first scientific publication [38]. The schematic illustration of the preparation process
is presented in Figure 2.12. We start by dispersing a certain amount of the cellulose source in
a sulfuric acid/cellulose mass ratio of 8.7 at 45°C, stirring for 1 h. The reaction should then be
stopped by the addition of ultra pure water followed by centrifugation with a large excess of
fresh water. The centrifuged suspension is subsequently purified using dialysis membranes in
ultra pure water that was exchanged every 8 hours during 4 days. After the purification step,
the CNC suspension is sonicated in order to break down the CNC aggregates into individual
rods. Figure 2.13 presents a representative AFM images of a cotton-derived CNC suspension
before and after sonication. It can be observed that the CNC aggregates are broken down due

to sonication, resulting in a final sample with individual rods.

] r 1
0.0 1: Height 10.0 pm 0.0 1: Height 10.0 pm

Figure 2.13: Effect of sonication on a cotton-derived CNC suspension. a) Unsonicated cotton-
CNC after dialysis process and b) individual rods after sonication. The initial CNC mass
fraction was 0.017 wt.% for both images.

The final CNC sample is stabilized in water due to the negative-half ester groups (SO3 ) on the

surface, with protons as counterion (H-form CNC) if no further treatment is carried out.
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2.6.3 Determination of the concentration of sulphate half-ester groups

In order to determine the concentration of the sulphate half-ester groups introduced after the
acid hydrolysis in the CNC sample, I followed the procedure presented by Beck et al. [39]
and largely discussed in our scientific article [2]. In their work, the authors reported in detail
the determination of the rod surface charges by conductometric titration with a rapid sample
preparation method. This allows quantitative and precise determination of the sulfate half-ester
content of CNCs, regardless of the counterion nature in the sample [39]. The experimental

procedure consists of the following steps:

Dialysis

Commercial CNCs are typically in sodium-form (Na-CNC) rather than in H-CNC, due to
the addition of NaOH after the acid hydrolysis. Because of this, dialysis previous to the
determination of the sulphate groups is highly recommended for the removal of dissolved ions,
including the residual sulfuric acid from the hydrolysis [28,37]. The CNC sample is diluted
to 1.5 wt.% and filled into cellulose membrane tubes. Then, an extensive dialysis process is
carried out against pure water (conductivity of 0.055 uS/cm) for five days, with daily exchange
of water [38].

Protonation of cellulose nanocrystals

HT form resin (DOWEX 50WX8, Sigma Aldrich) is used to replace the Na™ cations in order
to completely protonate the CNC sulphate half-ester groups. The resin is slurried in ultra pure
water and poured into a glass column (inner diameter 2.5 cm) with fritted glass disk at the
bottom. A resin bed height of 16 cm is prepared with 40 g resin. Before feeding the column
with CNC suspension, the ion-exchange resin is rinsed with 1 L of ultra pure water until the
eluate is colorless, with a pH identical to the wash water. A CNC suspension is fed from the
top at a mass fraction w = 0.5 wt.% yielding a pH after the ion-exchange of 2.7. The CNC

mass fraction after the column is w = 0.5 wt.% confirming no loss of sample [2].

Conductometric titration

CNC samples were prepared with 150 mg of H-CNC (protonated CNC, after the ion-exchange
column) in a total volume of 200 mL (with the addition of ultra pure water). In order to
increase the initial conductivity of the diluted CNC, 2 mL of 0.1 M NaCl solution is added and
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then the obtained suspensions are titrated with 10 mM NaOH using a titrator system. The
titrator system is equipped with conductivity and pH sensors together with an automatized
system that allows the addition of small volume of titrant (in this case, NaOH) to the CNC
suspension within a certain amount of time. In addition, this device plots the conductivity
against the volume of added NaCl, identifying the equivalence point (£,) that is necessary for
the determination of concentration of the sulphate groups. This is discussed in Chapter 3. The
NaOH solution is added in 0.1 mL increments over a period of 20 min. Three different CNC

samples were titrated and the average result is the final sulfur content [2].

Estimation of equivalence point in CNC suspensions from conductometric curves

Figure 2.14 shows a typical conductometric titration curve of a CNC suspension. The equiv-
alence point F, can be determined from the linear intersection of the data points in the three
different regions of the conductometric titration curve [37]. Prior to the addition of NaOH, the
conductivity is high due to the presence of highly mobile hydrogen ions in the CNC suspension.
Once the NaOH is added, the conductivity drops due to the replacement of the protons H™ by
the added cations (Na't) from the base. Simultaneously, water is formed due to the reaction of
the OH™ ions from the NaOH with the H* ions from the CNCs. This decrease in the conduc-
tivity continues until the sulphate groups have been completely neutralized, which corresponds

to the equivalence point [2].
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Figure 2.14: Example of a conductometric titration curve for dialyzed and protonated CNCs.
The inset corresponds to the equivalence point determination, with a value of 4.8 mL.
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2.6.4 Determination of diameter, length and aspect ratio of cellulose

nanocrystals

Atomic Force Microscopy (AFM) is used for the size characterization of the CNC rods. A
20 plL aliquot of cationic poly-L-lysine solution (0.01 vol.%) is placed on a freshly cleaved
negative charged mica surface (NanoAndMore GmbH) in order to make the surface cationic.
Subsequently, the mica surface is rinsed with ultrapure water and dried with compressed air.
The CNC suspension is then diluted to w = 0.002 wt.% in order to observe individual rods,
and of this suspension, 20 pL is placed on the treated surface for 3 minutes. The sample
is then rinsed with ultrapure water and pre-dried with compressed air, followed by transfer
to a vacuum oven at 40°C for complete drying overnight. A Multi-mode V AFM (Digital

Instruments Nanoscope Veeco) is used in tapping mode to image the samples [2].

Analysis of AFM data

I performed accurate measurements of diameter d, length L and aspect ratio L/d for the CNC
rods by carrying out single profile measurements with the software W.SzM [2]. To get a truly
representative measure of d, the commonly used method of measuring an AFM height profile
perpendicular to each rod at some randomly chosen crossing point was insufficient, due to the
considerable height variations along every individual CNC rod (inset in Figure 2.15. Instead,
the height profile was measured along each rod r and the average value is used as its diameter,
d,. For each sample, at least 100 rods are measured individually and by averaging d, obtained
for each of these, thus a final representative diameter value d was determined for that particular
CNC sample.

To obtain the length L, of each rod regardless of its orientation in the sample plane, I used
the extension of the rod in the lab frame’s x and y directions, Az, and Ay,, which are directly
available from the height profile data. We then apply the Pythagorean theorem to calculate the
length as L,=,/Ax2 + Ay2, as indicated in Figure 2.15. An average length value L, representing
the CNC sample, is again calculated as the average of all L, values established for the total
amount of rods. Finally, for each rod r I determined the aspect ratio as L, /d,, and the aspect

ratio chosen to represent the sample is the average L/d of all the individual rod aspect ratios [2].
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2.6.5 Estimation of energy transferred to the CNC suspension dur-

ing tip sonication

The energy introduced by the sonication was calculated according to the procedure at http://
www.sonicator.com/literature/faq.html. The delivered power under continuous (c) operation,
as measured by the device, was indicated to be P = 37 W with the tip immersed in 50 mL
water (w), under the same conditions as during CNC sonication. With the tip in air (a), the
corresponding reading was P; = 4 W. From this we calculate that the continuous power to the
sample (s) would be P¢ = 33 W. However, the CNC suspensions were sonicated using a y =
30% pulse setting, and the total sonication time was t = 70 s. Hence, the total energy delivered
to the suspension (containing 6 wt.% CNC) can be calculated as E; = Péxt =33 W - 0.3 - 70
s = 690 J. With a suspension volume of 50 mL this yields an energy of 14 J/mL suspension,

or 0.01 kJ/mL adjusted for the accuracy in the power measurement [2].

2.6.6 Determination of the chiral nematic pitch of CNC suspensions

Polarizing optical microscopy (POM) is one of the most important tools for the characterization—
and detection—of the cholesteric phase in aqueous CNC suspensions studied in this thesis. With
the POM we can observe and image samples due to their optical anisotropy. If the pitch p is
larger than 1 micron, we will see a cholesteric fingerprint texture (if the helix axis is along
the surface) with continuous separations when imaging the sample in a polarizing microscope
(Figure 2.16). The distance between two adjacent stripes is p/2. Nevertheless, a CNC sam-
ple (or chiral nematic samples, in general) filled in a glass capillary might exhibit a different

appearance depending on the location of the helix axis (either parallel or perpendicular to the

390nm
LR

Figure 2.15: AFM images of a random CNC sample as example of the determination of diameter
d, length L and aspect ratio L/d of CNC rods. From Honorato-Rios et al. [2].
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Figure 2.16: Typical fingerprint texture that CNC suspensions form (the chiral nematic phase)
in sealed glass capillaries and observed in POM. The periodicity of the helix is given by p/2,
which can be determined by the distance between two of the adjacent stripes.

glass), and on the size of the pitch [4,38].

For the determination of the pitch, 5 cm long capillaries with rectangular cross-section of 0.20
mm x 4.0 mm, were fed with the CNC suspensions [38]. Both extremes of the capillaries were
sealed and later stored at room temperature for minimum one month before imaging. The half
pitch values were determined by measuring two consecutive lines in the fingerprint texture.
Images of the liquid crystalline CNC suspensions between crossed polarizers were obtained
using an Olympus BX51 microscope in transmission mode, together with an Olympus DP73

camera.

2.6.7 Establishing the phase diagrams

From our previous work [2,38], in order to establish the phase diagram of the CNC suspensions,
we first prepare series of relevant mass fractions w obtained by concentrating the different CNC
samples using mechanical stirring at room temperature. Once the concentration is high enough
(= 12 wt.%), the sample is diluted with deionized water until the different mass fractions are
obtained. Once phase separation is complete, the volume fraction of LC phase (®) is determined
by the ratio of the LC phase height divided by the height of the full sample (LC and isotropic)
from images of the vials capture between crossed polarizers. All samples vials need to be

standing vertically for minimum 1 month before characterization [2].
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2.6.8 Characterization of CNC films

Circular polarization

An Olympus BX51 polarizing microscope in reflection mode was used for the investigation of the
optical properties of the films. For the detection of circular polarization, a quarter wavelength
retardation plate was inserted between the crossed polarizers. The analyzer is rotated for right-

and left-handed circular polarization, respectively.

Scanning Electron Microscopy (SEM)

In order to investigate the self-organization of the rods after the films were formed, I used SEM
imaging of the cross section for the most interesting samples. First, the CNC film was fractured
by making a line on the glass substrate that holds the film followed by cracking both the glass
and the sample. Half of the film was then placed on a holder by using a carbon tape. What
is important here is that the surface that needs to be imaged has to be properly oriented so
that the surface that has been fractured should have the same orientation than the direction
of imaging [40]. The surface was coated with a thin gold layer (9 nm). SEM images of the
fracture surface were captured with a JEOL (JSM-6010LA) electron microscope at operating
voltage of 10 kV, a sample-to-lens working distance of 10 cm and the filament temperature held
at 130°C.

Surface profilometry

The different height measurements of the profile of the CNC films were carried out using a
stylus profilometer (Dektak XT, from Bruker), with a 12.5 um tip radius at 3 mg force, and a
0.28 pm/pt. Every individual scan was performed along the complete sample, always aiming
for the center of the film.
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Commercial cellulose nanocrystals

from Forest Products Lab

. l.: sulphate half-ester group

Overview of the chapter

This chapter provides information about the characterization of the commercial CNC produced
at the Forest Products Lab (FPL) and supplied by University of Maine, USA. Commercial CNC
is increasing in popularity in different research fields and has been extensively used in this thesis.
The nanorods are extracted by acid hydrolysis from a wood cellulose source, with the peculiarity
of being a sodium form CNC (Na-CNC). Details of their production procedure are provided at

https://umaine.edu/pdc/cellulose-nano-crystals.

27
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3.1 Introduction

The CNC preparation method includes straightforward chemistry and purification steps, but
if the protocol is not carried out correctly, it can happen that the final CNC sample will
not develop liquid crystalline phases. In addition, the yield of the process is ~50% [35, 41]
(depending on the hydrolysis conditions), meaning that around half of the initial cellulose mass
is lost during the procedure. This makes the preparation of larger amounts of CNC a tedious

and time consuming process, the limitation in common research labs.

The work on CNCs in this thesis is primarily focused on understanding the self-organization of
the rods in aqueous suspension and the further preparation of solid films upon the evaporation
of water. Because of this, the use of commercial CNC is very convenient considering the large
amounts of suspension that are needed from the same starting batch. However, if any of the
steps involved in the CNC purification is not properly carried out, it could lead to the presence
of extra ions in the final suspension. These extra ions might impact the final behavior of CNCs,

such as the phase diagram [42], chiral nematic pitch [38] and the film formation [34].

Although the use of commercial CNCs has become popular among researchers, the lack of
information provided by the suppliers renders the migration from the lab CNC to the indus-
trial product potentially problematic, especially since the exact cellulose source, the extraction
process and purification is not completely obvious [43]. In this chapter, I present some basic
characterization of a wood-derived CNC suspension from Forest Lab products (FPL). Further-
more, the as-received CNC was purified by dialysis followed by an ion-exchange process and

finally I compared both suspensions in terms of phase diagram and chiral nematic pitch.
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3.2 Characterization of CNCs from FPL

3.2.1 Size distribution of a CNC suspension from FPL

CNC dimensions were determined by carefully measuring the length L and diameter d of 300
individual rods from AFM images (details of the procedure in Chapter 2, subsection 2.6.4).
Figure 3.1 presents L, d and aspect ratio L/d described by log-normal distributions. This
fitting function is typical for polymers [44] as well as for colloidal particles with large size
dispersity [45]. The log-normal distribution only considers positive values of the variable. In
contrast, when fitting a normal Gaussian distribution to the same data sets, as largely reported
in the CNC field, a significant part of the distributions tails into negative values, leading to
unrealistic variable distributions. However, if a transformed variable is created by taking the
logarithm of the original data, the "new” values seem to have a normal distribution. Let us
say that x is the original variable and that y = log(x) has a normal distribution. Then we can

say that x has a log-normal distribution.
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Figure 3.1: a) Log-normal distribution of length L, b) diameter d and c) aspect ratio L/d
of a CNC fraction sonicated from FLP. The same sonication conditions are used in all the
experiments carried out in this thesis. More details concerning sonication are discussed in
Chapter 2, subsection 2.6.5. The insets present the values of u and o, corresponding to the
mean and standard deviation of the natural logarithm of the variable, respectively. Finally, N
indicates the number of individual rods measured from AFM images.

The mean value of the variable, Z, can be calculated from the log-normal distributions [46]

according to:

T = exp(u+ 0?/2), (3.1)

where p and o correspond to the mean and standard deviation of the natural logarithm of
the variable, respectively. The quantity o determines the relative width of the log-normal
distribution [45], thus ¢ provides relevant information of the dispersity of the variables. Values

of dispersity will be largely presented in this thesis for comparison between CNC fractions.



30 Chapter 3. Commercial cellulose nanocrystals from Forest Products Lab

Previous to the AFM analysis, the sample was slightly sonicated (details in Chapter 2, sub-
section 2.6.5) in order to obtain individual particles with clear boundaries, resulting in values
of L ~ 0.2 pm with o7 ~ 0.3 and d ~ 4 nm with o4 ~ 0.3. If I now consider T/d as the
average of 300 individual aspect ratios, the mean value results in TM ~ 57 and o3 ~ 0.4. If
now the mean is presented L/d using, instead, the L over the average d of all particles (Figure
3.1a,b), L/d decreases from 57 to 50 for the same CNC sample. These differences emphasize
the need of detailed descriptions of experiments and of data analysis, which could result in

better comparison between studies.

Reid et al. [43] reported a relatively narrow distribution of L of an as-received CNC sample from
FLP (unsonicated suspension), with most of the CNC rods in the range of 0.1 — 0.2 pm. The
authors pointed out that aggregates were not measured since the exact boundaries of individual
CNCs were not distinguished. Although I agree with this strategy, the amount of CNC bundles
in the sample is not negligible as it can be seen in the AFM image in Figure 3.4a. In the case of
the CNC samples utilized in this thesis, the majority of the particles exhibits L between 0.12
—0.25 pum (Figure 3.1b). The increase in L compared to Reid et al. can be a consequence of
sonication; the rods that form bundles are released after the treatment. This way I have access
to more individual rods (and apparently longer rods from the bundles) suitable to be measured,

increasing the final average length.

Figure 4.5 shows the pH and conductivity curves for the as-received CNC. The pH varies in
the range of 6 — 7 depending on the CNC mass fraction, with the variation in pH attributed to
dissolved COs from the atmosphere [47]. Values of pH close to 7 indicate that the sample has
been neutralized by adding a base (in this case NaOH as reported by the supplier) as shown
in Figure 3.3, resulting in a sodium—form CNC (Na-CNC). Despite the fact that conductivity
values can provide important information about the presence of ions in the suspension, I did
not succeed in finding literature with conductivity data of Na-CNC suspensions. However,
obtaining a straight increasing behavior of conductivity upon increased content of CNC is
expected, if I consider that the counterions attracted by the sulphate groups are proportional

to the CNC content. More details will be presented in Chapter 6.
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Figure 3.2: (a) Values of pH and (b) conductivity of the as-received CNC. From Honorato—Rios
et al. [2].
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Figure 3.3: Neutralization of protonated CNC (H-CNC) by the addition of NaOH.
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3.2.2 Determination of sulfur content by conductometric titration

Forest Products Lab provides a standard value of sulfur content for all their CNC batches cor-
responding to 0.90 wt.%. To corroborate this value, the sulfate half ester (OSO3) or the sulfur
content was determined by conductometric titration. This process requires complete protona-
tion of the CNC sample (only HT as counterions) for accurate results [48]. The titrations were
carried out after an extensive dialysis and ion exchange resin treatment of the as-received CNC
(details of the procedure in Chapter 2, subsection 2.6.3). Figure 3.4a presents a representative
AFM image of the as-received CNC without any further treatment and Figure 3.4b shows the

titration curves for the determination of the sulfur content by conductometric procedure.
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Figure 3.4: a) Representative AFM image of the as-received CNC and b) conductivity curves
for the determination of the sulfur content for the as-received CNC purchased from FPL. From
Honorato—Rios et al. [2].

The sulfur content of the as-received CNC was determined according to the expression:

EpCNaOHMs

ms/menc = (3.2)

menc
with mg the mass of sulfur, ), the equivalence point in mL and m¢n¢ the initial mass of CNC

that is characterized.

From Figure 3.4b, E, is determined from the first break in the conductivity curve. This value
corresponds to the volume (in mL) of NaOH that needs to be added to the CNC suspension in
order to completely neutralize the sample by replacing all the H* ions with the Na™ ions from
the NaOH. The titrations were conducted for three different samples and Table 3.1 presents

the obtained results for each suspension.
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Table 3.1: Determination of sulfur content in as-received CNC from FPL by conductometric
titration of three CNC suspensions. From Honorato-Rios et al. [2].

Sample ‘ monco|mg] ‘ Equivalence point, £,[mL] ‘ ms/menc

CNC 1 142 5.0 0.011
CNC 2 153 4.8 0.010
CNC 3 143 5.0 0.011

Based on the experiments it can be concluded that the sulfur content in the as-received CNC
is, adjusted to the accuracy of cy.0m, 1 wt.% by mass. The slight difference in sulfur content
from the value provided by the manufacturer highlights the need to completely characterize all
CNC samples prior to use. As I will demonstrate later in the thesis, even differences on the

order of 0.1% can have significant consequences.

3.3 Purification of CNC from FLP by ion-exchange pro-

cess

Commercial CNC suspensions from FPL contain sodium counterions as a consequence of the
addition of sodium hydroxide for the acid neutralization. This corresponds to the last step
of the production procedure in FPL [43]. Generally, experimental studies present results on
CNCs prepared using their own protocols, with protonated rods as a result of the acid hydrolysis
with sulfuric acid and without any further treatment. The presence of negative charges on the
surface of the CNC crystals makes these samples extremely sensitive to any extra ions that
could screen the charges, causing variation in the final phase diagram and chiral nematic pitch,

both topics addressed in this thesis.

In order to confirm that no further purification treatment is necessary for these commercial
samples, I attempted to purify the as-received CNC in a three-step process: dialysis, CNC
protonation (using an ion-exchange column) followed by the addition of NaOH until pH 7. The
ion-exchange process and the effect of counterions on the final samples are largely discussed in
Chapter 6. This procedure ensures the removal of any extra ions that could have been intro-
duced during the preparation procedure, resulting in a CNC sample with no other counterions

but sodium ions in suspension.

Figure 3.5 presents the macroscopic phase separation and the phase diagram in pure water of
the as-received CNC and its purified version after the three-step process discussed above. Prior
to taking the image, the samples have been standing four months for the case of the as-received

CNC and one month for the case of the purified CNC, resulting in a separation into a lower LC
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Figure 3.5: Phase separation, as observed between crossed polarizers, and quantitative plot of
the volume fraction ® for the as-received CNC and the purified Na-CNC after ion-exchange
process.

phase and an upper isotropic phase for samples with an overall CNC mass fraction in the range
from 4 wt.% to 7 wt.%. The upper phase scatters light in the macroscopic vials at 7 wt.% for
the purified CNC, an indication that one month is not enough for a complete phase separation.
From the quantitative plots of volume fraction ® showed in Figure 3.5b, only slight differences

in ® are observed between the as-received CNC and the purified sample.

The chiral nematic pitch p for the as-received CNC and its purified version is presented in Figure
3.6, with the values measured from the fingerprint textures by polarized optical microscopy
(POM). For both series, p decreases with increasing CNC mass fraction, as expected, with
values between 6 pum to 9 um for mass fractions between 5 wt.% and 9 wt.%. The differences

in p between the as-received and the purified CNC are negligible.
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Figure 3.6: Chiral nematic pitch p for the as-received and the purified-CNC after ion-exchange
process plotted against CNC mass fraction. The scale bars in the cholesteric fingerprint textures
correspond to 5 pm.
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3.4 Summary

The commercial CNC suspensions from Forest Lab Product (FPL) correspond to disperse
sodium-form rods prepared via sulfuric acid hydrolysis prior to the neutralization with NaOH.
They form cholesteric phases beyond a certain mass fraction, which is convenient for research
applications. This chapter shows that the three-step purification process does not significantly
impact the final behavior of the purified commercial CNC. Although minor changes in phase
diagram were observed, these results suggest that the use of this commercial CNC (without
further purification treatment) is a good alternative for colloidal and liquid crystal studies.
Nevertheless, each new batch needs to be characterized, regardless of the specification given by

the supplier.



Chapter 4

Fractionation of cellulose nanocrystal

suspensions

S -

Overview of the chapter!

One of the main problems regarding the preparation of CNCs using a variety of cellulose sources,
is the dispersity of the as-produced CNC rods. Many attempts in understanding the effect of
the aspect ratio on the final CNC behavior have been previously reported [34,49,50]. However,
the comparison between CNC batches prepared in different labs can be misleading, particularly
due to the variation in surface charge density between samples. In this chapter, I present three
different fractionation procedures by exploiting the spontaneous segregation that takes place

according to the rod aspect ratio as the LC phase separates from the isotropic surroundings.

1This chapter is partially reproduced from Honorato-Rios, C. et al.. Fractionation of cellulose nanocrystals:
enhancing ordering without promoting gelation. NPG Asia Materials, pages 1-11, 2018.

37
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4.1 Introduction

After reaching a critical mass fraction, CNC suspensions are able to develop a liquid crystal
(LC) phase which fits in the class of chiral nematic liquid crystals. The nematic order of CNC
suspensions is originating from the rod-like particle shape and the ability to disperse the CNC
rods in water. CNCs are dispersible in water because of the negatively charged sulphate half-
esters on their surface, which have been introduced during the CNC preparation. Recall from
Chapter 2 that the critical particle volume fraction for triggering the formation of a nematic
phase is ¢9 = 3.3d/L, and then the nematic phase, as it nucleates from the isotropic, has a
distinctly larger rod volume fraction, ¢; = 4.5d/L, where d is the diameter and L is the length
of the rod. A phase separation occurs when the overall rod volume fraction ¢ is between 3.3d/L
and 4.5d/L, with the nematic phase (with local rod volume fraction ¢; = 4.5d/L) sinking to
the bottom of the sample and the isotropic phase (with local rod volume fraction ¢g = 3.3d/L)

resting on the top.

The phase volume fraction ® of a sample in the coexistence regime should increase linearly
from 0 to 1 as the overall rod volume fraction ¢ increases from ¢, (corresponding to a mass
fraction wp) to ¢; (corresponding to a mass fraction wy), as predicted by the basic Onsager
model. In practice, however, the curve ® versus w falls off sub-linearly with increasing CNC
mass fraction. This is because an excluded volume must be added to the cellulose rods due
to the electrostatic repulsion of the charged particles, which is increasing with increasing CNC
mass fraction in the suspension. Experimentally it has been proven that suspensions of the
commercial CNC quality that I use in this thesis, without additional modification can never
reach a fully liquid crystalline state because w; > w,, which means that the CNC suspension

turns into a macroscopic gel, also known as a kinetically arrested state [4,38,43,51-53].

In this chapter, I present different fractionation procedures with the main focus on the ability
of CNCs to fractionate according to L/d. The effects of such fractionations on the final rod
geometry and phase behavior are discussed. The dispersity effect on the phase separation
diagram was investigated by comparing the result of the initial sample with those of the final

fractions.
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4.2 Liquid crystal-driven fractionation of CNCs

Pristine CNC suspensions are characterized by being disperse?, with rods of considerable differ-
ent L/d existing in suspension. Because high L/d favors liquid crystal (LC) formation according
to Onsager, a sample with coexisting isotropic and LC phases has an increased representation
of long and slender rods in the LC phase, whereas low L/d rods preferentially end up in the
isotropic phase [2,17,54], as observed in Figure 4.1.

» SB0nm
g |

Figure 4.1: Phase separation of a 5 wt.% cotton—derived CNC suspension. The liquid crystalline
(LC) phase in the lower part contains of rods with high aspect ratio, while rods with low aspect
ratio populate the isotropic phase (in the upper part). On the right, representative AFM images
confirm the fractionation that takes place between the coexisting phases. From Honorato—Rios
et al. [6]

If the volume fraction ¢ of rods is increased, starting from a fully isotropic suspension, the
LC phase will separate out once the overall rod volume fraction reaches the stability limit of
the isotropic phase, ¢ = ¢g, as nuclei, so-called tactoids or spherulites [31,55-58]. Within the
tactoid, the rod volume fraction has the higher value ¢ = ¢, corresponding to the stability limit
of the nematic phase. Since ¢y decreases with increasing L /d, such separation is more likely for
a small subvolume in which the average L/d happens to be higher than in the overall disperse
sample, explaining the spontanecous separation. Tactoids grow and merge and eventually the
macroscopic LC phase, with somewhat higher average L/d compared to the isotropic phase,

sediments to the bottom due to its higher density [2].

After some time standing, the sample in the vial from Figure 4.1 phase separates into an upper

isotropic and a lower liquid crystal (LC) phase. From the AFM images, one can observe a clear

2JUPAC recommends the use of the term dispersity as a measure of the heterogeneity of sizes of particles in
a mixture, in replacement of polydispersity, extensively used in the CNC field.
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evidence of the spontaneous segregation of particles, with the longer rods in the LC phase,

while the shorter rods populate the isotropic fraction.

Although Gray and co-workers [31,59] noticed this segregation according to L/d in their initial
CNC work, the first detailed study on liquid crystal-driven fractionation in disperse rod-like

suspensions that I am aware of was reported for carbon nanotubes (CNTs) [60].

4.2.1 Fractionation by centrifugation

As a first attempt to fractionate CNC suspensions, an initial sample at w = 7 wt.% (Figure
4.3) was centrifuged using different rotation speeds w and for varying periods of time, according
to the procedure reported earlier for fractionation of CNCs [61]. An AFM image of one sample
after centrifugation is shown in Figure 4.2. The image reveals that CNC rods aggregate during
the centrifugation, affecting the suspension behavior and the phase diagrams [2]. Probably if
the parameters for centrifugation were adjusted, it would be possible to obtain samples with
less aggregation. However, aggregates were clearly visible for all centrifugation settings used in
our trials. I thus ruled out the method of speeding up the fractionation by centrifugation, and

instead waited until sufficient separation had been achieved by gravity alone.

50 pm

- ]
Height 10 pym

Figure 4.2: AFM image of a CNC sample at 7 wt.% after centrifugation. The conditions
used for this sample corresponds to w = 12,000 rpm and centrifugation time 60 min. From
Honorato-Rios et al. [2].
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4.2.2 Fractionation by separation of phases using a pipette

A series of CNC suspensions in the range of mass fractions between 1 wt.% and 11 wt.%
(details of the preparation in Chapter 2) is presented in Figure 4.3. I will refer to this initial
CNC sample as init-CNC. A starting suspension of CNC in water is prepared at 7 wt.% in the
middle of the phase coexistence regime (® = 0.5, i.e., isotropic and LC phase each comprises
half of the macroscopic volume), and it is left standing until the two phases are macroscopically

separated by gravity.

Figure 4.3: Phase separation in CNC suspensions for the initial series before fractionation
(using a pipette) from a CNC mass fraction of w = 7 wt.%. The photograph has been taken
between crossed polarizers. From Honorato—Rios et al. [2].

The isotropic supernatant phase is extracted using a pipette, and then the mass fractions of both
samples are adjusted until they are again in the middle of the phase coexistence regime (water
is evaporated from the isotropic fraction and deionized water is added to the LC fraction). This
cycle is carried out three times for the LC fraction and three times for the isotropic fraction as

schematically illustrated in Figure 4.4.

The CNCs in the final fractions are referred to as 3i,-CNC (threefold isotropic fractionation)
and 3a, CNC (threefold anisotropic (LC) fractionation). The subscript p refers to pipette,
considering its use for the separation of the LLC phase from the isotropic part. It is important
to keep in mind the subscript p for future discussion in the upcoming sections and chapters.
Figures 4.5 a,b present representative AFM images of the CNCs in the final fractions (3i,-
CNC and 3a,-CNC). The analysis of the images reveals substantial geometrical differences
between the rods of the two fractions (Fig.4.5c—e). As expected, the fraction obtained from
repeated separation of the isotropic phase contains in average shorter rods (3i,-CNC) than the
fraction obtained from repeated separation of the LC phase (3a,-CNC). Great care was taken
to extract reliable quantitative data on rod length and diameter from the AFM investigations.
From a population of 300 individual rods, the length mean in 3i,-CNC is L** ~ 0.17 ym with
a dispersity of 037 ~ 0.3, whereas in 3a,-CNC, L3 ~ 0.23 ym with 03" ~ 0.4. The 3a,-CNC

fraction is actually more disperse in length, considering o> ~ 0.4 for 3a,-CNC against 03" ~
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Figure 4.4: Schematic illustration of the fractionation method using a pipette. The black arrows
indicate the path of the separations using the isotropic phases (transparent), and the red arrows
indicate the path of the separation of the LC phases (turbid white). From Honorato-Rios et
al. [2].

0.3 for 3i,-CNC.

Interestingly, the rod diameter remains approximately the same for all fractions, with a mean
value of d ~ 4 nm; hence, the fractions are effectively separated by length. The mean of the
aspect ratio (calculated as the average of L/d for 300 single rods) was 60 with U%‘}Z ~ 0.5 for

3a,-CNC and 46 with o}, ~ 0.4 for 3i,-CNC.
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Figure 4.5: Characterization of fractionated CNCs. Left: representative AFM images of the
two final CNC fractions, 3i,~CNC a) and 3a,~CNC b), after repeated phase separation. Right:
Log-normal distribution of the length L c), diameter d d), and L/d e) for the two fractions,
as determined from AFM data for 300 rods. Top values in insets: p and o of 3a,~CNC ,
corresponding to the mean and standard deviation of the natural logarithm of the variable,
respectively. Bottom values in inset: p and o of 3i,-CNC, corresponding to the mean and
standard deviation of the natural logarithm of the variable, respectively. Finally, N indicates
the number of individual rods measured from AFM images. From Honorato-Rios et al. [2].
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4.2.3 Fractionation procedure using a separatory funnel

One remaining challenge from the previous separation procedure is to prevent the separated
phases from mixing during extraction. It is particularly difficult to avoid the contamination of
the LC part by the isotropic phase. I present in this subsection an improved procedure that
includes a separatory funnel (in replacement of the pipette) similar to the funnel illustrated in
Figure 4.6. The stopcock located at the bottom allows a complete separation of the LC phase
without any risk of contamination with the isotropic part during the process. To this end, the
stopcock was closed while there was still a small amount of LC phase left. The separation
of the isotropic phase from the LC fraction had been completed prior to this, with a pipette,

following the procedure presented earlier in the subsection 4.2.2.

Figure 4.6: Schematic illustration of the separation of the LC fraction from the isotropic phase
using a separatory funnel. A CNC suspension is filled into a separatory funnel (first funnel). A
sharp boundary between phases is clearly visible after two weeks (second funnel). Finally, the
stopcock is opened and most of the LC phase is drained out, closing the valve before reaching
the interface with the isotropic layer (third funnel).

The as-received CNC in this procedure derives from the same CNC batch as the initial-CNC
suspension in subsection 4.2.2 (both init-CNCs presented in Figure 4.3 and Figure 4.7). Nev-
ertheless, the change in the macroscopic volume fraction ® lies in small variations during
sonication. I aimed at utilizing exactly the same conditions, without succeeding. In this case,
a large batch was prepared in order to have enough material for the current procedure and for

the fractionation that will be presented in the next subsection.

For fractionation, I filled a separatory funnel with a CNC suspension at 6 wt.% in the middle

of the phase coexistance regime (¢ ~ 0.5, Figure 4.7). The funnel was then closed to avoid
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evaporation. The sample was left standing for two weeks until the phase separation was clearly
visible. After this time, the top tap was opened and the isotropic upper half was then extracted
from the LC using a pipette, leaving a thin layer of isotropic phase on top of the denser nematic
part. Afterwards, the top tap was slightly closed and the LC phase released by gravitation
from the remaining sample by slowly opening the stopcock located at the bottom of the funnel,
which allowed to drain out exclusively the anisotropic phase. Following by either dilution or
concentration of the separated phases, I carried out repetitive cycles with each new fraction
adjusted to ¢ ~ 0.5.

11wt.%

Figure 4.7: Phase separation of init-CNC series for fractionation of a CNC suspension starting
at 6 wt.% (® = 0.5) by repetitive separation of phases. The LC part was separated from the
top phase using a separatory funnel. The same CNC series is used in the mass fraction-driven
procedure in subsection 4.2.4.

The separation was extended to five cycles for the LC part (from now on represented as 5a -
CNC corresponding to fivefold anisotropic fractionation) and four times for the isotropic phase
(4i;-CNC, corresponding to fourfold isotropic fractionation). The subscript f refers to the

funnel that was used in the separation of the LC phases.

The size characterization including the representative AFM images of two of the fractions
(5a-CNC and 4i-CNC) are presented in Figure 4.8. As expected, the fraction obtained from
repeated separation of the isotropic phase contains on average the shorter rods compared to
the fractions that resulted from the multiple separation of the LC phase. From a population
of 100 individual rods, the length mean in 4i;-CNC is L*/ ~ 0.17 pym with a dispersity of
aff ~ 0.2, whereas in 5a;-CNC, L% ~ 0.23 ym with aiaf ~ 0.1. The rod diameter remains
approximately the same for all fractions, with a mean value of d ~ 4 nm; hence, the fractions
are effectively separated by length. The mean L/d was 74 with ai% ~ 0.2 for 5a-CNC and 55
with Uf/]; ~ 0.4 for 4i,-CNC.
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Figure 4.8: Characterization of short-rod CNCs. Left: representative AFM images of two
final short rod CNC fractions, 4i;-CNC (a) and 5a;-CNC (b), after repeated phase separation.
Right: Log-normal distribution of length L (c), diameter d, and L/d (e) for the two fractions,
as determined from AFM data. Top values in insets: p and o of 5a-CNC, corresponding to
the mean and standard deviation of the natural logarithm of the variable, respectively. Bottom
values in inset: p and o of 4i-CNC, corresponding to the mean and standard deviation of the
natural logarithm of the variable, respectively. Finally, N indicates the number of individual
rods measured from AFM images.
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4.2.4 Mass fraction-driven fractionation of cellulose nanorods

In the previous fractionation procedures, I attempted to repetitively separate phases using a
starting mass fraction in the middle of the phase coexistence regime (® ~ 0.5). I now address
the CNC fractionation by using starting suspensions with lower and higher macroscopic volume
fractions ®, compared to the previous method. Considering the initial CNC series presented in
Figure 4.7, I filled two separatory funnels with CNC suspensions containing different rod mass
fractions (and thus, different ® values). From the init-CNC series, the CNC sample at 4 wt.%
shows the first visible formation of LLC phase. However, the amount of anisotropic sample is
quite small for the separation. Instead, I filled the first separatory funnel with CNC at 4.5
wt.% (® = 0.2), ensuring a large amount of sample for the preparation of a complete series of
mass fractions. Simultaneously, I filled a second funnel with a CNC suspension at 7 wt.% (®

~ (0.8). The schematic illustration is presented in Figure 4.9.

Figure 4.9: Schematic illustration of the mass fraction-driven fractionation procedure using
separatory funnels. a) Phase separation in a funnel containing a CNC suspension with overall
mass fraction of 4.5 wt.% (® ~ 0.2) and b) phase separation in a funnel containing a CNC
suspension with overall mass fraction of 7 wt.% (® ~ 0.8).

For fractionation, both funnels were left standing for two weeks until the separation of phases
was visible. The isotropic parts were then separated from the LC using a pipette and the lower
phases were collected by opening the stockcock. In this fractionation procedure, the separation
of phases was repeated only once, resulting in four batches: two CNC fractions obtained from
the anisotropic phases, corresponding to ago~CNC and ags—CNC (from the anisotropic phase

of the initial samples with ® =~ 0.2 at w= 4.5 wt.% and ® ~ 0.8 at w= Twt.%, respectively) and



48 Chapter 4. Fractionation of cellulose nanocrystal suspensions

two CNC fractions containing the isotropic phases, corresponding to 75,—CNC and 9 s—CNC

(from the isotropic part of initial samples at 4.5 wt.% and 7 wt.%, respectively).

Figure 4.10 presents the representative AFM images for two of the fractions and the L/d
distribution after measuring 100 rods using the procedure presented in Chapter 2, subsection
2.6.4. From a population of 100 individual rods, the mean L/d in ago~CNC is L/d ~ 78 with

or/qa ~ 0.4, whereas in ios-CNC is L/d ~ 55 with 07,4 = 0.4. It is known the spontaneous

segregation that takes place according to the ratio L/d as the LC phase separates from the
isotropic part. However, it is shown in this case that the average L/d in the coexisting isotropic
and LC phases strongly depends on the overall mass fraction of the CNC suspension (for
disperse CNCs), with high L/d rods dominating the LC phase at lower volume fraction ® and
the low L/d rods populating the isotropic phase at higher ®.
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Figure 4.10: Characterization of fractionated CNCs obtained from the mass-fraction driven
fractionation procedure. Left: representative AFM images of two of the two final CNC fractions,
4i;-CNC (a) and 5af-CNC (b). Right: Log-normal distribution of the length L (c), diameter
d (d), and L/d (e) for the two fractions, as determined from AFM data for 100 rods. Top
values in insets: p and o of ago-CNC, corresponding to the mean and standard deviation of the
natural logarithm of the variable, respectively. Bottom values in inset: p and o of iy g-CNC,
corresponding to the mean and standard deviation of the natural logarithm of the variable,
respectively. Finally, N indicates the number of individual rods measured from AFM images.
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Comparison between fractionation procedures and their effect on the final geometry
of the rods

Table 4.1 summarizes the mean values for L and d for the final fractions after their corresponding
fractionation procedures as well as values for the length dispersity o. In general, L remains

relatively unchanged between methods as well as the rod diameter d.

Table 4.1: Size characterization of fractionated CNCs from AFM analysis.

Fractionation procedure | CNC fraction | L, um | o d, pum | L/dy | L/ds
® = (.5, using pipette init-CNC 0.2 0.4 | 0.004 | 57 50
31,-CNC 0.17 ]0.26 | 0.004 | 46 43
3a,~CNC 0.23 |0.44 | 0.004 | 61 58
® = 0.5, using funnel init-CNC 200 | 0.34 | 0.004 | 57 50
41-CNC 0.17 ]0.19 | 0.004 | 56 43
5a;~CNC 0.23 | 0.13 | 0.004 74 58
®=02and & =0.8 init-CNC 200 | 0.34 | 0.004 | 57 50
198~ CNC 0.19 [0.20 | 0.004 | 55 48
apo-CNC 0.24 | 0.21 | 0.004 78 60

Comparing the fractions obtained from the separation of the isotropic phases (3i;-CNC, 4i -
CNC and ips—CNC), rods with higher L/d were obtained from the separation of the isotropic
phase from the LC part in a suspension with & = 0.8. While a more efficient fractionation
might be accomplished for higher ®, higher mass fractions lead to a gel state, for which w, <
wy (with wy the minimum CNC mass fraction for which ® = 1 and w, the CNC mass fraction
at the onset of gelation). From Table 4.1, the difference in size is negligible between 3i;-CNC
and 4i,-CNC, it seems that after the third separation of phases the effect of fractionation is

reduced to an extent that L/d in the coexisting phases is similar.

For the case of the CNC fractions containing rods with high L/d and prepared from the separa-
tion of the LC phases from the isotropic parts (3a,~CNC, 5a;~CNC and ago-CNC), L presents

relatively the same values in all the suspensions (L & 0.23 ym). However, the length dispersity
is reduced from o> &~ 0.44 to o5 ~ 0.13. This difference in length dispersity shows that the
higher value of o, in the length distribution of particles obtained from the separation of phases
using a pipette was due to the less precise extraction of one phase from the other in comparison

to the extraction with a separatory funnel.

Values of L/d are included in Table 4.1 calculated using two different procedures (L/d; and
L/ds). As 1 explained in Chapter 3, the diameter of the rods is not constant along the particle,
resulting in small values of d with large variations in individual rods. For the case L/ds, the
diameter d was considered to be constant, with d = 4 nm. Then I determined L/dy as L (from

Table 4.1) over the constant d. If we considered this analysis, rods obtained from the LC part
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of ap2~CNC shows the highest L/d ~ 60, without significant variation between 3i,-CNC and
4i;-CNC, with L/d ~ 43.

I attempted to determine the amount of CNC that is needed for obtaining CNC suspensions
containing rods with high L/d after both the repetitive separation of phases starting at ® ~ 0.5
and the mass fraction-driven procedure at ¢ = 0.2. Table 4.2 presents the amount of separation
steps needed for fractionation starting from an init-CNC until reaching five separation of phases
(5a-CNC). In addition, Table 4.2 presents the CNC mass fraction w for which ® ~ 0.5. For
the calculations, I assume that the coexisting phases have the same w as the overall sample
(although wrec in the LC phase is always higher than the overall w and w; is lower in the
isotropic phase compared to the overall w [2]). CNC series of a-CNC and 2a-CNC corresponds

to the first and second separation of the LC phases, respectively.

Table 4.2: Determination of amount of material needed for separation of phases.

sample | number of separations | w for which ® ~ 0.5, wt.%
init-CNC 0 6
ay~CNC 1 5
QCLf*CNC 2 4
3a;~CNC 3 3.5
4a,;~CNC 4 3.3
5af—CNC 5) 3.2

We can calculate the mass of CNC (without including the water) of the LC phase after phase
separation (¢ = 0.5) meone as:

mene = PwosVene (4.1)

with & = 0.5, wp 5 the mass fraction for which ® ~ 0.5 from Table 4.2 and Vone the volume
of CNC sample after the separation. We consider the density p of the CNC suspensions as 1
g/mL.

Water is added to the resulted LC phase until a new volume Vo ne in order to dilute the CNC

suspension to w5, for which ® = 0.5:

mcnNc

Vone = (4.2)

Wo.5

After phase separation of the CNC sample with volume Vone (® = 0.5), we calculate the
amount of CNC with Eq. 4.1.

Using Eq. 4.1 and Eq. 4.2, I can estimate that in order to obtain 1 g of CNC (without including

the water) after three separation cycles (3a;~CNC), we would need an initial CNC suspension



52 Chapter 4. Fractionation of cellulose nanocrystal suspensions

with @ = 0.5 of V73, ~ 133 mL (133 g considering p = 1 g/mL)

If T determine now the amount of CNC suspension for fractionation using ® = 0.2 (w = 4.5

wt.%), by using Eq. 4.1 we obtain V2%, ~ 110 mL (110 g considering p = 1 g/mL).

For further fractionation starting with ® = 0.5 (4a;~CNC and 5a;-CNC) an even larger initial
volume of CNC will be required.

The main difference between procedures lies in the time that is needed for fractionation. The
mass fraction-driven fractionation is the best option for fractionation, since the separation of
phases is carried out only once. In addition, less initial sample is needed compared to the
amount of the CNC that is used in the method of repetitive separation of phases, starting in

the middle of the coexistence regime.

4.3 Equilibrium phase diagram of the CNC suspensions

Series of relevant mass fractions w of the initial CNCs were prepared as well as of the samples
obtained after the three fractionation procedures. Prior to the analysis, the sample vials stood
vertically for minimum 3 months, resulting in separation into a lower LC phase and an upper
isotropic phase. The volume fraction of every LC phase (®) was determined by measuring
the ratio of the height of the LC phase to that of the full sample (LC and isotropic). The
macroscopic phase separation and the phase diagrams in pure water of each sample are presented
in Figures 4.11 — 4.13.

The maximum mass fraction wy for ® = 0 and the minimum mass fraction w; for ® = 1 are
both affected by L/d. From the quantitative plots of the relative volume fraction (Figures 4.11b
— 4.13b), & increases monotonically from 0 to 1 with increasing w with the exception of CNCs
containing rods from the isotropic phases (low L/d rods: 3i—, 4i—, ipo— and ios~CNCs) as well
as the rods of the init-CNCs, for which wy > w, (w, corresponds to the CNC mass fraction at
which the suspension turns into a gelled state). When w = wy, a departure from the monotonic
behavior is seen with a sudden rise in the apparent LC volume fraction to ®*?? = 1. This is
not the true LC volume fraction but rather an artifact due to the inability of the LC phase
to separate from the isotropic phase in the gelled macroscopic sample. For these samples, w;

must be extrapolated from data.

Table 4.3 summarizes the values of wy and and w; that were determined from the plots in

Figures 4.11b — 4.13b for the three fractionation procedures and the initial CNCs.

In the case of the samples obtained after the fractionation using a pipette, the increased L/d
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Figure 4.11: Effect of fractionation on the phase sequence. a) Phase separation in suspensions
of cellulose nanocrystals between crossed polarizers for the initial series (init-CNC), and the
high L/d fraction (3a, CNC) and low L/d samples (3i,-CNC) as a function of the CNC mass
fraction w in pure water. b) Quantitative plots of the volume fraction ® of the LC phase
for the three series. The error bars correspond to five different measurements per sample
vial. The sample vials stood for 4 months before the photos were taken and the quantitative
measurements made. From Honorato—Rios et al. [2].
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Figure 4.12: Effect of fractionation using a separatory funnel on the phase sequence, from an
init-CNC with ® ~ 0.5. a) Phase separation in suspensions of cellulose nanocrystals between
crossed polarizers for 4ip-CNC, 3ip-CNC, init-CNC, 3a;-CNC, 4a;-CNC and 5a,-CNC as a
function of the CNC mass fraction w in pure water. b) Quantitative plots of the volume
fraction ¢ of the LC phase for the different series. The error bars correspond to five different
measurements per sample vial. The sample vials stood for 4 months before the photos were
taken and the quantitative measurements made.
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Figure 4.13: Effect of fractionation using the mass-fraction separation procedure, on the phase
sequence. a) Phase separation in suspensions of cellulose nanocrystals between crossed po-
larizers for i55-CNC, ig9-CNC, init-CNC, ags-CNC and ag2-CNC, as a function of the CNC
mass fraction w in pure water. b) Quantitative plots of the volume fraction ¢ of the LC phase
for the different series. The error bars correspond to five different measurements per sample
vial. The sample vials stood for 1 month before the photos were taken and the quantitative

measurements made.
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Table 4.3: Effect of fractionation method on the onset of liquid crystal formation, wy, and on
the onset of the fully LC phase, w;.

Method sample code | wg, wt.% | wy, wt.%
init-CNC 5) 11.8
from & ~ 0.5 3a, — CNC 3 6
with pipette 31,-CNC 7 13
init-CNC 4 11.5
3ay~CNC 2.8 5.5
from ® ~ 0.5 da;—CNC | 28 4.2
with funnel S5ay — CNC 2.8 4
3ip-CNC 7 13
4i-CONC 8 14
init-CNC 4 11.5
o CNC 2.8 4.9
mass fraction-driven ag.s—CNC 3 6
from ® ~ 0.2 and ® ~ 0.8 | 73, CNC 4.5 9.5
10.8—CNC 6 12

in the 3a,-CNC sample causes a decrease in wy from wi™ ~~ 5 wt.% in the initial sample to

wg’“” ~ 3 wt.%. For wgi", the decrease in L/d instead increased the limit of stability of the
isotropic phase to wi' &~ 7 wt.%. Also, w; is affected, shifting from wi" ~ 11.8 wt.% in the
unfractionated sample to wi’ap ~ 6 wt.% in 3a,-CNC. In the case of 3i,-CNC, w; increases
compared to that of init-CNC to a value greater than w,, triggering gelation. Therefore, it is
impossible to give a direct value of w$ for the suspension of short rods. By extrapolation of

the data in Figure 4.11b, it is possible to estimate that w3’ ~ 13 wt.%.

Figure 4.12 presents three series of CNC mass fractions with rods obtained after repetitive sep-
aration of the LC phase (3a-CNC, 4a;-CNC and 5a-CNC) and two series of CNCs containing
rods from the isotropic phases (3i;-CNC and 4i;-CNC), starting at & ~ 0.5 and separated
with a separatory funnel. For the case of the fractions with high L/d, the effect of fractionation
has decreased to an extent that the onset of liquid crystalline formation wy remains relatively
constant for fourfold and fivefold separation cycles, decreasing from wi"™ ~ 4 wt.% in the init-
CNC to wy ~ 2.8 wt.% for both 4a;-CNC and 5a;-CNC samples. Besides, w; is shifted from
winit &~ 10.5 wt.% to w;” ~ 4 wt.% as well as ;™ ~ 4.2 wt.%, with a very small variation
between the two samples. Early theoretical studies in the field of non-uniform rod-like polymers
already predicted this behavior. Flory and Frost [62] and Moscicki with Williams a few years
later [63], predicted that fractionation takes place in the biphasic region between ¢q and ¢;.
They reported that the dispersity in each phase is significantly lower compared to the parent
(or init-CNC in our case) distribution, highlighting the efficiency of fractionation by separa-

tion of the phases of a parent sample. Lekkerkerker et al. [64] also reported the spontaneous
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fractionation in the LC formation by extending Onsager’s model.

My results suggest that for highly disperse samples, a strong fractionation occurs between the
isotropic and LC phases, such that the LC part is completely dominated by the longest rods
and the isotropic phase by the shortest particles in the distribution. On the contrary, when the
dispersity is reduced, only moderate fractionation is carried out, resulting in coexisting phases
with similar L/d distributions. Most notably, we observe that the isotropic and nematic limits
shift to lower mass fractions, significantly narrowing the two-phase regime. The lowest length
dispersity was found for the 5a,~-CNC sample with o3 ~ 0.13 (Table 4.1). The mass fraction
range for which the biphasic region takes place is 2.8 wt.% < w < 4 wt.%, the narrowest range

between all the values presented in Table 4.3.

To the best of my knowledge, the only study concerning dispersity in rod-like systems is re-
ported for solutions of imogolite (a rigid rod polymer). The authors observed that the two-phase
regime was narrowed with decreasing dispersity of the particles [65]. A number of theoretical
studies have emphasized the importance of dispersity in the phase behavior in systems with
rigid rods. Particularly they predict the phase boundaries based on hard rod interaction of a
highly dispersed system [66-68]. Later on, this model was extended to include an attractive
term [69] for single-walled carbon nanotubes (SWNT) dissolved in superacids. The same the-
oretical studies have indicated scenarios for which a high dispersity might lead to three-phase
equilibrium regime (isotropic-nematic-nematic). Experimentally, three coexisting phases have
been observed in highly disperse clay [70] and boehmite rods [71]. Even in CNC suspensions,
a CNC sample developed three phases [72] after 6 months of equilibrium, although no further

discussion is presented by the authors.

For the case of the low L/d rods from Figure 4.12, wy also varies, increasing to wy’ ~ 7 wt.%

and w;

‘ ~ 8 wt.% in 3is- and 44 ;-CNCs, respectively. In both samples, w; has reached values
greater than w,, provoking gelation. Because of this, it is not possible to give empirical values
of w; for suspensions of low L/d rods. By extrapolation, w? ~ 13 wt.% and w}’ ~ 14 wt.% in
3i- and 4i;-CNCs, respectively. A continuation of the fractionation beyond four cycles for the
isotropic phase becomes difficult due to the slow separation of the phases at high w. For the case
of w' = 10 wt.% (® ~ 0.5), the bottom and top phases are similar even after several months
for the sample vial to equilibrate. The scattering in the top part suggest that the separation

is not yet complete, so the extraction of the top part will end up in inefficient fractionation by

L/d.

Finally, the separation of two biphasic suspensions into the isotropic and LC parts, with ¢ ~
0.2 and ® ~ 0.8 respectively, yielded four fractionated samples containing rods with different

L/d. Figure 4.13 presents the macroscopic phase separations and phase diagrams of the four
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CNC series after fractionation, as well as the init-CNC. The results exhibit that the mass
fraction-driven procedure is a very effective method for fractionation, with wy decreasing from
wirt ~ 4 wt.% to wi®? ~ 2.8 wt.%, similar to wq"’ after fivefold separation cycles starting with
® ~ 0.5. Also, w; shifts to a value similar to wfaf, changing from wi" =~ 11.5 wt.% to w{"? ~
4.2 wt.%. For the case of the rods with low L/d, the fractionation is less effective compared to
the procedure of multiple separation cycles. In this case, the decrease in L/d causes an increase
in wy from wi* ~ 4 wt.% to wP? ~ 4.5 wt.% and wi® ~ 6 wt.% for ig,— and igg — CNC

samples, respectively.

When fractionating a CNC suspension by choosing a low volume fraction ®, the tactoids that
first form have the higher ¢p=¢;, which corresponds to the stability limit of the nematic phase.
In addition, ¢y is shifted to a lower value with increasing L/d. This results in a separation of a
subvolume for which the L/d is the highest for a value of ® that is slightly higher than ® = 0.
When a value of ® is chosen slightly lower than ® = 1, rods with the lowest L/d will populate
the isotropic phase, since the tactoids formed with longer rods have merged and sunk to the

bottom liquid crystal phase.

The separation of the phases in biphasic suspensions for samples at high w takes longer time
compared to CNC suspensions with lower w. Apparently, the mass fraction-driven fractionation
for the low L/d fractions needs more time for a complete phase separation. This can explain

the weaker fractionation effect in our results. I elaborate this topic in the following subchapter.
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4.3.1 Time frame of phase separation

The difference in mass fraction at which the two coexisting phases occurs between the samples
containing high and low L/d rods has also an impact on the time needed for a complete phase
separation. To evaluate this, I followed the macroscopic phase separation over time of two
CNC series with different L/d (3a;-CNC, with a two-phase regime between 2.8 wt.% and 5.5
wt.%, and 3i;~-CNC presenting a two-phase regime between 7 wt.% and 13 wt.%) by capturing
consecutive photographs of the sample vials standing between crossed polarizers. Figure 4.14
shows sequences of images after certain time for both series, where a visible phase separation
starts after time ¢ ~ 4 h for the 3a;-CNC and a complete separation is reached after ¢ ~ 15
h. In contrast, for the 3i;-CNC series, the first sign of macroscopic phase separation is visible

after t &~ 48 h and a complete separation is not reached even after 3 months.

Normally, the greater density of the LC phase in a tactoid compared to that of the isotropic
surrounding leads to sedimentation until the tactoid merges with the macroscopic LC phase at

the bottom, as seen for all the high L/d samples.

While the upper phase in the two-phase regime is transparent and black between crossed po-
larizers for all the high L/d fractions (3a;-CNC, 4a;-CNC and 5as-CNC), as expected for an
isotropic phase, this is not the case for the low L/d samples (3i;-CNC and 4i;-CNC). For
both samples the upper phase scatters light in the macroscopic vials, increasing with the CNC
volume fraction. In capillaries investigated by POM, we see that the upper phase is not black
but decorated with birefringent tactoids (Figure 4.15).

The presence of these tactoids continuously increases with increasing w, especially from 8 — 11
wt.% for the 3i;-CNC and 10 — 11 wt.% for the 3i;-CNC sample. Importantly, the capillaries
shown in Figure 4.15 have been standing vertically for 3 months, hence there has been plenty
of time to reach equilibrium. Instead, we must consider the kinetic effect of the substantially
greater CNC content of the biphasic 3is- and 4i;-CNC samples. As in any isotropic colloidal

suspension, the viscosity of the upper phase increases with increasing the particle content w.

Especially when we approach gelation (w, ~ 12 wt.%) the viscosity may be so high that the
relatively low density difference between liquid crystalline tactoids and the isotropic surrounding
is insufficient to drive visible sedimentation even over 2 months. In fact, even after 18 months for
previous samples with short rods (not shown here), the tactoids have remained in the isotropic
phase. For the 3a-CNC, 4a;-CNC and 5a-CNC, the biphasic regime ends already at around
wy &~ 4wt. %, still far from gelation, hence the viscosity of the isotropic phase that surrounds

the tactoid is low enough for a complete sedimentation.
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Figure 4.14: Phase separation of fractionated samples after different time t. a) 3a;-CNC
suspensions and b) 3i;-CNC suspensions.

Figure 4.15: Polarized optical microscopy (POM) images of glass capillaries filled with frac-
tionated CNC samples. (a-c) 3i;-CNC (d-f) 3ap-CNC. The capillaries have been standing in
vertical position for 18 months. Scale bars correspond to 200 pm.
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4.4 Summary

Fractionation of disperse CNC suspensions is remarkably efficient by the separation of phases
into an isotropic and liquid crystal part, thanks to the spontaneous fractionation that occurs
between the two phases. This process can be accelerated depending on the volume fraction ® in
the initial CNC that is chosen. Rods with the highest aspect ratio are obtained from the liquid
crystal phase if ® in the initial suspension is slightly higher than ® = 0. On the contrary, rods
with the lowest L/d populate the isotropic phase of an initial CNC with & slightly lower than
® = 1. This fractionation process is very convenient considering that the separation of phases
is carried out only once, since it avoids the tedious waiting process that is needed, especially

for the low aspect ratio rod fractions, for which evaporation of water is needed.



Chapter 5

Kinetic arrest in cellulose nanocrystal

suspensions

Overview of this chapter!

The same factor that permits CNC to form liquid crystal phases after certain mass fraction—the
high aspect ratio—also promotes kinetic arrest into a non-equilibrium state, which results in a
competition between the two processes. By adding salt to CNC samples within a concentration
range, it is shown that kinetic arrest is triggered by the loss of colloidal stability, regardless of the
rod aspect ratio. Furthermore, atomic force microscopy (AFM) reveals linear rod aggregation

of CNCs upon salt addition.

1This chapter is partially reproduced from Honorato-Rios, C. et al.. Fractionation of cellulose nanocrystals:
enhancing ordering without promoting gelation. NPG Asia Materials, pages 1-11, 2018.
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5.1 Introduction

Colloids with rod-like particles can develop liquid crystalline phases upon the increasing mass
fraction. Nevertheless, such increments in the amount of particles can also result in close rod
encounters, with rods blocking each other’s movements. Especially in systems containing rods
with high aspect ratio, this kinetic arrest phenomenon—referred to as rigidity percolation if the
scale of restricted motion equals the sample size—can turn the phase into a non-equilibrium

state, recognized through a gel-like appearance [4,38,43,51,73-76].

From a liquid crystal point of view, gelation can truly be a disadvantage, as it considerably
limits the range in which the two phases coexists. Even more, sometimes gelation sets in
before the system has formed a complete liquid crystal phase. However, a valuable feature
from an application perspective is that this non-equilibrium state allows to maintain any order
(or disorder) that has been reached in an earlier stage. For the case of CNCs, it is due to this
kinetic arrest that iridescent films can retain the cholesteric structures after the evaporation of

the solvent.

Several studies have shown that kinetic arrest can be promoted in CNC suspensions by different
factors, such as the temperature [77], CNC in non-water solvents [51], low charge density [38],
additives [78] or just by an increase in CNC mass fraction [79]. Qualitatively, all the reported

factors reduce the stability of the CNC suspensions, favoring the onset of gelation [80].

From the previous chapter, by exploiting the spontaneous segregation according to aspect ratio
L/d that takes place as the LC phase separates from the isotropic part, it has been shown that
the long-rod fraction strongly favours liquid crystallinity by reducing the threshold wq for liquid
crystal formation, without exploring the influence of L/d on w for which kinetic arrest sets in.
In this chapter, I extend the study by identifying the onset of kinetic arrest in CNC fractions
obtained from one of the fractionation procedures presented in Chapter 4. Furthermore, I
induce kinetic arrest by the addition of salt to CNCs containing rods with low and high L/d,
which resulted in gel-like samples with end-to-end rod aggregation due to the loss of colloidal

stability in the suspensions.
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5.2 Effect of L/d on the onset of gelation

I establish the onset of gelation for three series of samples that contain rods with different aspect
ratio L/d. The method for the separation has been described in Chapter 4, and a pipette was
used for the extraction of the isotropic phase (upper part) from the LC phase (bottom part).
The sample vials after phase separation and between cross polarizers are presented in Figure
5.1.

1 2 3 5 3 C 13 wt.%

init-CNC ) ' R ' ! i - u
i
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y : . ] 5 8 . 1] 13 wt.%
i1 ;!!!!!lll
Figure 5.1: Phase separation of sample vials after fractionation using a pipette as well as the

init-CNC. This image corresponds to Figure 4.11a from Chapter 4. From Honorato—Rios et
al. [2].

-

From Figure 4.5 in Chapter 4, the length mean was L = 0.20 um with a dispersity o7 ~ 0.4
for the init-CNC, L ~ 0.23 um with o7, ~ 0.4 for 3a,~CNC and L ~ 0.17 pm with o, ~ 0.3 for
the 3i,~CNC suspension. The diameter mean d ~ 4 nm for each of the three CNC samples.

The onset of gelation was defined as the mass fraction at which the sample remained at the
top of the vial after carefully turning the sample upside down, as shown in Fig. 5.2. If the
suspension remained on the top (at the normal bottom of the sample vial), the suspension is
considered to be in a gel state. A very interesting observation is that all CNC suspensions
reach gelation at about the same CNC content of w, ~ 12 wt.% regardless of the L/d of the
rods, at least within the range probed in this experiment. This shows that the change in L/d
has no impact on the onset of gelation, while the common picture based on percolation of the
individual rods would suggest that both, LC formation and gelation, should happen at a lower
w for 3a,-CNC and at a higher value of w for the case of 3i,-CNC.
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Figure 5.2: Sample vials of salt-free samples after 24 hours upside down. Top: init-CNC,
middle: 3i,-CNC and bottom: 3a, CNC. For all the CNC suspensions, the onset of gelation
is w ~ 12 wt.%. From Honorato-Rios et al. [2].

Gelation makes difficult to investigate CNC mass fractions beyond =~ 12 wt.%. My initial
hypothesis behind these fractionation experiments was to suppress this non-aquilibrium state
by working with low L/d rods. As I discussed before and according to percolation theory,
the suspension with short rods should shift w, to a higher mass fraction compared to the
unfractionated suspension. Perhaps this delay in gelation would lead to a transition into high-
ordered liquid crystal phases, as is the case for a family of viruses related to filamentous phage
fd [81-87] as well as for DNA [88]. Unfortunately, this was not the case and gelation set in at

the same mass fraction regardless of L/d.

5.3 Effect of counterion concentration on the onset of

gelation

Based on our observations above, I conjecture that gelation is triggered solely by reaching a
threshold value of a counterion concentration ¢ . since the only source of ions in these samples
is the CNCs themselves. To corroborate our conjecture, I attempted to induce gelation at a

substantially reduced CNC mass fraction by adding salt (NaCl) until ¢y + = ¢} A similar

N, + -
approach has previously been used for inducing gelation, e.g., in fully isotropic suspensions
of nanofibrilalted cellulose with carboxyl groups at the fibril surface [89] and of dye-doped

CNCs [90].

To determine experimentally the threshold value of counterion concentration that triggers gela-
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g
Na-H

concentration in all suspensions until ¢y + = ¢, + via addition of NaCl solution (1 M). In order

tion ¢ I attempted to induce gelation also at w < 12 wt.% by adjusting the sodium ion
to have a starting point of how much NaCl solution to add to each vial, the sulfur content
calculated in Chapter 3 was used, assuming that every sulfate group is in its ionic state. This
assumption is based on the fact that the CNC was, after the sulfuric acid hydrolysis, com-
pletely neutralized with an excess of NaOH. As it is common for commercial samples, the CNC
counterions are thus Nat. A CNC mass fraction of w, = 13 wt.% was the initial estimation
of the amount of CNC needed for ensuring gelation. This allowed to estimate the expected

counterion concentration required for gelation as:

pw
Chgt = C& = wsﬁj (5.1)

where ¢, is the sulfur concentration in the sample at the onset of gelation without salt addition,
wg the sulfur mass fraction determined by conductometric titration, p the density of the CNC
suspension, w, the CNC mass fraction at the onset of gelation and Mg is the molar mass of
sulfur. For simplicity, the density p of the suspension was approximated to 1 kg/L, thus yielding

a sample mass of m = 1 kg per liter of suspension. From Eq. 5.1, ¢}, = 45 mM.

Starting from this result, I calculated the required NaCl concentration cp,c; for achieving

constant cy + = ¢ 4 for every CNC mas fraction w, corresponding to a sulfur concentration
a

g, as:
9 g W
Cngt — CsS + CNacl = CN(ﬁuT + CNacl (5-2)
g
with ¢}, + = 45 mM. The different experiments with salt addition prepared according to this

formula, for each of the CNC qualities with w increasing in integer steps from 1 wt.% to 11 wt.%,
yielded the behavior after 24 h are shown in Figures 5.3 — 5.5. The amount of NaCl calculated

(c?\,a+ = 45 mM) appeared to be sufficient, suggesting that the estimated concentration is very

close to the experimental value. One must point out that gelation may be a slow process in the

vicinity of cy,+ = ¢, + [90], hence it may be that the 24 h waiting time in our experiments is

9

ot 1sin fact somewhat lower than 45 mM.

insufficient, and the real ¢

Figure 5.6 shows vials with varying contents of init-CNC, 3i,~-CNC and 3a,~CNC, photographed
between crossed polarizers 3 weeks after adding an amount of NaCl that is required to reach
CN,+ = C?\Lﬁ in every vial. Twenty four hours after the salt addition, the vials were turned upside
down and then left standing untouched. The experiment confirms the prediction that gelation

is induced in all samples with w > 2 wt.%, irrespective of the series. An important further
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Figure 5.3: Sample vials with w < 11 wt.% standing upside down during 24 h after addition
of salt assuming a gelation threshold counterion concentration of c?vaJr = 39 mM. (a) init-CNC
(b) 3i-CNC and (c) 3a—CNC. From Honorato-Rios et al. [2].
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Figure 5.4: Sample vials with w < 11 wt.% standing upside down during 24 h after addition
of salt assuming a gelation threshold counterion concentration of C?vﬁ = 43 mM. (a) init-CNC
(b) 3i,~CNC and (c) 3a,~CNC. From Honorato—Rios et al. [2].
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Figure 5.5: Sample vials with w < 11 wt.% standing upside down during 24 h after addition
of salt assuming a gelation threshold counterion concentration of ¢, , = 45 mM. (a) init-CNC
(b) 3i,~CNC and (c) 3a,~CNC. From Honorato-Rios et al. [2].
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Figure 5.6: Gelation induced by salt addition. Inverted CNC suspensions (initial (a) and
fractionated (b,c)) between crossed polarizers, with different CNC mass fractions w but constant
sodium ion concentration cy, + = C?Va+, adjusted by the addition of NaCl. The samples stood
upside down for 2 weeks after reaching gelation by the addition of NaCl. From Honorato—Rios
et al. [2].

observation is that all gelled samples show birefringence, a sign of the development of long-range
orientational order. In fact, the salt-induced birefringence even precedes gelation, as evidenced
by the observation of birefringence in the samples in Figure 5.6 with a low CNC content (w
< 2 wt.%) that are still fluids. Similar behavior is observed at the limit of colloidal stability
in a previous study of CNC rods in solvents with varying permittivities [51]. The particle
aggregation induced by salt addition seen in Figure 5.6 thus appears to happen preferentially

with rods aligned with each other.

5.4 End-to-end aggregation

The fact that birefringence appears prior to 2 wt.% CNCs in Figure 5.6 suggests that the end-
to-end rod aggregation takes place locally, generating finite linear chains with a sufficiently high
effective aspect ratio to induce liquid crystalline order in small domains. However, the overall
particle fraction is not yet sufficient for percolation, even at this salt-induced increased effective
aspect ratio. The percolation threshold for linear chains is apparently reached at 3 wt.%, as all

samples at this or higher CNC contents enter the gel state in the presence of sufficient NaCl.

Figure 5.7 shows AFM images of init-CNC originally at w = 2 wt.% (diluted prior to AFM
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Figure 5.7: CNC chain-building upon salt addition. AFM images of init-CNC at w = 2 wt.%
in the pristine state (a) and after the addition of NaCl: (b) ¢yacr = 20 mM and (¢) e¢naer = 40
mM. From Honorato—Rios et al. [2].

imaging), in the pristine state and after the addition of NaCl at two different concentrations.
From these images, the rods indeed aggregate largely in parallel and end-to-end upon salt
addition, growing into much longer chains. The average diameter of these chains is d &~ 5.5 nm,
which is not significantly larger that the diameter d ~ 4 nm of the individual rods in the salt-free
sample. The increased length and small increase in diameter suggests that aggregation takes
place mostly between the extreme ends of the rods rather than through side-by-side association
of the rods. After the addition of 40 mM NaCl, L/d increases from ~ 57 (CNCs without
salt) to =~ 130. Xu et al. [91] and Honorato-Rios et al. [2], performed rheology experiments
using CNC suspensions with added NaCl for a range of different salt concentrations. The
authors concluded that at high salinity, electrostatic repulsion is reduced and the particles
aggregate, allowing the formation of a percolating network. In fact, Xu and co-authors reported
that the suspensions originally fluid at low CNC mass fraction form a strong gel at high salt

concentration, conclusions that support our AFM observations.

The question remains as to what exactly causes the linear chain aggregation and the subsequent
percolation and physical gel formation at cy,+ ~ ¢},+. The AFM data with added salt and
the observation of birefringence developing in all suspensions with salt addition clearly show
that the effective rod length increases thanks to linear chain aggregation when the electrostatic

repulsion loses its efficiency.

Signs of CNC rod lengthening induced by the addition of NaCl have been reported before [92—
94], although for much lower mass fraction of CNCs and without discussion of the consequences
in terms of the macroscopic phase behavior. On the basis of small-angle neutron scattering
experiments, Cherhal et al. [94] detected branch-free CNC aggregation with increasing length
for an intermediate ion concentration (on the order of 10 mM), while the data at 50 mM or

higher suggested aggregation with branching. This matches the results of this chapter relatively
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well, with the degree of branching at ¢y + ~ c?VaJr. While aggregation of like-charged colloidal
particles upon addition of multivalent counterions is well understood, the theoretical framework
of the phenomenon triggered by monovalent counterions is not trivial [95,96], although much
experimental evidence exists with various colloidal systems, including CNC suspensions [38,
89,90,97,98]. What is particularly surprising is the observation of chain formation with the
CNCs aggregating end-to-end rather than side-by-side, at least at these comparatively high

CNC mass fractions.

In a previous study, using CNC in solvents with different permittivity [51], we noted that
long-range orientational order developed simultaneously with gelation when the CNCs were
suspended in dimethylformamide (DMF). Our proposed mechanism for explaining this obser-
vation was that this rather poor CNC solvent does not provide sufficient colloidal stability. The
CNC rods aggregate partially, forming linear chains that develop LC order at low mass frac-
tion, but also a continuous percolating network throughout the sample volume, thus triggering
gelation. This mechanism is very similar to what we see in the present study, but here we
turn water into a poor solvent by adding salt, whereas DMF is inherently inadequate for CNC

dispersion.

The question remains as to what exactly causes the linear chain aggregation and the subsequent
percolation and physical gel formation at cy+ ~ ¢,+. The AFM data with added salt and
the observation of birefringence developing in all suspensions with salt addition clearly show
that the effective rod length increases thanks to linear chain aggregation when the electrostatic

repulsion loses its efficiency.

One of our collaborators from the University of Strathclyde in UK, Mikhail Osipov, proposed
that if the concentration of counterion cy,+ is increased, approaching ¢ ., spatial redistribu-
tion of counterions and ions of different type (in the case of NaCl addition) may significantly
affect both the total free energy and the interaction between charged CNC rods. Figure 5.8
presents a cartoon illustration of our reasoning for the case of low cy.+ (a) and high cyq+ (b),
respectively. At low cy,+, the positive counterions are more or less evenly distributed around
the CNC rods. They screen the negative surface charge somewhat, but this screening is effec-
tively independent of location. Hence, if any two rods approach each other, as shown in (a),
they experience a repulsive force F, that keeps the rods separated. In contrast, when cy.+ &~
Cla+- there is an excess of counterions, and they may redistribute themselves around the two
closely separated rods in order to reduce the total free energy which may result in an effective

attraction between rods (Figure 5.8b).

The reason for the average alignment of the rods need to be further investigated, taking into

consideration the distribution of the surface charges (and counterions) around the rod, in ad-
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Figure 5.8: Cartoon illustration of the proposed mechanism for linear chain aggregation at high
ionic strength concentration of counterions cy,+. (a) At low cy,+ the counterion distribution
(purple Na™) is uniform and two approaching rods experience effective repulsion. (b) At high
cNa+, small fluctuations in counterions (now also considering green CI, in case of salt addition)
can give a large reduction in free energy if there is local excess of positive counterions between
two negatively charged rod tips, giving rise to an effective attractive force.
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dition to the overall electrostatic and van der Waals interactions between particles. The rod
ends may have less surface charges (or even none at all) than the sides. If there is a significant

reduction in charge density at the ends, it could explain this end-to-end aggregation.

We note that it is also possible to have kinetic arrest into a soft glassy state with colloids of rod-
shaped nanoparticles with high L/d at extremely low ionic strength. Kang and Dhont [99,100]
reported the loss of equilibrium LC behavior for filamentous viruses beyond a critical volume
fraction, yet this only happens at very low salt content. Their explanation was based on non-
contact between the rods, the electrostatic repulsion instead being so effective at these low ionic
strength values that the rods find themselves in an ”electrostatic cage” if the particle volume
fraction reaches a threshold value. While the macroscopic behavior of this kinetically arrested
sample may appear similar, the physical mechanism is clearly different, and the condition of
low ionic strength is indeed the opposite of what we discuss here, which is the most relevant

situation for CNC suspensions.

5.5 Summary

By the spontaneous segregation according to L/d, that takes place as the LC phase separates
from the isotropic surrounding, to divide the CNC suspension into two fractions with predom-
inantly high and low L/d rods, respectively, this chapter shows that L/d has no impact on
the gelation, while it indeed strongly favours liquid crystallinity (as discussed in Chapter 4).
Thus, both fractions and the original suspension surprisingly have identical values of w,, but
the fraction with high L/d rods shows wy and w; much lower than in the initial suspension.
Significantly, from an applied point of view, while the initial suspension had w; ~ w,, the high
L/d suspension has w; substantially below w,, meaning that we have gained access over a large
CNC mass fraction range where the complete sample is in an equilibrium chiral nematic phase.
After the results presented in this chapter, together with Chapter 4, I can conclude that the
gelation at w, is due to the loss of colloidal stability due to the concentration of counterions

reaching a threshold value regardless of the original rod aspect ratio.



Chapter 6

Helix pitch of the equilibrium
cholesteric CNC phases

Overview of this chapter

Studies on the chiral nematic pitch in CNC suspensions have not been able to fully explain the
self-organization of the nanorods once they have reached equilibrium. This chapter presents
the effect of the rod size and type and concentration of counterion on the final pitch in samples
prepared after the fractionation procedures in Chapter 4. It is shown that the counterion
concentration plays a crucial role in the determination of the helix pitch, which is corroborated
by preparing CNCs with different counterions and counterion concentrations. However, as the
primary effect of the counterion concentration is to influence the effective rod volume, the
counterions also affect the phase diagram. In fact, it may be that the counterion effect on the
pitch occurs via the effect on the phase diagram and on the effective rod volume fraction in
the system, hence this may be the primary influence. To finalize this chapter, I replicate the
experimental method presented by Hirai et al. [1], and give some tentative explanation to their

observations on pitch and phase diagram.

73
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6.1 Introduction

As explained in Chapter 2, particles in the chiral nematic phase present a long-range orienta-
tional order, particularly with a helical periodicity in which they organize. This local alignment
is known as the director—frequently represented as n—and the distance for which the director
rotates until it completes a full rotation is known as pitch. Onsager described the role of en-
tropy on the spontaneous development of the long-range orientational order in colloidal liquid
crystals [17]. Nevertheless, it was Straley who presented decades later the first theoretical work
on chiral nematics [101]. His seminal work has been extensively used in current studies to

predict the pitch of several colloidal systems [102,103].

In aqueous CNC suspensions, the pitch is typically found in the range of 10-50 um, nevertheless
after evaporation, the pitch decreases to values in the nanometer scale, resulting in the reflection
of visible light according to Bragg’s law with the characteristic iridescent colorful films [104-109].
All experimental studies on CNC nanorods report a decrease in pitch as the particle mass
fraction increases, regardless of the cellulose source [1,34,38,72,92,110]. A common assumption
is that the increase in chiral species (more CNC in suspension) might provoke a stronger twisting
force in the system, as is the case for thermotropic cholesterics [111]. At the same time,
the CNC is electrostatically charged and thus the increase in CNC content also increases the
concentration of counterions in suspension, decreasing the electrostatic repulsion. Due to this
screening effect, the rods get closer to each other. Moreover, in contrast to the case of chiral
dopants added to a thermotropic L.C, the chiral dopant is also the mesogen in the case of CNCs.
Thus, increasing the concentration of chiral particles also raises the overall volume fraction of
mesogens, increasing the chances of mutual influence between rods, whether chiral, electrostatic
or steric. The link between concentration of chiral species and cholesteric pitch is thus highly
complex, as we are changing chirality, electrostatic screening, and particle volume fraction, all

at the same time.

Using the spontaneous segregation according to L/d presented in Chapter 4, I fractionated an
initial CNC suspension, obtaining CNC fractions with different rod aspect ratio distributions.
For the rods with high L/d, it is possible to extend the mass fraction range for which the
sample is fully cholesteric, allowing not only the comparison of pitch values between CNCs
with a variety of L/d, but also the determination of pitch values for a much broader mass
fraction range (beyond the two-phase regime) compared to data for unfractionated suspensions
that have been reported so far. This chapter also presents possible answers to unexplained data
reported by Hirai et al. [112]. Similar experiments were carried out based on their work and

the main results are presented at the end of this chapter.
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6.2 Formation of the cholesteric CNC phase

When increasing the CNC mass fraction w for dilute pristine CNC samples, the sequence
normally starts with an isotropic suspension of disordered rods. Beyond a certain w, a more
ordered liquid crystalline (LC) phase forms, in coexistence with the isotropic phase persisting
in the rest of the sample, with a pitch p commonly ranging from 3 pym to 10 pgm in samples
studied in this thesis (measured in the LC phase of the suspension). For higher w, normally
in the range of 10 — 12 wt.%, the system enters the kinetically arrested state discussed in the
previous chapter, preventing the entire sample to enter the LC phase. In general for colloidal
liquid crystals, if the volume fraction ¢ of rods is increased, starting from a fully isotropic
suspension, the LC phase will separate as nuclei, so-called tactoids or spherulites [31]. Tactoids
then grow and merge and eventually the macroscopic LC phase forms. A clear evidence of
this LC formation process is presented in Figure 6.1. I filled an open glass capillary with
a CNC suspension that presents a volume fraction of LC phase slightly above ® ~ 0 after
phase separation. The water slowly evaporated from the sample on the stage of the polarizing
microscope with the capillary in horizontal position. Defining the time of filling as time ¢t = 0,
we observe tactoids forming in the isotropic phase after ¢ = 4 min. Before this time tactoids
were too small for visualization (Figure 6.1b). As water evaporation continues, tactoids meet
and merge (Figure 6.1e) into larger domains until a continuous LC phase is observed at t =
70 min (Figure 6.1g), with the typical fingerprint patterns characteristic of cholesteric liquid

crystals.

For the sake of allowing an as-simple-as possible explanation of the key events taking place upon
tactoid formation, allow me to make the following drastic simplification of the real situation.
Let us consider the disperse CNC suspension as made up of N discrete subvolumes, each of
which is monodisperse. Let us define z = L/d as the aspect ratio, and let us assume that the
subvolume with the longest rods has aspect ratio x; and the subvolume with the shortest rods
has aspect ratio . Thus, x1 > x; > xy, where we introduce the variable ¢ for indexing the
subvolumes. According to Onsager, the rod volume fraction where the isotropic phase in the
subvolume ¢ = 1 becomes unstable is ¢5~' = 3.3/, hence if the overall rod volume increases
above this value, tactoids will develop, with rod volume fraction ¢:=' = 4.5/x;. Assuming
that the overall rod volume fraction is still lower than ¢§=2 = 3.3/z2, no other tactoids will be

formed.

However, if we do increase the overall rod volume fraction to ¢5=> > ¢ > @52, some more

tactoids with rods of aspect ratio x; will nucleate, and in addition tactoids containing rods
with aspect ratio xo will form, at a local rod volume fraction ¢:=2 = 4.5/x5. We can define

wi=! and wi=? as the CNC mass fractions corresponding to ¢j~' and ¢j=2, respectively, and
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t= 110 min

Figure 6.1: Formation of the liquid crystal phase in an open-ended horizontally aligned capillary
filled with high L/d CNC sample at 3 wt.%. The scale bars correspond to 200 pm.
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analogously for w; and ¢;. Most likely, both mass fractions are still far from the threshold
for gelation, w,. If we wait sufficiently long, all tactoids will sink in the gravitational field to
the bottom, due to their higher density compared to the isotropic surrounding, where they will

merge and form a continuous liquid crystal phase.

Extending this over-simplified model to a much later stage in the process of increasing the
mass fraction, we will at some point arrive at the situation where w} = w,, which means that
the tactoid, soon after its nucleation, should enter a gelled state. The surrounding isotropic
phase still has a CNC fraction w < wy, hence it remains fluid. This means that the wi = w,
tactoids will still sink to the bottom, but, since they are gelled, they cannot merge with other
tactoids. Instead of a continuous liquid crystal phase at the bottom, we will thus have a

sediment containing discrete tactoids that never merge with their surrounding.

Even later in the process we would eventually reach the situation where w) = w,. This means
that the isotropic phase gels, and the whole sample becomes kinetically arrested. Any tactoids
that did not yet sediment will remain suspended forever. I stress that the model used here
is grossly over-simplified, ignoring totally any interactions between rods of different length
and assuming a discrete subdivision that does not exist in reality. The reason I use such a
simple model is that I believe that it qualitatively captures the key events going on as water
evaporates from an initially low-concentration disperse CNC suspension. At least it allows
an explanation of the experimental data that I will present in the following. While a correct
description of the process would need to take one of the more recent theoretical frameworks
developed for modeling disperse nanorod suspensions as its starting point, the advantage of
this oversimplified picture is that the argument can be depicted using only Onsager theory. My
understanding is that the qualitative results, with a three-stage division between fluid tactoids
in a fluid environment, to gelled tactoids in a fluid environment, to gelled tactoids in a gelled
environment, will still apply after a more rigorous treatment, but the tactoids will of course
have some dispersity in themselves and the quantitative relations will be much more involved.
My hope is that my experimentally founded explanation can motivate theoretical physicists to

model the sequence of events in a way that is also quantitatively correct.

In the rest of this chapter, I will describe my observations on a variety of CNC suspensions filled
into glass capillaries with rectangular cross section. The capillaries were sealed and vertically
stored at room temperature for minimum 1 month before characterization. All the pitch values
were determined by measuring the distance of two consecutive stripes in the fingerprint texture.

More details of the characterization procedures in Chapter 2, subsection 2.6.6.
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6.3 Effect of rod aspect ratio on the chiral nematic pitch

Studies on CNC derived from different cellulose sources have shown that p generally decreases
as w is increased [113,114]. However, none of the published studies has considered the fact that
the rod average L/d in the LC phase coexisting with the isotropic phase varies depending on
the overall mass fraction of the CNC sample. From our results presented in Chapter 4, larger
rods populate the LC phase in samples with low w, while shorter rods remain in the isotropic
phase for samples with high CNC content. It is in this context that a relevant question arises
whether this difference in L/d is the reason for the variation in p — and if not, what else can

explain the pitch reduction upon increasing CNC mass fraction?.

[ start the investigation by evaluating the influence of L/d on the equilibrium helix formation.
For this, p was determined in fractionated samples prepared from two different experimental
procedures with both sets of suspensions obtained from the same initial CNC. Samples prepared
from repetitive separation of phases and starting in the middle of the phase diagram (® = 0.5)
were used together with CNCs from the mass fraction-driven fractionation protocol (with ® =
0.2 and ® = 0.8). Complete size characterization and plots of phase diagrams are presented in
Chapter 4, Figure 4.12 for samples from ® = 0.5. Figure 4.13 presents the characterization of

the samples obtained from the mass fraction-driven protocol.

In Figure 6.2, the helix pitch of the long-rod fractions obtained after repetitive separation of the
LC phase (3a;-CNC, 4a;-CNC, 5a,-CNC), and the short-rod fractions obtained from multiple
separation of the isotropic phase (3i;~-CNC and 4i;-CNC) are plotted against the total CNC

mass fraction w.

For the long-rod fractions p stays relatively constant (p ~ 9 pm) with increasing w, from the
onset of LC formation to the end of the two-phase regime (3 wt.% < w < 4 wt.%). Afterwards,
the CNC suspensions enter the fully LC range, decreasing p monotonically with increasing w.
Although the differences in p are not very large between the three long-rod fractions, values of
p in the 3a;-CNC samples are slightly lower compare to 4a;-CNC and 5ay-CNC suspensions,

especially in the two-phase regime.

This difference is most likely not the difference in L/d itself, but rather that the lower L/d
value of the 3a fraction compared to the other fractions, leads to a higher w; value and thus
a higher CNC content in the LC phase. This corroborates well with the fact that all three
fractions have essentially identical values once the two-phase region is passed, because then the
CNC content in the LC phase is actually what is indicated on the x-axis. If now I plot the
average pitch values of the two-phase regime for each of the long-rod samples against the CNC

mass fraction of the LC phase w; (Figure 6.3), we observe that p decreases as w; increases, as
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Figure 6.2: Left: Chiral nematic pitch p for fractionated samples against total CNC mass
fraction w obtained after the repetitive phase separation of an init-CNC with ® ~ 0.5. Right:
Inverse p (twisting power) as a function of w. Note that all values for short-rod fractions
(3is-CNC and 4i;-CNC) are obtained for such high values of w; that the cholesteric phase
in a tactoid gels or gets very close to gelation. This means that the helix cannot reach its
equilibrium value and the pitch values for these fractions must thus be considered separately
from the equilibrium values obtained for long-rod fractions, up to w ~ 10 wt.%. It is likely
that the values also for long-rod fractions at w = 10 and w = 11 wt.% are not equilibrium
values due to the vicinity of gelation, explaining the deviation from linear behavior in the 1/p
diagram for these w values.

expected for CNC suspensions.
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Figure 6.3: Plot of the average pitch p in the two-phase regime presented in Figure 6.2, against
the CNC mass fraction of the LC phase, w;, for 3ay-CNC, 4a;-CNC and 5a-CNC samples.
Values of w; are taken from Table 4.3 in Chapter 4. The lower L/d in the 3a fraction compared
to 4a;-CNC and 5a-CNCs, leads to higher w;, which results in a decreased p as expected for
CNCs.
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When the data are plotted as the inverse of p against w (in the right of Figure 6.2), the slope
would correspond to the chiral strength of the CNC rods, in the interpretation that is frequent
in research on thermotropic cholesterics, where 1/p is typically a linear function of the chiral
dopant concentration in the limit of low concentration. A steep slope indicates stronger helical
twisting power (HTP), while a gentle slope reveals weaker HTP [115]. Usually this index might
be considered to represent the helical structure produced by introducing a given concentration
of chiral dopant molecules into a non-chiral nematic liquid crystal phase, and it is important to

remember that the HTP is defined for the limit of vanishing chiral dopant concentration [116].

In fact, it is common in practice that the 1/p vs w curve deviates significantly from the linear
bahavior once the chiral dopant concentration exceeds a few percent. I present in Figure 6.2b
1/p against w for all the different fractionated samples. We observed a linear increase for w
in the range of 4 wt.% to 9 wt.% for the long-rod fraction. The long-fraction CNCs exhibit

!, However, the interpretation of the data in terms

very weak HTP, estimated to ~ 0.04 pm-
of HTP is not without problems. In the normal definition of HTP, the independent variable is
the concentration of a chiral dopant added to a preexisting non-chiral nematic host phase. In
this case, the chiral dopant is also the mesogen, and the host phase is isotropic liquid water. It

is thus far from obvious that definition of an HTP value for CNC is meaningful.

From Figure 6.2, the departure from linearity for 3a, 4a and 5a fractions might be because the
helix does not reach equilibrium within the time frame of the experiments for these high w
values. Perhaps gelation is close enough already at w = 10 wt.% that it becomes impractical

to measure the equilibrium pitch.

The situation for the short rods differs from the previous results for two main reasons. First,
the two-phase regime is shifted to considerably higher values of w compared to the long-rod
fractions, thus a complete LC phase cannot be reached in practice because w; > w,. The
second deviation is the formation of tactoids that do not merge over time, due to the gelation
occurring within the tactoids. From Figure 6.2, p is slightly larger in the 4i;-CNC fractions
compare to 3ip-CNC (the 4i;-CNC contains rods with lower average L/d compared to 3i-
CNC). I believe that the reason for this variation is the inability of the short rods to form
an equilibrium LC phase. Instead, the short rods formed tactoids that gelled due to the high
counterion concentration in very short-rod tactoids. As shown in Figure 4.15 in Chapter 4,
tactoids have remained in the isotropic phase of short-rod suspensions kept vertically for more
than 2 years, which shows that eventually the whole sample gels. If now we plot 1/p against w
for the short rods (Figure 6.2), the helical twisting power is ~ 0.02 um ™!, even weaker than for
the long-rod fractions. However, this result should be interpreted with even more caution than
for the long rods, for two reasons. First, as already mentioned, the pitch data for short rods is

likely not representative of equilibrium conditions. Second, all data for the short-rod samples
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are obtained within the biphase regime, where the rod mass fraction stays the same within a
tactoid, hence we should see no variation in the pitch within that tactoid as the overall CNC
mass fraction is increased. Therefore, should some data actually correspond to equilibrium,

any variation is due to the averaging over tactoids with different L/d and thus different w;.

To corroborate these results, values of p and 1/p for the four fractions obtained from the mass
fraction-driven procedure, are plotted against w and the curves presented in Figure 6.4. Full
size characterization and phase diagrams of the CNC samples are shown in Figure 4.13, Chapter
4. As expected for each series, p decreases monotonically with increasing w, without important
variations between the four fractionated suspensions. The fact that this trend in pitch is not
affected by the size of the rods, especially by the short ones, can be rationalized in terms of
aspect ratio. The rods in the igs~CNC (short-rod fraction) prepared after the mass fraction-
driven procedure are longer than the rods presented earlier (3i;-CNC and 4i;-CNC). This has
an effect on @, reducing the w; value within tactoids once LC formation has started (far away
from gelation). For the four curves presented in Figure 6.4b, we observe a linear increase of

1/p with increasing w, and an estimated HTP of ~ 0.03 um™!.
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Figure 6.4: (Left) Chiral nematic pitch p of fractionated samples against CNC mass fraction w
and (right) the inverse of pitch p plotted against the CNC mass fraction w. The samples have
been prepared using the mass fraction-driven protocol presented in Chapter 4. The error bars
correspond to the standard deviation of 70 different measurements per sample capillary.

The study of the effect of L/d on the helix pitch is challenging, basically due to the impact of
the rod size on the threshold volume fraction ® and the difficulties in obtaining equilibrium
pitch values when w approaches w,. The fractionation procedures presented in this thesis
have shown to be highly efficient, allowing us to obtain suspensions with rods with important
geometrical differences. However, when working with the short-rod fractions, suspensions in the
two-phase regime will be obtained while the long rods will present fully liquid crystalline phase.

In addition, the formation of tactoids by the very short rods could lead to wrong conclusions,
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not only in terms of incomplete phase separations and non-equilibrated pitch values, but also

for the formation of final films as we will see at the end of this thesis.

For the case of rods with very low L/d (3i;-CNC and 4i-CNC), we reached a point where w; >
w, within the tactoid, meaning that it has entered a gelled state shortly after its nucleation.
This can explain why tactoids do not merge, even after long times in glass capillaries. Finally,
the LC phase cannot anneal into its equilibrium state, resulting in tactoids with p values that

are greater than the equilibrium value.

6.4 Effect of counterions on the helix pitch

The electrostatic stabilization of CNC rods allows the system to remain stable over time and
thus CNCs are able to form cholesteric phases after high enough mass fractions. Typically,
CNCs present either protons (HT) or sodium (Na™) as counterions, depending on the strategy
of production [43]. Considering that the variation in w, which appears to influence 1/p near
linearly provided that the point of gelation is not approached, also amounts to a variation in
counterion concentration, the question arises as to whether perhaps the observed pitch variation
might be related more to electrostatics than to the concentration of chiral species in the system.

This subsection presents an investigation of the effect of different counterions on the helix pitch.

6.4.1 Ion-exchange procedure and characterization of the obtained
CNC suspensions

In order to study the effect of the type of monovalent counterions on the helix pitch in CNC
suspensions, I prepared samples with hydrogen, lithium, sodium and cesium counterions based
on the work presented by Dong & Gray [117] in 1997. The authors examined the influence of
a variety of counterions on the final properties of CNC suspensions, such as the effect on the

phase diagram and on the equilibrium pitch.

As discussed in Chapter 4 and Chapter 5, gelation has nothing to do with the length of the rods
while LC formation is largely affected. The fractionation procedure thus allows to substantially
extend the equilibrium LC phase by working with the long-rod fraction. The access to equilib-
rium liquid crystalline samples beyond the two-phase regime leads to a better understanding of
which parameters govern the pitch of the helical superstructure that is spontaneously formed

in the chiral nematic phase of CNC suspensions.

The schematic illustration presented in Figure 6.5 summarizes the ion-exchange procedure for

the preparation of the CNC samples with different counterions. I started with the dilution
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Figure 6.5: Schematic illustration of the ion-exchange process. 1) CNC suspension at w ~ 1.5
wt.% is dialysed against ultra pure water. 2) CNC is protonated using an ion-exchange column
containing H* form resin. 3) The protons on the CNC are exchanged by the corresponding
counterion by the addition of a base. 4) The final CNC is concentrated to a desired w.

of a CNC suspension with rods with high aspect ratio to 1.5 wt.% followed by purification
using dialysis membranes in ultra pure water for three days with daily exchange of water.
After dialysis, the suspension was diluted again to 0.5 wt.% and fed into an ion-exchange
column (containing H* form resin) for the replacement of all Nat counterions, resulting in the
protonation of the sulphate half-ester groups (acid-form CNC or H-CNC). CNC suspensions
associated with other counterions were prepared by neutralizing the acid form suspension with
the corresponding base until its pH was neutral. Finally, concentrated samples were obtained
after slow evaporation at room temperature. More details of the procedure are presented in
Chapter 2. The results presented in this section for the Na-CNC correspond to the purified
CNC suspension after the ion-exchange procedure discussed above. This way we ensure that

only Na™ counterions are present in suspension.

After the ion-exchange procedure, I measured the conductivity and pH of the H-CNC and
Na-CNC suspensions with different w and the values are plotted in Figure 6.6.

Conductivity can be used as a measure of the concentration of ions in solution [118-120]. If the
concentration of ions increases, so will the conductivity as the concentration of charge carriers
increases. Another factor in conductivity measurements is that not all ions carry charge equally.
For the case of the small HT ions, they move through the suspension at very high speed, whereas
larger ions such as Na™ move at a slower speed. Therefore the results in conductivity will also
depend on the size of the ions. Indeed, the measured conductivity is higher for the protonated
CNC (H-CNC) compared to its sodium form (Na-CNC), both presenting linear increments of

conductivity as w increases.
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Figure 6.6: Conductivity and pH measurements for commercial sodium form CNC (non purified
Na-CNC), protonated form CNC (H-CNC) after ion-exchange column and sodium-form CNC
(purified Na-CNC) after ion-exchange process and the addition to the corresponding base for
a long-rod CNC sample. These values were measured in samples containing rods with high
aspect ratio.

Figure 6.6 also presents conductivity values of the commercial sodium-form CNC (without
purification) for w ranging from 1 wt.% to 7 wt.%. These measurements coincide with the
conductivity of the CNC suspension after purification and ion-exchange process. This is a
good indication that the initial CNC sample is pure, and it can be used without any further
treatment. The pH for the Na-CNC suspension shows values in the range of 6 — 7 for the
commercial CNC and its purified version, dropping to values in the range between 1.9 - 2.7
for H-CNC in the same mass fraction range. The COs in air tends to lower the pH; this can

explain the variation in pH for the commercial Na-CNC.

6.4.2 Equilibrium phase separation and chiral nematic pitch in CNC
suspensions with different counterions

Figure 6.7 shows the corresponding phase separations for all the different CNC samples with
the variety of counterions. All the suspensions formed chiral nematic ordered phases above a
critical mass fraction. From our results in volume fraction presented in Figure 6.7, the series
with Cs™ counterions formed a LC phase at the highest w. However, there are not significant
differences for the H*, Li* and Na™ counterions concerning the onset of the ordered phases. In

all cases, as w increases ® is approximately the same for all CNC samples.

Dong & Gray carried out similar experiments [117] and the authors reported that the isotropic-

LC transition can be largely affected by the type of counterions present in the suspension for
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the case of organic and inorganic counterions. They concluded that the critical mass fraction
for ordered phase formation increases in the order H" < Nat < Cs™, due to the increase in the

repulsive hydration force that grows with the hydration number of the counterion [117]. The
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Figure 6.7: Top: Phase separation in suspensions of cellulose nanocrystals between crossed
polarizers, protonated fraction (H-CNC), lithium-form fraction (Li-CNC), sodium-form fraction
(Na-CNC) and cesium-form fraction (Cs-CNC). Bottom: Quantitative plots of the volume
fraction ® of LC phase for the four series. The CNC suspensions contain rods with high aspect
ratio.
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hydration number decreases with the size of the counterion, meaning that for the case of Cs™,
this number is the lowest compared to the different ions shown in the study study, see Table
6.1. The increase in the repulsive force will lead to an increase in the ”apparent” excluded
volume of the rods and thus a decrease in the critical mass fraction for the LC phase formation
is expected [38]. If the repulsive force between particles decreases, the critical mass fraction
will increase. The drawback of their study is the different starting batch that was used for the
preparation of each series of CNCs. The difficulty in performing exactly the same hydrolysis

conditions from one batch to a new one is characteristic of CNC suspensions.

The helix pitch for Li-CNC, Na-CNC and Cs-CNC are presented in Figure 6.8. Slight differences
in p are observed, with longer p for the Cs-CNC and shorter values for Li-CNC for all the

concentrations studied.
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Figure 6.8: Left: Helix pitch in CNC aqueous suspensions for Li—, Na— and Cs-CNCs. Right:
The inverse of p against CNC mass fraction. These values were measured in samples containing
rods with high aspect ratio. The error bars correspond the standard deviation of 70 different
measurements per sample capillary.

Previous studies on counterions have shown that the interaction with a charged surface can
be dramatically different, regardless of having ions with the same valence [121-123]. Table 6.1
presents the bare radii of the different ions studied in this chapter apart from H', which is a
special case due to its transformation into the hydronium ion in water, as well as their hydrated
radii and hydration numbers. The bare radius corresponds to the radius of the ion treated as a
hard sphere. If the ions are dissolved in water, water molecules will be bonded on the surface,

resulting in hydrated ions with larger total radii.

The hydration number gives information of the average number of water molecules that form
the primary hydration shell, which corresponds to the first shell of water molecules around a

hydrated ion. This first layer is where the water molecules are greatly organized, meaning that
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they are restricted in their motion and position [3]. This effect is much weaker after the first
shell.

Table 6.1: Hydrated radii and hydration numbers of ions in water. Taken from [3]

Ion | Bare ion radius (nm) | Hydrated radius (nm) | Hydration number
Lit 0.068 0.38 5
Na® 0.095 0.36 4
K+ 0.133 0.33 3
Cst 0.169 0.33 1

Although all ions studied in this subchapter are monovalent ions and part of group 1 from the
periodic table (charge +1), their differences in bare ion and hydrated radii play an important

role in the interactions with other surfaces.

Considering that Li™ has the smallest bare ion radius in Table 6.1 with charge +1, it also
means that Li* has the highest charge density compared to all the ions in Table 6.1. The high
charge density of Lit leads to strong interaction with water molecules, thus a larger hydrated
radius compared to Nat, K™ and Cs*. In addition, the strong interaction of the first layer
of water molecules with the small ion means that the water molecules will largely be oriented
as to compensate the charge, thus the strongly hydrated Li* ion is effectively larger than K+
and Cs™ ions, and it also has a lower effective charge, due to the more efficient screening by
the well-oriented first layer of water molecules. Stating with certainty that variations in the
hydration shell are the cause of the observed differences in p would require a more detailed
study of the subject. However, I can give a tentative explanation for his behavior, taken into

consideration the effect on the hydrophilic rod surface and the ion specificity.

I stress that the decrease in rod-rod distance does not directly imply a decrease in p. The
important, and more general question is why p decreases as we move to the right in the phase
diagram, towards greater rod volume fraction (and greater mass fraction). On the one hand,
the increasing counterion concentration as more rods are added to the system reduces the Debye
length and thus the range of electrostatic repulsion, allowing closer encounters between rods.
Studies on rod-rod interactions have concluded that intermolecular attraction favors parallel
orientation of the rods, while repulsion tends to twist them out of the energetically unfavorable
parallel alignment [88]. In fact, Schiitz and co-authors [72] calculated the twisting angle of two
neighboring rods from the mass fraction-dependent pitch and the average separation distance
between the CNCs. They found that the twisting angle increases with decreasing separation
distance between adjacent rods, as the overall w was higher. In addition, the authors determined
the interaction energy between rods throughout the complete two-phase regime. They reported
that at longer separation distances (lower w), the interaction potential is weakly attractive,

which can be interpreted as a marginal contribution from the electrostatic repulsion. For short
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center-to-center distances (higher w), they found that the interaction energy between parallel
cylinders was weakly repulsive. The authors attributed the increase in the twist angle to the
tendency of the rods to form a perpendicular alignment (instead of a parallel organization)
when the electrostatic repulsion is increased. Although I do not report values either of twisting
angle or of separation distance between rods, I can give some general explanations of my results

concerning the effect of the counterions on p.

On the other hand, the increasing hydration sheath of smaller counterions should lead to
reduced screening of the surface charge and thus increasing Debye length. In the simple picture
of two rods that are already aligned within parallel planes, the only variation being the rotation
within those planes as they get more or less close to each other due to varying electrostatic
repulsion range, weaker surface charge screening would suggest longer plane separation and
thus more parallel alignment, hence longer pitch, in contrast to observation. However, the rods
are not locked to rotate within a plane and the translation between rods is not a matter of
their rotation planes moving more or less close to each other, but we have full three-dimensional
freedom of translation and rotation. At increasing overall rod volume fraction, whether achieved
by increasing the number of rods (at the cost of reducing the effective individual rod volume by
introducing more counterions) or by keeping the rod number constant and boosting the effective
individual rod volume by reducing the electrostatic screening potential of the counterions (as
is the case when the counterions are highly hydrated), there is less freedom to move in 3D
space without the influence of adjacent rods, simply due to the greater crowding. This more
crowded situation could in fact enhance the effect of electrostatic repulsion on the local director
orientation, twisting it stronger as the overall rod volume fraction increases, which could explain,

in a general manner, the pitch reduction towards the right in the phase diagram.

6.5 Effect of added salt on phase diagram and helix pitch

In Figure 6.9, the effect of added NaCl at 1< ¢, < 10 mM, with ¢, the concentration of
the salt, on the macroscopic phase separation for Na-CNC is shown, with the data for the
suspension without added salt (Na-CNC salt free) included for comparison. In addition, the
corresponding plots of the phase diagrams are presented in Figure 6.10. From the macroscopic
phase separation, it is clearly visible that the threshold wy for liquid crystal formation is shifted
to higher w by the NaCl addition, increasing from wg ~ 3 wt.% in salt-free CNCs to wy ~ 6.5
wt.% after the addition of 10 mM NaCl.

The effect of salt on the CNC behavior has been extensively explored in previous CNC studies
[38,42,92] as well as in theoretical reports related to rodlike polyelectrolytes [124], with similar
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6 mM added NaCl

Figure 6.9: Effect of NaCl addition on the macroscopic volume fraction ® of the LC phase at
different CNC mass fractions. The CNC suspensions contain rods with high aspect ratio.
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Figure 6.10: Effect of NaCl addition on the macroscopic volume fraction ® of LC phase at
different CNC mass fractions.

results. The electrostatic stabilization of CNCs makes their phase behavior highly sensitive to
ions dissolved in water. The variation of wy in the phase diagram can be simply explained as
a result of the change in the effective particle size [38]. The increased ion concentration after
the addition of NaCl reduces the electrostatic repulsion between rods through a reduction of
the Debye screening length !, resulting in rods with higher effective L/d than in pristine
CNCs. From the Onsager theory, the increase in aspect ratio L/d should enhance liquid crystal
formation (if only L/d were affected, it should lower wy and w; compared to salt-free CNC).
However, the contrary effect is observed in Figure 6.9 upon the addition of salt. We explained
in a previous study [38] that the increase in wy and w; can be understood as a result of the
reduction in the total effective rod volume ¢ that is also affected by the salt concentration at
constant w. This effect dominates over the variation in effective L/d, which changes linearly
with 7! via L/(d + 2x7'), while the reduction in ¢ scales with the square of k™!, v,.,q =
Lr(d/2 + 1) [38].

Figure 6.11 shows the corresponding variation in p for the different samples as a function of
CNC mass fraction w and NaCl addition ¢,;. As expected for salt-free CNC, p decreases as the
CNC mass fraction increases, from p &~ 9 um to p &~ 3 um. The sensitivity of the pitch to salt
is significantly weaker than for the phase diagram, but at 10 mM NaCl the pitch is distinctly
smaller than for the other salt concentrations, perhaps suggesting that the salt addition would
have a direct effect in reducing the pitch. However, at this high salt concentration, the phase
diagram has changed so much that the 7 wt.% data point with the largest offset compared

to lower salt additions is also situated deeply within the two-phase coexistence. This means
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Figure 6.11: Left: Effect of NaCl addition on the helix pitch p against CNC mass fraction.
Right: The inverse pitch against CNC mass fraction for CNC suspensions after salt addition.
These values were measured in samples containing rods with high aspect ratio.

that the CNC mass fraction in the cholesteric tactoids where the pitch can be measured is
much higher than 7 wt.%. Looking at Fig. 6.10, the w; value for reaching a completely liquid
crystalline sample is between 8 wt.% and 9 wt.% at 10 mM NaCl, so the pitch value should
correspond to this value on the x-axis. If we translate the 10 mM salt pitch value for 7 wt.%
overall CNC mass fraction to w = 8.5wt.%, also this pitch value falls very well on the general
trend of pitch versus CNC mass fraction. This suggests that the salt addition in fact has no
direct influence on the pitch, but it only influences it by shifting the CNC fraction w; at which
the cholesteric phase develops. The fact that the pitch decreases throughout the two-phase
regime of the 10 mM NaCl series, opposite of the behavior without salt when comparing long
and short rods (Fig. 6.2), may indicate that we here have such high mass fraction of CNC
that the effect of approaching w; introduces so many extra counterions that w; increases in
the process, thus increasing the mass fraction of CNC in the cholesteric tactoids. From our
previous studies in cotton-derived CNC [38] and as discussed in the previous subsection, we
understood the decrease in pitch in terms of screening of the negative surface charges on the
CNC rods by the sodium cations, Na™, from the added salt. However, the pitch reduction does
not come from this screening per se, but rather from the increase in CNC volume fraction in

the liquid crystalline phase that the screening gives rise to.

While the addition of salt shifts w; to higher mass fractions, the CNC mass fraction for which
the sample becomes a gel decreases, resulting in samples with narrowed equilibrium two-phase
regime compared to the original salt-free CNC. This situation restricts the amount of salt that

can be added and thus, restricts the range over which we can study p in this way.

Comparing with literature, I found that Hirai et al. [1] reported an interesting reversing behavior
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upon NaCl addition. The authors reported decreasing values of ® for ¢; up to 1 mM (as
expected). However, for higher ¢, the LC fraction began increasing, supposedly reaching ® = 1
already for ¢, ~ 2 mM at w = 3 wt.%. In addition, the authors observed that p increases with
increasing salt addition after a threshold value of added salt. I present my results concerning

this behavior at the end of this chapter.

6.5.1 Effect of constant counterion concentration on the phase dia-
gram and helix pitch

Based on the observations on the impact of L/d on p, I hypothesize that the variation in p upon
increase in w is caused by the counterion concentration since the CNCs are the only source of
Na™ ions in the system. To corroborate this hypothesis, I attempted to prepare CNC samples
within w = 4 wt.% to 10 wt.%, aiming to maintain constant counterion concentration c.; by the
addition of salt. To accomplish this, c.; was calculated for each mass of the CNC suspension
without added NaCl, according to:

Cei = Cs0-3 = ng;l; (61)

where wg is the sulfur mass fraction determined by conductometric titration in Chapter 5, p
the density of the suspension that for simplicity is approximated to 1 kg per liter of suspension,

M, the molar mass of sulfate and w the CNC mass fraction for which ¢, is being calculated.

Using equation 6.1, c¢.; was calculated for three different w and the values are presented in Table
6.2.

Table 6.2: Counterion concentration c.; for different w.

w, wt.% ‘ Cei, mM

8 31
9 34
10 38

I added the corresponding salt to each CNC sample in order to reach c.; presented in Table 6.2.
After the salt addition, each sample vial was mixed using a vortex mixer for 2 min. Experiments
using sodium-form CNC (Na-CNC) and lithium-form CNC (Li-CNC) were performed, both
samples prepared by the ion-exchange process presented earlier in this chapter for the long-rod
CNC fraction. LiCl was used for the experiments with Li-CNC and NaCl for the Na-CNC

sample.

The macroscopic phase separations for Li-CNC (salt-free) and for the samples after the addition

of LiCl are presented in Figure 6.12. From the quantitative plots of the relative volume fraction,
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Figure 6.12: a) Lithium form CNC (Li-CNC) salt free after ion-exchange. b-d) Li-CNCs with
constant counterion by the addition of LiCl, according to Table 6.2. The bottom image corre-
sponds to the plot of the phase diagrams against w for the different series. The CNC suspensions
contain rods with high aspect ratio.
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® increases monotonically but not linearly from 0 to 1 with increasing w for the salt-free Li-
CNC, which is a characteristic tendency for pristine CNC suspensions. The situation changes
for the samples containing constant lithium concentration. For those cases we observe a linear
increase of ® with increasing w, as expected from the Onsager theory [17]. Also, wy is shifted
to higher mass fraction as observed from previous experiments with salt addition. The linear

behavior can be understood in terms of Debye screening length 1.

The electroscatic inter-
actions are not included in Onsager theory, which expects a linear increase of ® for increasing
particle mass fraction. For charged rods, the thickness of the electrostatic double layer (k1)
depends on the ionic strength in the system. For the CNCs, counterions are brought into the
suspension by the CNCs themselves. This results in a difference between the physical rod size
and its effective value including x~!, which changes depending on the CNC mass fraction. This
behavior can explain the levelling off of the curves of ® and the linear tendency for samples
at constant counterion concentration [4]. Dong et al. [42] carried out similar experiments with
protonated CNCs (H-CNC). They maintained constant pH in a concentrated CNC suspension
by extensive dialysis against water containing HCI, followed by the addition of HCI to the

suspension in order to have constant concentration of H* (or constant pH) within a range of

mass fractions, resulting in a similar linear tendency for ® values against w.

Figure 6.13 and Figure 6.14 present the obtained results of p and its inverse value with the
addition of salt in order to reach constant counterion concentration for Na-CNC and Li-CNC

samples.

The pitch continuously changes with w for both salt-free samples, with p consistently slightly
smaller at a certain w when the counterions are Lit than when they are Na®. Note that the
data points with salt added generally belong to the two-phase coexistence region, hence their
pitch data correspond to higher CNC mass fraction than that of the overall sample. Comparing
with Fig. 6.12 for Li* counterions (the behavior for Na* counterions is analogous) we see that
the pitch value throughout the series corresponds roughly to that obtained for a CNC mass
fraction where the full sample is liquid crystalline (w = w;). This means that the constant
pitch is to be expected, as in fact all samples correspond to an identical liquid crystal phase, at
a CNC mass fraction of w;. Interestingly, the trend in p at constant ion concentration is slightly
different depending on the nature of counterion. For the Na-CNCs, p is nearly independent of
w for the CNC samples when the counterion concentration is kept constant by salt addition.
However, for the Li-CNCs in Figure 6.14, the data reveals a small decrease in p with increasing
w even at constant counterion concentration, for all three values of ¢.. This is more visible
when plotting 1/p, on the right of Figure 6.14. Even so, the variation is much reduced, as
expected when considering that the liquid crystal phase has higher mass fraction of CNC than

the overall sample. The slight remaining variation with Lit counterions needs further work to
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Figure 6.13: Effect of constant cy,+ by NaCl addition on the helix pitch p against w. Left:
Values of p of Na-CNC series with three different constant cy,+ as well as for salt-free Na-
CNC. Right: The inverse p for each curve against w. These values were measured in samples

containing rods with high aspect ratio.
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Figure 6.14: Effect of constant ¢y,;+ by LiCl addition on the helix pitch p against w. Left: Values
of p of Li-CNC series with three different constant ¢+ as well as for salt-free Li-CNC Right:
The inverse p for each curve against w. These values were measured in samples containing rods

with high aspect ratio.
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be explained. Reflecting the much reduced dependence of p on w, the HTP is reduced from ~
0.04 to ~ 0.003 pum~! for the constant Nat concentration. For the case of the Li* ions, the
HTP is reduced to 0.01 pm ™!

I cannot explain the trends for p for monovalent ions just by applying electrostatic interactions
since the ion specificity can be very confusing. As explained above, although the valence is the
same among all the different ions studied in this thesis, they do not interact in the same way
with the negatively charged surface. The DLVO theory assumes that the stability in colloidal
system is mostly dictated by the attractive van der Waals interactions and the electrostatic
repulsion, meaning that an unstable colloidal suspension can be the obtained after the addition
of salt [122].

The nature of the twist in the chiral nematic phases is still a debated topic [72,125,126], and my
thesis is far from proposing a mechanism that could explain this behavior. However, my results
can contribute to a better understanding of this topic, especially when it comes to explaining

the decrease in p as the CNC mass fraction increases in the suspension.

By purely entropic arguments, Straley [127] explained the cholesteric phase based on the hard-
core fitting of screws. He suggested that the upper rod may approach the lower most closely,
if the particle axis is twisted with respect to the axis of the lower particle, leading to a smaller
excluded volume for the twist state, permitting the closest approach. If now we consider
charged particles, there exist two main mechanisms that may explain the twist at least in CNC
suspensions [4]. First, the typical description of the chirality transfer of the molecular cellulose
to the macroscopic liquid crystal phase, characteristic of thermotropic cholesterics. In this case,
the higher content of chiral species that are present in the sample, the stronger the twisting
force will be in the system. For CNCs, this can be understood in terms of CNC content: the
more CNC particles in the suspension, the shorter the p in the liquid crystal phase. However,
the increasing of CNC charged particles will also increase the ionic strength of the system,
due to the presence of more counterions in the suspension [4]. This will decrease the distance

between particles due to the screening of the surface negative charges on the rods.

Another mechanism that has been reported for CNCs [128] as well as for DNA [126] is also
related to the ions and to the effect of the electrostatic repulsion on the effective diameter of
the rods. If we consider that the origin of chirality is the twisted geometry of the particles, this
twisted shape is somehow less evident by a neighboring particle at low CNC mass fractions. The
low ionic strength in a suspension with low mass fraction results in a large Debye length, and
thus, greater effective diameter. Araki [129] suggested that the rods lose their chiral character
in this situation, which results in CNC suspensions with large pitch. On the contrary, if now we

consider CNC suspensions with high mass fractions, the twist shape is much more evident by
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a neighboring particle, since the Debye length becomes very small at high ionic strength, and
this results in an effective diameter that approaches the hard rod limit [86], thus the effective
particle has the shape of a twisted rod, which then results in shorter pitch values. As mentioned
above, higher rod volume fraction means a more crowded environment, strengthening the rod-
rod interaction frequency which should also enhance the impact of chiral interactions, e.g. by

twisted shapes.

I believe that all the possible explanations about the origin of chirality presented above con-
tribute somehow to the understanding of the self-assembly of rod-like particles in lyotropic
cholesteric LCs. Perhaps the model from Straley could explain the handedness of the system.
If we think about the rods as right-handed screws, once two of the particles approach each
other, they will start forming a left-handed helical structure. The opposite handedness would

be observed if now the screws are left-handed.

If now I consider my results on pitch, especially by working with the long-rod fraction CNC
after running systematic ion exchange studies, I could demonstrate that the helix pitch of
CNC suspensions is primarily a function of CNC content. This should not be interpreted as
a statement that the pitch is a function of the concentration of chiral material (as typical for
thermotropic cholesterics), because the effective rod volume fraction by varying counterions or
their concentration does not change the amount of chiral material, although it may influence the
strength of chiral interactions. It would be a very interesting experiment to mix in non-chiral
rods with a CNC suspension and see if the more presence of rods decreases the pitch. However,
these rods would need to be similar in dimensions to CNC, with equal ease in dispersibility in
water, in order to be a good reference material. Such rods are not easy to find. The pitch is

also not affected by the aspect ratio of the rods (at least within the range investigated).

I have to carefully distinguish the counterion concentration and the ionic strength of my system.

I calculate the ionic strength I of a CNC suspension at a certain mass fraction according to:

1

with z; the charge of the ion ¢ and ¢; its concentration in the suspension. In my CNC system
without any salt addition, the main ions are the sodium ions Nat and the suphate group SO3
that are bonded to the CNC rods. As I previously mentioned, Gray and co-authors [130]
carried out experiments aiming at maintaining constant ionic strength by having constant pH
for a CNC mass fraction range. This procedure is suitable to be performed since he was
dealing with protonated CNC, meaning that the pH value was a measured of the protons in the

suspension. The authors carried out their experiments at constant counterion concentration,
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without including the contribution of the negative sulphate groups to the ionic strength. In

our case:

1 pw
[ = i(CSO?’— -+ CNa"") = CSOS_ = 'U]Sﬁs, (63)
with Cso; and cy,+ the concentration of the sulphate group and sodium ions, wg the sulphate
content in wt.%, p the density of the suspension at a given mass fraction w and Mg the molar

mass of sulphur. If now I calculate I using w = 9 wt.%, I = 30.9 mM.

If now, I carry out the same exercise with a CNC suspension at w = 8 wt.% with added NaCl
in order to have the same counterion concentration as the previous CNC sample at w = 9 wt.%,

I would change according to:

1 w
I = *(CSO— + CNgt+ + CNg+ + CCl—) == wSL + CNacCls (64)
2 3 MS

with ¢y.+ and cg- the contribution to I from the concentration of the Na®™ and cg;- ions,

respectively, and cy.c; the concentration of the added salt.

Considering w= 8 wt.% and cyqc; = 3.4 mM, with cy.c; the necessary salt concentration to
add in order to have equal Na™ concentration as in a CNC suspension at 9 wt.%, the resulted
I after the addition of salt is increased to 30.9 uM, which is the same ionic strength that I
calculated earlier, for a CNC sample at 9 wt.%.

6.5.2 Repetition of experiments reported by Hirai et al. [1]

One of the objectives of this thesis is to provide clear explanations of important experimental
observations that are currently not understood, such as the anomalous phase and helix pitch
behavior as a function of added electrolyte reported by Hirai et al. in 2009 [1]. They presented
a very interesting study where aqueous suspensions of bacterial CNC with mass fraction in the

isotropic-chiral nematic coexistance regime were studied, with and without addition of NaCl.

This bacterial CNC had exceptionally high aspect ratio rod and rather low surface charge, hence
the isotropic phase lost its stability at the very low CNC content of wg ~ 0.6 wt.%. The authors
did not report the value of w, presumably because w; > w,, although no information is given
in the paper regarding gelation. For w = 3 wt%, yielding a chiral nematic volume fraction ® =
0.6 without salt, the authors added increasing amount of NaCl. As I presented in Chapter 3,

the salt addition initially reduced ®, an observation that can explained with the dependence on
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ionic strength I of the effective rod volume fraction ¢, regardless of whether dissolved ions come
from CNC or added NaCl. The increase in ionic strength reduces the electrostatic repulsion
and thus the excluded volume, hence NaCl addition at constant w leads to a reduction in ¢,
thus counteracting L.C formation. Surprisingly, however, the authors found the trend suddenly
reversing at around 1 mM NaCl, the LC fraction appearing to diverge and becoming %" = 1
for salt concentration of 2 mM or higher. In addition to the unusual tendency of ®, the authors

also reported an increasing pitch beyond a salt concentration of 1 mM.

I attempted to perform similar experiments although using commercial wood-derived CNC in
the as-received form. This type of rods presents shorter rods (L/d ~ 60) and higher charge
density (around 15 times higher) compared to the bacterial-derived CNC. Full characterization
of this CNC suspension has been presented in Chapter 3. For this purpose, I prepared an
initial suspension at a mass fraction of 6 wt.% (which yields ® ~ 0.6). The initial batch was
then split into smaller samples to which I added increasing amounts of NaCl, resulting in CNC
samples with a NaCl concentration in the range from 0 mM (without salt) to 30 mM. Figure
6.15 shows the phase separation behavior of the commercial CNC samples with the different

salt concentrations. All sample vials have been standing for 4 months before imaging.

Figure 6.15: Phase separation for the as-received CNC at 6 wt.% with different added con-
centrations of NaCl, as indicated above each vial. The sample vialwhich all contain the same
overall sample volume, are placed between crossed polarizers.

The volume fraction of the LC phase decreases with increasing NaCl, reaching a minimum
at cyecr = 10 mM. With a further increase in salt concentration, it seems that the sample
suddenly has turned completely liquid crystalline —as Hirai et al. presented in their work—

until it reaches gelation at cy.c; &~ 25 mM.

Figure 6.17 shows the effect of the added salt on the fingerprint textures of the CNC suspensions
presented in Figure 6.15, filled into flat capillaries, as observed by polarized optical microscopy.
The formation of liquid crystalline tactoids surrounded by dark isotropic phase is seen in all
samples with cy.c; > 0.5 mM. However, for c¢y.c; &= 11 mM, tactoids populate the entire sample

capillary, giving the misleading impression that a fully chiral nematic phase has been formed.

The chiral nematic pitch was determined for all the CNC samples with different cy,.ci, the

results presented in Figure 6.16. The measured pitch initially decreases with increasing cyqcr1,
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reaching a minimum at cy.c; & 8 mM, and then increases with the added salt until 11 mM.
The general tendency of decreasing pitch upon salt addition is nevertheless largely discussed
in literature, where the general explanation is the reduced effective rod volume fraction, as

discussed in the previous section.
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Figure 6.16: Effect of NaCl concentration on the the experimentally determined chiral nematic
pitch of the LC phases for a fix cellulose mass fraction of 6 wt.%. As explained in the main text,
the data for cy.c; > 8 mM represent non-equilibrium, kinetically arrested helix structures, and
should thus be interpreted differently than the data at lower salt concentration.

For the determination of pitch values, I measured the distance between two adjacent stripes
from the fingerprint textures that were captured by polarized optical microscopy (details of
the method in Chapter 2). Clearly, these textures must correspond to the bottom phase (or
the cholesteric part of the sample, after phase separation) of the CNC sample. For the case of
CNCs with added salt, tactoids remain in the isotropic phase without merging, which could lead
to complications when measuring the final pitch. As long as a macroscopic phase separation
is observed (regardless of the presence of tactoids in the upper part of the sample), I only
measured pitch values in the lower phase. From Figure 6.17, at cyo,or = 9 mM tactoids are
visible in the entire capillary. From the sample vials presented in Fig. 6.15, there is a thin
lower cholesteric phase at 8 mM < cyqcr < 10.2 mM, which is not fully appreciated from the
POM images. The epoxy glue that I used for sealing the extremes of the capillaries covered

part of the bottom phase, without any visible lower cholesteric part for cy.c; > 9 mM.

From Figure 6.16, we observe that the increase in pitch at cy.c; > 9 mM coincides with the
observation of a great number of very small tactoids (and the consequent absence of a significant
volume of continuous LC phase, see Fig. 6.17) that completely decorate the CNC sample
without merging. For this reason, the data reported correspond to pitch values determined

from tactoids until fingerprint textures were not any longer visible, starting from cyqc; = 12
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Figure 6.17: Effect of added NaCl on the texture of the LC phase of the commercial CNC
suspensions for a fix cellulose mass fraction of 6 wt.%. White scale bars correspond to 200 pm.
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mM.

The addition of NaCl provokes shifts in ¢q and ¢; (as discussed in section 6.5 in this chapter),
towards higher values (or higher w}*“! and wl¥e“!) compared to the salt-free CNC samples.
After some threshold of added NaCl, ¢/*“! < ¢{"*“", resulting in gelled tactoids that will never
merge but they will sink (Figure 6.16). At this point, the mass fraction in the tactoids is
greater than the gelation threshold (which is smaller than w;). But if the tactoids never sink,
then the isotropic background has also gelled, and then the situation is gbév aCl < plaCl T am
now in a position to explain the surprising pitch versus salt concentration data by Hirai et al.,
reproduced for my CNC suspensions in Figure 6.16. The key issue to recognize is that the
tactoids enter a gelled state, or they get very close to it, beyond salt concentrations where the
pitch appears to increase. This means that the helix is never allowed to reach its equilibrium
state, and we measure an experimental pitch value that is larger than the equilibrium one.
The surprising minimum in pitch in Figure 6.16 is thus due to the fact that the data represent

equilibrium behavior for salt concentrations up to that giving minimum pitch, but for higher

salt concentrations the data show non-equilibrium values.

6.6 Summary

The extended phase diagram obtained by the high L/d fractions permits a deep study of the
helix pitch behavior, varying particle mass fraction, aspect ratio, counterion-type and counte-
rion concentration for a broad range of CNC mass fractions. While it is well known that the
helix pitch of CNC suspensions decreases with increasing CNC mass fraction, the reason has
not been properly elucidated. Since the only chiral species present is the cellulose, it would be
natural to connect the decreasing pitch to the increase in chiral constituents. However, raising
the CNC mass fraction also raises the Nat concentration and thus gives rise to stronger screen-
ing of the charge on the CNC surface. The pitch decrease might thus also be attributed to the
increasing ion content. The situation is thus complex, but a synthesis of all the observations
described in this chapter may suggest that the key issue is the overall rod volume fraction, not
the mass fraction. Another parameter that was assumed important for the pitch is the CNC
aspect ratio, and with our fractionated samples, we were for the first time in the position to
probe the impact. Within the window of aspect ratios provided by our samples, we could not

confirm any dependence of pitch on aspect ratio.



Chapter 7

Control of optical response of dry CNC
films

Overview of this chapter

I finalize this thesis by drying CNC suspensions to obtain solid films with controlled optical
response. Different parameters are examined such as mass fraction, aspect ratio, surface mor-
phology of the film and evaporation rate. The final films were characterized by polarizing
microscopy, profilometry and electron microscopy. The present study emphasizes the crucial
role of controlled drying conditions for a proper control of the helix orientation. In addition,
by using the longest rods of the CNC distribution, we are able to prepared films which are
highly ordered in their rod organization, resulting in incredible uniform colors and reflecting

only left-handed circular polarized light, as expected for this type of material.
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7.1 Introduction

By drying cholesteric CNC suspensions, films are obtained for which the helix pitch p can reach
values as short as the visible-light wavelengths, wavelengths, ~ 400-~ 700 nm, resulting in the
reflection of vivid colors due to the self-assembly of the CNC rods [108,131,132]. In this case
of structural coloration, gelation is truly an advantage considering that the helical structure of
CNCs is "trapped” in this non-equilibrium stage, which permits the production of iridescent

films upon evaporation of water.

For most of the possible applications of the CNC films, it is crucial to ensure that the helix
is uniformly oriented along with a defined p [53,133,134]. However, most of the studies in
the field have encountered difficulties in controlling the final properties of the dry CNC films
[118,131,135-137].

As explained in Chapter 2, the wavelength A, selectively reflected from a cholesteric helix,
depends on the average refractive index 7n, on p and on the angle 6 between the incident light

and the plane that is perpendicular to the helix axis, according to Bragg’s law:

A = npcos b (7.1)

This means that uniform optical response can only be experienced if the helix is uniformly
oriented with a defined pitch. The reflected light is circularly polarized and displays the same
left handedness as the CNC helix.

The dependence of p on a variety of parameters has been largely studied, such as temperature
[135], sonication time [118], application of magnetic fields [131,132,138], CNC mass fraction
[137], ionic strength, additives [139,140], among others. Although the mentioned studies have
shown possibilities to improve the color uniformity, apparently the slow drying is the key for the

formation of highly-ordered structures, which results in films with homogeneous colors [104].

In this chapter, I discuss the impact of the rod aspect ratio and of the drying conditions on the
iridescent colors of CNC films by studing the drying of CNC drops containing particles with
different aspect ratio (the CNC fractions presented in previous chapters) and with CNC mass
fractions in the range of 2 wt.% to 9 wt.% (from isotropic to CNC suspensions near the onset

of gelation).
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7.2 Preparation and characterization of CNC films

For the preparation of films, 5 uL. drops of CNC suspensions were deposited on untreated glass
coverslips (coverslips from Roth, with water contact angle of § ~ 55°) using a micropipette,

with the CNC mass fractions in the range of 2 wt.%-9 wt.%.

For the investigation of the impact of the rod aspect ratio L/d on the colors of the films, drops
were dried using two fractionated CNC suspensions and the unfractionated initial sample (init-
CNC) for comparison. The low aspect ratio particles with L/d ~ 43 (referred to as 4i;-CNC,
corresponding to fourfold fractionated isotropic phase) and L/d ~ 58 (referred to as 5a;-CNC
or fivefold fractionated anisotropic phase). In the case of the init-CNC, L/d ~ 50. Size
distributions and phase diagrams of each CNC fraction are presented in Chapter 4, Figure 4.8
and Figure 4.12, respectively.

In the following sections, the preparation procedures for films using three different drying con-
ditions are explained. First, I start by drop-casting CNC samples under ambient lab conditions,
allowing the suspensions to dry at 22°C and at relative humidity (RH) of 40%. A second set
of experiments were carried out by slow drying CNC drops in a glove box. Each drop was de-
posited on the substrate inside a glove box which was maintained at constant relative humidity
of 90% and temperature of 22°C during 7 days. The films were characterized 24 h after their

formation.

In order to extend the drying time, I performed experiments with a hexadecane coating, using
the experimental procedure recently reported by Zhao et al. [104]. With extreme care the
experiments were carried out inside a closed glove box to avoid any water evaporation during
the preparation of the drops. After deposition of CNC on the glass substrates, the CNC drops
were carefully covered with hexadecane. Once all the samples were covered with the inmiscible
oil, the samples were removed from the box and the drying process was continued under ambient
lab conditions (22 °C and 40% RH) for 5 weeks until the films showed colors. Figure 7.1 presents

a schematic illustration of the preparation method discussed in this section.

The height profiles of the films were determined using a stylus profilometer with 2 yum tip radius
at 3 mg force, which is able to scan over the sample from edge to edge. In addition, polarized
optical images were obtained with a polarizing optical microscope in reflection mode. Details

of the experimental methods are presented in Chapter 2.
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Figure 7.1: Schematic illustration of the preparation method of CNC films using different
evaporation rates. (a) The sample vials are placed inside a glove box for the experiments with
controlled drying at 22°C and 90% RH. (b) Two sets of CNC drops at different mass fractions
and L/d are deposited on glass coverslips using a micropipette. One set of samples is covered
with hexadecane. Simultaneously, a second series of samples are allowed to dry inside the box.
The gloves are ommited in the illustration for simplicity. (c¢) After covering the CNC drops
with hexadecane, the samples are taken out of the glove box to continue the drying process
under room conditions. (d) The set of samples is left inside the box for evaporation at high
RH. The red arrow indicates a magnified illustration of the inside of the glove box.
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7.3 Influence of CNC mass fraction on the reflective col-
ors of films dried at ambient conditions

[ start this investigation by drop-casting unfractionated CNC suspensions (init-CNC) on cover-
slips with CNC mass fractions in the range from 2 wt% to 9 wt.%. The selected mass fraction
range includes the isotropic phase (from 2 wt.% to 3 wt.%) and the two-phase regime (from
4 wt.% to 9 wt.%). Drops of 5 uL. from each mass fraction were deposited on the glass sub-
strate using a micropipette, and left untouched under ambient lab conditions (22°C and 40%
RH). Photographs of the vials containing the equilibrated samples for this study are shown in
Chapter 4, Figure 4.12 and the size distributions are presented in Figure 4.8.

I summarize the main results in Figure 7.2, presenting images of the dried films at different
starting mass fractions in reflection mode (first column) and after the insertion of a quarter-
wave plate, with the reflection and/or transmission of left-handed (second column) and right-
handed circularly polarized light, CPL (third column). The height profile measurements of the
dried films are presented on the right in Figure 7.2 for each starting mass fraction. All drying
experiments were carried out in parallel and under the exact same ambient conditions. All

water had evaporated after ¢ =~ 60 min and the final films were characterized 24 h after drying.

From Figure 7.2, we observe a ring-like particle deposition as a function of particle mass fraction,
showing an almost zero deposit height in the middle of the sample for films with lower mass
fractions, as exhibited from the height profile measurements. In addition, reflected color changes
radially from blue- to red-reflecting rings, from the center to the periphery of the films, and
probably infrared light (IR) in the dark regions. From the profilometry data, the increased
number of particles in the edge leads to an increase in height from ~ 20 pym for drops prepared
with a starting mass fraction of 2 wt.% to ~ 70 pm for initial drops at 9 wt.%. The radial
particle deposition can be explained by the evaporation—driven radial flow that carries the CNC
rods outwards to the edge of the drop, collecting the particles at the periphery, near the contact
line [27], resulting in a ring-deposition at the edge. This phenomenon introduced in Chapter 2

is known as the coffee-ring effect [23].
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Figure 7.2: Reflection microscopy images of films dried at 22°C and 40% RH. Films were
prepared from unfractionated rods (init-CNC) in a mass fraction range from 2 wt.% to 9 wt.%.
For each image, the illumination is horizontally linearly polarized. In the first column, there
is no analyzer. In the second and third columns, a A/4 plate is used for checking the circular
polarization. The height profile measurements are presented in the last column of images. Scale
bars correspond to 500 pm.
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The color fluctuations throughout the sample could demonstrate a large variation in pitch
p [137], although the angle 6 and the average refractive index n should be taken into account,
according to Eq. 7.1 in the introduction of this chapter. Although a helical arrangement
is found by scanning electron microscopy (SEM) investigations (Figure 7.3), the CNC rods
probably have entered to a non-equilibrium gelled state before the helix has the time to fully
equilibrate, resulting in films with the characteristic coffee-ring pattern and red-green coloration
at the edge of the film [78,141,142]. On the contrary, the middle part of the film reflects blue as
a consequence of the longer evaporation time and lower amount of particles in that particular

location of the dried drop.

Figure 7.3 shows SEM images of the cross-sectional areas of a film prepared from an unfrac-
tionated CNC sample at a mass fraction of 5 wt.% under ambient conditions. Details of the
sample preparation for the SEM characterization are presented in Chapter 2. Three different
areas of the sample are exhibited: the center blue-colored region in Figure 7.3a, the red- colored
area with high particle deposition in Figure 7.3b and the film periphery near the contact line
in Figure 7.3c.

The three cross-sectional images exhibit areas with the characteristic periodic organization of
materials with structural coloration, although the orientation of the helical arrangements are
not completely normal to the substrate. The periodicity is clearly distorted in the thickest red-
reflecting area of the film (Figure 7.3b), where the texture exhibits several dislocations across
the structure with the helical axis varying with position. The pseudo-layers in the central blue-
colored area of the film present a more ordered arrangement, although the periodic structure is
tilted at the lower part of the sample (Figure 7.3a) compared to the areas near the edge (Figure
7.3c).

The irregular patterns observed in the SEM images can be related to variation in space of
the helical pitch as well as to nonuniform orientation of the helical axis with respect to the
glass substrate, probably as a consequence of the radial flow during the water evaporation. As
mentioned in the introduction of this chapter, the angle 6 in Eq. 7.1 is affected by the orientation
of the helix axis, which could result in films with nonuniform colors upon evaporation of water.
Previous studies have shown similar defects and the authors have agreed that the changes
in volume, ionic strength and convective forces during evaporation have an impact on the

organization of the rods [40,143].

The analysis with a quarter-wave plate (from the second and third column in Figure 7.2)
reveals that the reflective light is left-handed and right-handed circularly polarized. Saha and
Davis [144] reported similar observations in CNC films characterized by selective reflectance

using CPL. The authors suggested that the periodic modulation of the refractive indices can be
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Figure 7.3: SEM images of the cross-sectional areas of a film of a 5 wt% unfractionated CNC
suspension, dried at 22°C and 40%RH. The sequence of images presents the periodic structure
of the film (a) at the blue-reflecting center, (b) red-reflecting area and (c) at the periphery. The
inset corresponds to the reflection microscope image of the film with the letters indicating the
position from which sample was cracked and the cross-section imaged.
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changed by cholesteric microstructures with variable p in the film. From my results, I attribute
this behavior to the non-uniformities that allow for lambda-half phase behavior at intermediate
height, which can turn right-handed incoming light into left-handed. This means that the
originally right-handed light is reflected by the left-handed structure, because the lambda-half
plate changes the handedness. And since the reflected light also goes through the lambda-half
plate, it is again right-handed when it is detected, hence it appears that the CNC reflects
right-handed polarization. I will continue with the discussion of this topic at the end of this

chapter.

I attempted to manually measure the pitch p from the SEM images in Figure 7.3, which
corresponds to twice the distance between two consecutive pseudo-layers across the film. From
the center to the periphery of the film, p shows variation in the range of 0.25 ym to 0.40 pm. By
taking # = 0 and n = 1.6 [145-148] in Eq. 7.1, we can obtain a rough estimation for A, resulting
in A\, =~ 400 nm for the central blue-colored area and A, = 650 nm for the red-reflecting part of
the film. Both values belong to the correct range of the wavelength of visible light, nevertheless,
more analysis is needed for a complete conclusion of how the irregular pitch and the orientation

of the helix axis can impact the optical reflective properties.

7.4 Influence of the rod size distribution on the optical
response of dried films

The first time that the effect of the rod size on the final films was at least mentioned in a scientific
publication, dates back to 1998. That year Revol and Grey [108], pioneers in the CNC field,
reported that in films dried from CNC suspensions containing particles with longer average
length, the color will be shifted towards the red, while for films containing shorter average
length particles, the color will be shifted towards the blue. Unfortunately, these statements

were only part of the discussion of the article, without the report of any data.

The films that I describe in the following were prepared by drop-casting CNC suspensions with
two different aspect ratios L/d, both sets of samples obtained after the multiple separation of
phases using the separatory funnel, protocol discussed in Chapter 4. CNC drops were dried
under ambient lab conditions (22°C and 40% RH).

The sample vials between crossed-polarizers and the plots of the volume fraction ® are presented
in Figure 4.12. The size characterizations are shown in Figure 4.8 with an aspect ratio for 4i -
CNC of L/d ~ 43 and for 5a;-CNC of L/d ~ 58. I deposited 5 puL suspension drops with mass

fraction in the range of 2 wt.% to 9 wt.%, on untreated glass coverslips.
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Reflection microscopy images and height data of the dried drops for all the different mass
fractions are presented in Figure 7.4 and in Figure 7.5, corresponding to the 5a;-CNC and
4i;-CNC films respectively. All drying experiments were carried out in parallel and under the
same ambient conditions. All water had evaporated after ¢ ~ 60 min and the resulting films

were characterized 24 h after the drying process was completed.

The films exhibit radial color variation, although the selective reflection is stronger for the dried
sample with high L/d, varying from blue to green and finally to red from the center to the edge
of the films.

The height profile measurements of the dried drops evidence the existence of a clear ring-like
deposit for both samples, with the periphery of the films containing most of the particles. From
Fig. 7.4 and Fig. 7.5, films obtained from the two different L/d are quite different, both in
terms of colors and morphology (i.e. profiles). In films made from rods with L/d ~ 43 at 8
wt.% and and 9 wt.%, the profiles present volcano-like shape, while for L/d ~ 58 the center of
the film is very close to the surface. The latter means that radial flows are stronger for rods
with higher L/d.

After fractionation, the increase in L/d enhanced liquid crystalline formation without affecting
the mass fraction at which gelation occurs. Because of this, I am able to prepare films with
high enough CNC mass fractions that form a fully liquid crystalline phase. Previous studies
have suggested that the phase coexistance regime promotes random alignment of the helix due
to the presence of tactoids in the sample, while films dried from fully cholesteric droplets would
acquire a more uniform vertically aligned helix [137]. This approach suggests that drying a
CNC suspension of very low concentration, located either in the completely isotropic regime
[118,132,143] or near the end of the biphasic regime [135,149-151] would result in films non-

uniform in color, as largely reported in literature.

However, when drying drops containing rods with high L/d in the fully liquid crystalline regime,
we observe that the films are not homogeneous in terms of color and handedness, since a clear
variation in colors are visible throughout the film. Moreover, both right- and left-handed
circularly polarized light are reflected. In fact, films prepared using higher mass fractions are
even more irregular in shape (for example, the films prepared with 8 wt.% and 9 wt.% as
starting mass fraction). The lack of colors compared to the films prepared with lower mass
fractions suggest that the rods entered a gelled state before reaching values of p low enough to

produce visible selective reflection after drying-induced compression.
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Figure 7.4: Reflection microscopy images of films dried at 22°C and 40% RH. Films were
prepared using rods with L/d ~ 58 (5a;-CNC) in a mass fraction range from 2 wt.% to 9 wt.%
in a mass fraction range from 2 wt.% to 9 wt.%. For each image, the illumination is horizontally
linearly polarized. In the first column, there is no analyzer. In the second and third columns,
a A/4 plate is used for checking the circular polarization. The height profile measurements are
presented in the last column of images. Scale bars correspond to 500 pm.
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Figure 7.5: Reflection microscopy images of films dried at 22°C and 40% RH. Films were
prepared using rods with L/d ~ 43 (4i;-CNC) in a mass fraction range from 2 wt.% to 9 wt.%
in a mass fraction range from 2 wt.% to 9 wt.%. For each image, the illumination is horizontally
linearly polarized. In the first column, there is no analyzer. In the second and third columns,
a A/4 plate is used for checking the circular polarization. The height profile measurements are
presented in the last column of images. Scale bars correspond to 500 pm.
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It is important to highlight that the comparison between studies is not trivial. The preparation
of the CNCs has a huge impact on the properties of the particles in both aqueous suspension
and final films. As an example, Beck and co-authors [118] have reported that sonication (prior
to film casting) increases p, moving the reflection band of the final film to longer wavelength.
I will present in the next section my results of the effect of evaporation rate on the reflected
colors, the importance to characterize the CNC suspensions and report the drying conditions

is crucial in order to compare results obtained by different authors.

Figure 7.6 shows images captured with polarizing microscopy for three films prepared with the
unfractionated CNC (Figure 7.6a), 4i;-CNC film (Figure 7.6b) and 5a;-CNC (Figure 7.6¢) with
the same starting mass fraction and dried in ambient lab conditions. Domains are observed
in the three different films. However, for the dried drop from the low L/d suspension, the
multidomains are smaller compared to the other two samples, and they are visible throughout
the entire film. If we go back to Chapter 6, specifically to Figure 4.15, the presence of tactoids
after 2 years in capillaries filled with short-rod fractions reveal that the tactoids have reached
a kinetic arrested state. I can thus conclude that those domains that are observed in the final

films resulted from tactoids that never merged, regardless of the drying conditions.

Figure 7.6: Films dried from 6 wt.% CNC suspensions showing a radial color variation. a)
Photo showing a film from an unfractionated CNC suspension. b) Photo of a film prepared
from rods with L/d ~ 43 (4i;-CNC) with a polydomain pattern from the center to the edge
of the sample. c¢) Photo of a film containing rods with L/d ~ 58 (5a;-CNC). Each image was
taken between crossed polarizers in reflection mode. Scale bars correspond to 500 pm.
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7.5 Effect of evaporation rate on final dried films

7.5.1 Drop-drying inside a glove box

I continue the study by extending the drying time of the CNC drops using a glove box and com-
pare the obtained results to the characteristic ring deposits discussed in the previous sections.

More details of the drying process have been illustrated in Figure 7.1.

Microscope images and height profile measurements of the dried films for the three different
CNC samples are presented in Figure 7.7, Figure 7.8 and Figure 7.9, corresponding to films
formed from unfractionated CNCs, 5a;-CNC (L/d ~ 58) and 4i;-CNC (L/d ~ 43), respectively.
The drying of each set of samples was carried out simultaneously inside the glove box, with an
initial relative humidity RH of 90% and a temperature 7" = 22°C. The films remained inside
the glove box for a time ¢t ~ 7 days. After this period, the films were removed from the box

and characterized after 24 h.

For the three different sets of samples, the drops of more dilute suspensions yielded thin films
with diameters of ~ 3.5 mm and a maximum height of ~ 20 pum for CNC mass fractions in
the range of 2 wt.% to 4 wt.%. The thin film at low rod mass fraction is a result of the small
amount of particles, distributed more evenly across the film compared to the corresponding
films that were dried fast at low humidity. A clear evolution of increasing film thickness with
increasing rod mass fraction is observed, with all height profiles showing dome-like shapes. A
dome-like profile can be understood as the projection of particle distribution across the drop;
in other words, a dome shape is a direct consequence of the initial shape of the drop, which is
a spherical cap [152,153].

The greatest height of these films varies from ~ 30 pym to ~ 80 pum for CNC mass fractions
ranging from 5 wt.% to 8 wt.%. These profile patterns indicate that there was no significant
radial transport of CNC rods during drying at this slow rate of evaporation. Probably the
evaporation-driven flows have very small impact on the deposition process of suspended CNC

rods.

Interestingly, the dome-like depositions of the CNC rods is not the only reason for films re-
flecting more homogeneous colors. In fact, some radial color variation can be observed for
films prepared from unfractionated CNC suspensions (Figure 7.7) showing the characteristic
polydomain mosaic patterns reported in previous studies [137,144]. For this set of films, the
reflecting colors vary depending on the CNC mass fraction, changing from green-blue multido-

mains domains to films exhibiting red-green areas for higher initial mass fractions.

Films consisting of rods from fractionated CNC samples reveal the impact of L/d on the color
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Figure 7.7: Reflection microscopy images of films dried in a controlled atmosphere glove box
at 22°C and 90% RH. Films were prepared using unfractionated samples (init-CNC) in a mass
fraction range from 2 wt.% to 9 wt.%. For each image, the illumination is horizontally linearly
polarized. In the first column, there is no analyzer. In the second and third columns, a A/4 plate
is used for checking the circular polarization. The height profile measurements are presented
in the last column of images. Scale bars correspond to 500 pm.
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Figure 7.8: Reflection microscopy images of films dried in a controlled atmosphere glove box
at 22°C and 90% RH. Films contain rods with L/d ~ 58 (5a;-CNC) in a mass fraction range
from 2 wt.% to 9 wt.%. For each image, the illumination is horizontally linearly polarized. In
the first column, there is no analyzer. In the second and third columns, a A/4 plate is used for
checking the circular polarization. The height profile measurements are presented in the last
column of images. Scale bars correspond to 500 pm.
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Figure 7.9: Reflection microscopy images of films dried in a controlled atmosphere glove box
at 22°C and 90% RH. Films contain rods with L/d ~ 43 (4i;-CNC) in a mass fraction range
from 2 wt.% to 9 wt.%. For each image, the illumination is horizontally linearly polarized. In
the first column, there is no analyzer. In the second and third columns, a A/4 plate is used for
checking the circular polarization. The height profile measurements are presented in the last
column of images. Scale bars correspond to 500 pm.
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formation. Figure 7.8 shows microscopic images and height profiles of films formed from 5a -
CNC sample with rods of L/d =~ 58 and with different CNC mass fractions. The films exhibit
more homogenous colors compared to the films from unfractionated rods. They reflect intense
blue if prepared from low CNC mass fractions (from 2 wt.% to 4 wt.%) whereas green areas

dominate across the film for particle mass fractions between 5 wt.% and 7 wt.%.

Reflection microscope images of the films using rods with L/d ~ 43 (4i;-CNC) are presented
in Figure 7.9. Polarizing microscope images after the insertion of a quarter-wave plate, probing
the reflection of left-handed circular polarized light (CPL), are shown in the second column
and the corresponding images with the analyzer set to probe right-handed CPL in the third
column. The height profile measurements of the dried films are presented in last column in
Figure 7.9. They all exhibit strong red-reflecting color with the presence of domains across the

samples.

From the results presented above, we can conclude that slow drying suppresses the coffee-
ring effect regardless of the rod L/d in the original suspension, resulting in more uniform
films compared to the samples dried under lab ambient conditions. T'wo explanations for this
behavior can be considered. First, this type of dome-like deposits could occur when gelation
is reached comparatively quickly after the creation of the drop, with water evaporating faster
than the rate of particle diffusive motion [154]. This situation was certainly not present in the
earlier experiments, where ring-shape deposits were formed by drop-casting CNC suspensions
under ambient conditions, showing that there is significant CNC rod translation within the
drops before gelation sets in, even for high particle mass fraction. The second reason could be
the negligible radial capillary flow due to the slow water loss across the sample surface, which
results in diffusion dominating over capillary flow [155]. This restriction in radial flows permits

that neighboring domains are able to merge and later form a single and uniform domain [104].

The color variation between films containing rods with different L/d can be understood in
terms of wy and w;, mass fractions thresholds reported in Chapter 5. During evaporation of
water from a starting CNC suspension w, must pass through a mass fraction region where
spontaneous formation of a chiral nematic phase is entropically favor, according to the Onsager
model [142]. The chiral structure formed will remain later on in the dry state, once gelation sets
in at w,. I concluded in Chapter 5 that L/d either promotes LC formation for rods with high
L/d, shifting wy and w; towards lower w compared to the unfractionated sample. Whereas wq
and wy are shifted towards much higher w for rods with high L/d. However, w, is unaffected by
L/d. Because of this, the short rods have much less time available to equilibrate before being
trapped in a gel state (at w,), since it only forms a LC phase once w is so high that gelation sets
in first (w; > w,). On the contrary, the low values of wy and w, for the long rods permit that

the CNC suspensions equilibrate much earlier compared to the unfractionated sample. This



7.5. Effect of evaporation rate on final dried films 121

results in uniform films if the drying conditions are slow enough, as I presented in the previous

experiments.

Using the explanation from above, the effect of w on the color variation is also a result of
how much time the sample has available in order to equilibrate. If a CNC drop at high w is
deposited on the substrate, the suspension will have less time to equilibrate before gelation sets
in, compared to CNC suspensions with low starting w. If it is assumed that gelation prevents
the further decrease in p expected for higher w, then the final wavelength of the film should
move to higher values, with red-shift of the samples with increasing w, as we observed in Figure
7.7 and in Figure 7.8.

7.5.2 Drop drying using immiscible oil

The suppression of water evaporation from small volumes of samples by using immiscible oils
has been reported for a variety type of materials [156, 157]|. Following the procedure recently
reported by Zhao et al. [104], I attempted to extend the drying time of the CNC drops by
covering the initial samples with hexadecane at the beginning of the process until the final

films are formed.

I deposited 10 pL. drops using a micropipette on untreated glass coverslips. The experiments
were carried out inside a glove box which was maintained at 22°C and 90% HR to avoid water
loss during the process. I dried CNC drops from the three different samples (unfractionated
CNC, 5a;-CNC and 4i;-CNC) at initial CNC mass fractions of 3 wt.% and 6 wt.%.

Reflection microscopic images of the dried films from initial CNC suspensions of 3 wt.% are
presented in Figure 7.10 and films with initial CNC mass fraction of 6 wt.% are shown in Figure
7.11. Left- and right-handed CPL images are presented for both sets of films.

The unfractionated rods and CNCs with high aspect ratio from initial suspensions of 3 wt.%
form films with homogeneous and intense blue-reflecting color throughout the complete sample.
For both films, only left-handed CPL is reflected, a clear indication of well-aligned and highly-
ordered film [107,158]. On the contrary, the film from the short-rod fraction present red domains

across the sample, and some right-handed CPL is reflected.

When increasing the mass fraction to 6 wt.%, (Figure 7.11), the blue coloration continues but
only for the high aspect ratio film, which reflects left-handed CPL. For the case of the film from
the init-CNC and from rods with low aspect ratio, the multidomain pattern are observed, both

reflecting red-green colors and both circular polarizations.

Figure 7.12 shows SEM images of the cross-section of films prepared with 3 wt.% with low L/d
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Figure 7.10: Reflection microscopy images of CNC films slowly dried under hexadecane oil and
prepared with an starting CNC suspension of 3 wt.%. (a) Film formed with unfractionated
sample (init-CNC), (b) high L/d rods and (c) low L/d rods. For each image, the illumination
is horizontally linearly polarized. In the first column, there is no analyzer. In the second and
third columns, a /4 plate is used for checking the circular polarization. Scale bars correspond
to 500 pm.
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Figure 7.11: Reflection microscopy images of CNC films slowly dried under hexadecane oil and
prepared with an starting CNC suspension of 6 wt.%. (a) Film formed with unfractionated
sample (init-CNC), (b) with high L/d rods (5a;-CNC) and (c) with low L/d rods. For each im-
age, the illumination is horizontally linearly polarized. In the first column, there is no analyzer.
In the second and third columns, a A/4 plate is used for checking the circular polarization.
Scale bars correspond to 500 pm.
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rods (a) and high L/d (b), with slow drying. The two images were captured using the same

magnification.

Figure 7.12: SEM images of the cross-sectional areas of two films formed with starting CNC
sample at 3 wt.% and dried using hexadecane. a) Film containing rods with low aspect ratio
shows larger pitch and a non-uniform periodic structure. b) Film containing rods with high
aspect ratio exhibits significantly shorter and uniform pitch and more uniform direction of
periodicity compared to the periodicity of films formed with low aspect ratio rods. Both insets
present microscopic images of the corresponding films captured at an angle of ~ 30°.

In both images, we observe the typical periodicity of the rods that is responsible of the struc-
tured coloration of the samples, with half the pitch p as the distance between two consecutive

stripes. The images were obtained roughly at the center of the film.

We can visualize the consequences of the early gelation in the films made from low aspect ratio
rods. The cross-section of this red film (Figure 7.12a) presents a sandwich-like organization,
with periodic structures at the top interface (close to the oil during drying) and at the bottom
interface (close to the glass substrate). A non-uniform cross-sectional area is observed between
the two interfaces. As discussed above, this region without a uniform standing helix will show
birefringence, thus being able to act as a phase plate. This explains why the red reflecting films
show reflection of both left- and right-handed CPL, because the intermediate disordered region
can act close to a lambda/2 plate, changing right-handed CPL into left-handed CPL on the
way down, and back on the way up for the light reflected from the bottom region with uniform
standing helix. On the contrary, the film formed with rods of L/d ~ 58 (7.12b) presents an
organized and periodic structure continuously from the top to the bottom of the sample with

constant pitch p. Values of p (measured as twice the distance between two consecutive stripes)
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for the red film is in the range of 0.4 ym and 0.3 pum for the blue-reflecting sample.

By considering § = 0 and n = 1.6 [145] in Eq. 7.1, I can obtain a rough estimation for A,,
resulting in A\, ~ 400 nm for the central blue-colored area and A, ~ 650 nm for the red-reflecting
part of the film. Both values belong to the range of the wavelength of visible light and coincide
with the colors observed by naked eye. Figure 7.13 exhibits the UV-visible transmittance

spectra of both films prepared from the fractionated CNCs, measured with a spectrophotometer.
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Figure 7.13: Transmittance spectra in the region of visible light for solid films prepared from
low L/d (blue curve) and from high L/d (red curve). The insets present the images of the
corresponding the films.

Here I use the minimum transmittance as an indicator of the maximum reflection wavelength in
the CNC films; the reflected light appears as an absorbance peak in transmission mode [108,135].
In other words, the transmission dip corresponds to the light that has been selectively reflected
by the film, and therefore does not reach the detector of the spectrophotometer. In the region
within the band gap, circularly polarized light with the same handedness than the helical
structure of the sample theoretically should exhibit 100 % reflectivity [40,159]. Therefore, the
reflectivity for unpolarized light, which was used in these experiments, is expected to be 50
%, since half of the light is reflected away. This is not the case for both films, for which the
transmitance is less than 50 %, probably an indication of some defects in the samples. From
Figure 7.13 the spectrum of the blue film exhibits a central peak A\, = 420 nm, more or less
in agreement with the value of pitch determined from the SEM images. The spectrum of the
red film is much less smooth, which can be interpreted as an indication of the spread in helix
orientations and/or pitch, as we observe from the cross section image in Figure 7.12a. If we

consider a central peak of A\, ~ 640 nm, this value is close to the pitch measurements from the
SEM image.
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Nevertheless, more analysis is needed for a complete conclusion of how the irregular pitch in
the film prepared with short rods as well as the orientation of the helix axis, might impact the

optical reflective properties.

7.6 Summary

The CNC helical structure of the liquid crystal phase can be preserved in dried films upon
water evaporation. If the helix pitch of the final dried sample is in the range of the visible
wavelengths, the films will exhibit structural colors. The results in this chapter reveal that
the relative humidity is one of the most critical parameters in the preparation of solid films.
The reason for this is that the fast drying promotes radial transportation of the particles
towards the edge of the drop, according to the famous ” coffee-ring effect”, whereas slow drying
suppresses this effect. The slow drying can also be accomplished by covering the initial drop
with hexadecane, which considerably slows down drying. If, in addition, films are prepared
from fractionated samples, we can get absolutely homogeneous color of the film, reflecting only
one circular polarizarion, as should be the case for CNCs. Films prepared from a suspension
of long aspect radio rods result in a well-ordered helical structure and acquires a deep blue
reflection across the film, whereas films from short rods tend to be red. We believe that the
latter is due to the larger counterion concentration in the suspension with low aspect ratio
rods. Since more CNC particles are needed to promote a liquid crystal phase, the system gets
so close to gelation already at the onset of liquid crystal formation. Because of this, the helix
never has the time to reach its equilibrium pitch before gelation sets in, which leads to poorly

developed order.
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Conclusions and outlook

The study elaborated in this thesis reports a wide spectrum of experiments, from the initial
stages of the self-organization of CNC rods in aqueous suspensions to the controlled preparation

of solid iridescent films by evaporating the water.

One of the main goals and achievements described in this work is the successful segregation of
CNC suspensions into different fractions. In these fractions, CNC rods with distinct geometrical
morphology are accumulated, allowing to influence the onset of the liquid crystal formation. For
CNC rods having a high aspect ratio, the onset of the liquid crystal formation starts at much
lower mass fraction compared to rods with low aspect ratio. For the fractionation of CNC rods
in suspension, being a mixture of CNC rods with different aspect ratios, the equilibrium phase
coexistence of the isotropic and chiral nematic phase close to the onset of the liquid crystal
formation is crucial. The evaluation of the numerous experiments allowed the establishment of
a deep understanding of the physical chemistry that is fundamental to the separation process
and liquid crystal formation of rod-like systems. The protocol that derived from this work

reveals an effective way to collect pristine CNC rod fractions.

Although the size segregation of a highly disperse CNC suspension occurs regardless of the
overall concentration of the CNC sample within the two-phase regime, the longest rods will
populate the fraction just above ® = 0, while the shortest CNCs will be located in the fraction
just below the end of the coexistence phases. This allows to fractionate pristine CNCs in a fast

way, without the need of repeated separations of liquid crystalline and isotropic fractions.

The fractionated samples were used in a very smart way, and by the addition of calculated
amounts of salt, it was proved that the key parameter that induces gelation is neither the mass
of rods nor the volume fraction, as initially hypothesized, but the counterion concentration: a
macroscopic gel is formed once a critical ion concentration is reached, regardless of rod aspect

ratio and of concentration. Interestingly, it has been found indications that the individual rods
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form end-to-end aggregation when the overall mass fraction is approaching the onset of gelation,
as evidenced from the AFM images and further analysis as well as the anisotropy observed in
the gelled samples, even for the fully isotropic suspensions that are far from the onset of liquid

crystal formation.

Because the mass fraction for liquid crystal formation is much lower when working with the
long rods, the range of the equilibrium liquid crystal phase is extended. Using the long-rod
fraction and by performing systematic ion exchange experiments, we can conclude that the
helix pitch of CNC suspensions is neither directly a function of CNC content and nor affected

by the aspect ratio of the particles within the range that was investigated in this thesis.

We conclude that it may be the counterion effect on the pitch due to the effect on the phase
diagram and on the rod volume fraction in the system that promotes the decrease in pitch at
increasing CNC mass fraction. This new perspective can be understood in terms of the overall
particle volume fraction that increases, enhancing the effect of the electrostatic repulsion on

the local director, promoting a stronger twist and thus, a shorter pitch.

Using again the fractionated samples, films were obtained after water evaporation under con-
trolled drying conditions, starting from samples with completely isotropic phase to the fully
liquid crystalline suspensions. We conclude that the slow drying of CNC suspensions with high
aspect ratio rods strongly impact the final color formation, due to their ability to develop fully
chiral nematic phases at a mass fraction far from the onset of gelation. This results in uniform
color of the film and with only one circular polarization, as should be the case for this type of

nanorods.

In terms of future experiments, the effect of sonication on the final behavior of CNC is still a
mystery. Although there exist studies where sonication is used for tuning the pitch in CNC
aqueous suspensions and final dried films, there are not a conclusive explanations about what is
actually happening when a CNC sample is sonicated, or even simpler, is it necessary to sonicate

the sample? instead, maybe centrifugation or other mechanism could be used.

A full elucidation of the origin of the end-to-end aggregation phenomenon is outside the scope

of this experimental thesis, but it leaves a stimulating challenge for theoreticians to address.
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