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Biobased and renewable rod-like cellulose nanocrystals (CNCs) classically show cholesteric liquid
crystalline (LC) behavior in aqueous media. This helically twisting assembly allows tunable
light reflection and structural color by altering the chiral pitch of CNCs. On the other hand, it
would be desirable also to achieve CNC-based nematic uniaxially aligned LCs and also plasticized
deformable assemblies, thus overcoming the volatile liquid solvent phase. This work addresses
the latter problem by introducing CNC-surfactant adducts via combination of polyethyleneglycol
alkyl-3-sulfopropyl diether potassium salt surfactants (referred hereafter as AES) with CNCs. The
compositions were prepared by mixing CNC aqueous dispersions and AES aqueous solutions at
prescribed CNC:AES weight ratios ranging from 1:1 wt:wt up to 1:20 wt:wt, i.e., in excess of AES.
Next, water was removed by lyophilization. The samples were characterized by means of polarized
optical microscopy (POM), small angle X-ray scattering (SAXS), and UV-Vis spectrophotometry.
Pure AES shows self-assembly in bulk: at low temperatures -20 °C and 0 °C it crystallizes,
probably promoted by the inherent residual water. At 25 °C and 50 °C, it self-assembles to an
oblique 2D liquid crystalline state, whereas at higher temperatures at 100 °C it forms a disordered
liquid. CNC:AES 1:1 wt:wt forms macroscopically aggregated structures where the CNC packs in
uncontrolled domains. However, at higher AES weight fractions, homogeneous structures appear
based on POM. They also allow increased birefringence upon shearing where CNC:AES 1:5wt:wt
shows the highest birefringence. The lower birefringence in CNC:AES 1:10 and 1:20wt:wt may
arise from the reduced CNC steric interactions due to their larger distance. SAXS analysis of
CNC:AES 1:5 and 1:20 wt:wt showed that the AES domain involve a related structure as pure
AES, albeit less ordered as they are confined between the CNCs. The CNCs did not show clear
SAXS peaks probably because of their excessive size distributions. Still, they showed clear q� 2

scaling, at the length scale relevant for CNC, where q is the magnitude of the scattering vector,
thus potentially manifesting the CNC/AES interfaces. The obtained specimens were used to
produce free-standing, aligned films of different thicknesses via free-radical photopolymerization.
In conclusion, this work shows promising observations to allow CNC-nanocomposites plasticized
by the nonvolatile surfactant AES, which allows shear alignment of CNCs.

Keywords: Cellulose nanocrystals, solvent-free liquid crystals, CNC nanocom-
posites, self-assembly, alignment, free-standing films
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Symbols
D Diameter
d Distance
� E Energy difference between two orbitals
L Length
� Wavelength
D
L Aspect ratio
h Planck’s constant
q Magnitude of the scattering vector
� Polar angle
� Scattering angle
� Frequency of photons
n̂ Molecular direction
’ Azimuthal angle

Abbreviations
AES Alcohol ethoxy sulfonate surfactant
CNC/CNCs Cellulose nanocrystal/s
CTE Coefficient of thermal expansion
LC/LCs Liquid crystal/s
POM Polarized optical microscopy
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UV-Vis Ultraviolet-visible spectrophotometry
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1 Introduction
In recent years, the over-exploration of fossil resources and the concerns about their
environmental impact have renewed demands about sustainable, low-cost, and CO2
neutral sources. Recently, the most abundant renewable polymer source is cellulose [1].
Cellulose cannot only be found as structural material in the cell walls of plants, but
is also part of many algae, tunicates, bacteria, and fungi [2]. Its mechanical, optical
and chemical properties make it an attractive topic of research. Cellulose naturally
has a relatively low density, high mechanical strength, adjustable surface chemistry, it
is bio-compatible, biodegradable, and thus has a great potential for circular economy
[3–5].

Cellulose can be processed into different forms by acidic hydrolysis from biorefinery
products to cellulose nanocrystals (CNCs) [6]. This variety in properties and shapes
makes it suitable for several applications, ranging from tissue engineering and polymer
reinforcement over solar cells to catalytic, stimuli-responsive materials or photonic
applications [2, 4, 5, 7]. Being a relevant and current field of study, lots of research
has been carried out on the photonic properties of CNCs as they can be used as liquid
crystals (LCs) due to their tunable light reflection [8]. This chirality is mainly driven
by the chemical structure of CNCs, which consists of� -1,4-linked glucopyranose units
which are packed to straight nanorods [1]. The monomer units are 180° corkscrewed
with respect to their neighbors. Every glucopyranose includes three hydroxyl groups
and in addition negatively charged sulphate surface groups on the CNC surface. Due
to these charged sulphate groups, CNCs are hydrophilic and build an electrostatic
stabilized suspension in polar environments [1]. At a certain concentration, CNCs
typically form chiral nematic (cholesteric) liquid crystalline (LC) phases, revealing
their birefringent character and unveiling iridescent structural colors.

So far, optical properties of LCs in different kinds of solvents in combination with
and without the use of surfactants have been studied extensively [8–10]. The necessity
of using solvents to obtain the LC behavior, however, limits the application of this
versatile material in some applications. Considering also the ecological aspect, many
applications, including cellulose nanocrystal solid films, would benefit from a solvent-
free process to save resources and reduce chemical waste. However, preparation of
solvent-free liquid crystals of CNCs have rarely been reported, which would require
plasticization of CNCs to allow fluid-like processing and alignment.

This thesis aims to process solvent-free LCs of CNCs by combination with specific
surfactants which can be bound on CNCs to modulate their packing as plasticizers.
Solvent-free LCs are produced first via proper mixing of an aqueous CNC dispersion
with surfactants in excess. This mixture is then lyophilized to remove water and
subsequently homogenized by heating and continuous stirring. The focus of this
work is to shed light on the effect of the ratio CNC:surfactant on the birefringence,
structure, and shearing behavior. In addition, the temperature dependence of the
composite is investigated. The samples are characterized using polarized optical
microscopy, small angle X-ray scattering, and UV-visible spectrophotometry.

Possible applications are tested by investigating the shearing behavior and pro-
cessing for transparent, free-standing, and aligned films of different thicknesses. An
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aligning of the LCs in a solid film in combination with a photoactive material could
serve as stimuli-responsive materials, which can be used as actuators.

The first section describes the fundamentals of cellulose nanocrystals, liquid
crystals, and the used characterization methods. Thereafter, the used materials
and methods are listed. The subsequent section summarizes the results of the
characterization methods and discusses the findings regarding thermal stability,
optical properties, structure, and shearing. In the last section, the conclusion is
presented, including an outlook for further research.
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2 Fundamentals

2.1 Fundamentals of cellulose nanocrystals
The hierarchical structure of wood is shown inFigure 1 [11]. Several cellulose chains
build cellulose fibers, i.e., elementary fibrils. Those elementary fibrils aggregate
further to form fibril aggregates, i.e., macrofibrils [12]. Many macrofibrils form the
wood fiber. This hierarchical organization of cellulose allows a breakdown of the
structure towards ever smaller fibers. Mild hydrolytic conditions and enzymatic
processes render longer cellulose nanofibers, whose lateral sizes are in the range
of 3-20 nm and length can be even micrometers. By contrast, harsh hydrolytic
conditions lead to short cellulose nanocrystals, whose lateral dimensions are in the
same order as in cellulose nanofibers, but the length varies in the range of a few tens
of nanometers up to a few hundreds of nanometers.

Figure 1: Schematics of the hierarchical structure of cellulose in wood [11].

2.1.1 Cellulose nanocrystal preparation

The creation of CNCs requires a breakdown of the amorphous or disordered regions of
cellulose fibers and the preservation of the crystalline parts. The chemical structure
of CNCs is represented inFigure 2.

Figure 2: Chemical structure of cellulose nanocrystals.

Over the last decades, several methods for the extraction of nanocelluloses have
been developed, including acidic hydrolysis, enzymatic hydrolysis, subcritical water
hydrolysis, and mechanical processing [2, 4, 6]. Amongst all these synthesis processes,
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the most commonly used method for CNCs is acidic hydrolysis. Its short reaction
time of 30-90 minutes [13] makes it a suitable method for high yield production and
industrial processing. The production environment generally involves a high acid
concentration of up to 70 wt% and a process temperature of around 40-50°C [13].
Not only the production parameters, such as temperature, time, and concentration,
can affect the resulting CNCs drastically, but also the choice of material source and
acid. The material source determines the cellulose content and thus affects the size of
produced CNCs. The choice of acid controls which groups are found on the cellulose
surface, since residues from the acid adsorb on the surface of the CNCs during this
process. A commonly preferred acid for this method is sulfuric acid, since the surface
binds negatively charged sulfate groups which help to electrostatically stabilize CNCs
in aqueous suspensions [14].

2.1.2 Cellulose nanocrystal modification

Surface modification of CNCs is an interesting field of research, since it facilitates
the use of CNCs in a broad variety of applications. The paramount challenges
in developing modification methods is to ensure that the pristine morphology of
CNCs stays unaffected and only the surface is altered. Several approaches with
covalent and non-covalent modifications have been stated in literature to increase the
dispersion of CNCs also in hydrophobic environments or to add functional groups to
the surface [3, 9]. The covalent surface modifications, including grafting of epoxy
and amine, or alkyne and azide groups [15, 16], are typically not ideal for industrial
applications, since they involve time consuming processes and organic solvents. Non-
covalent surface modifications working with adsorption of surfactants can be an
alternative in industrial production. CNCs produced via sulfuric acid hydrolysis
typically have negatively charged sulfuric groups on their surfaces. Those charges
enable an electrostatic stabilization in aqueous solvents, but also limit their solubility
in non-polar environments. A surface coating of the CNCs with surfactants can
improve the compatibility of CNCs and non-polar solvents. It was shown in literature
that covering the surface of CNCs with cationic surfactants and with mono- and
di-esters of phosphoric acid including tails of alkylphenol is possible in a simple
manner [9, 10, 17].

2.1.3 Properties

Thermal properties
The thermal properties of CNCs can be described in terms of thermal chemical
degradation and coefficient of thermal expansion (CTE) [18]. Thermal chemical
degradation of CNCs is typically initiated between 200°C and 300°C. The exact
starting point is dependent on different factors, including heating rate, particle type
and previously performed surface modifications [19, 20]. Even though CNCs showed
a lower CTE than most ceramics and metals, their performance is comparable to
that of carbon fibers or other anisotropic, high-modulus fibers [18].
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Optical properties
The optical properties of CNCs are defined by four main characteristics: their nano-
size, anisotropy, functionalization, and liquid crystallinity. CNCs typically show a
high transparency when cast as a film, since the cellulose structure does not absorb
in the optical range. Their anisotropy, however, causes birefringence with refractive
indices of 1.544 and 1.618 in the transverse and axial directions, respectively [18,
21]. When the concentration is high enough to promote LC behavior, the aligned
particles create macroscopic birefringence, which can be observed through crossed
polarizers.

Liquid crystallinity
Liquid crystallinity is a common characteristic for many rod-like or plate-like par-
ticles, since they are able to spontaneously build an ordered system by forming
an oriented anisotropic phase (seeFigure 3a) [2]. CNCs have the ability to align
under certain conditions due to their high aspect ratio and stiffness. Their screw-like
helical structure allows them to self-align in a cholesteric phase, giving rise to a
characteristic fingerprint pattern (seeFigure 3b). The cholesteric phase consists
of stacked planes aligned along a perpendicular axis [18]. Realization of phases is
dependent on the concentration of CNCs in the dispersion and on various other
factors, including shape, size, charge, dispersity and their history, i.e., the type of
acid used for hydrolysis.

(a) (b)

Figure 3: a) Schematic of a crystalline, smectic, nematic and cholesteric phase.
b) Characteristic fingerprint pattern of a cholesteric phase observed between cross
polarizers [22]. The arrows indicate the direction of incident light on the geometry.

2.2 Fundamentals of liquid crystals
Liquid crystals (LCs) are in a state of matter which is thermodynamically located
between the isotropic liquid phase and the ordered crystal phase and are anisotropic
fluids. In principle, two major classes of liquid crystals exist: lyotropic LCs, in
which the concentration dependent interactions between the units are reduced by
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solvents, and thermotropic LCs, in which the thermal movements break the packing
and initialize phase transitions [23].

Thermotropic LCs are commonly used in laptop displays, flat screen televisions,
or mobile phones. They are particularly attractive for these applications due to their
optical anisotropy and birefringence, i.e., their ability to change the optic axis when
being addressed via magnetic or electric fields [23]. Phase transitions within the LC
regime can be induced by temperature changes.

Lyotropic LCs on the other side, have a strong concentration dependence in their
phase transitions [23]. At low concentrations, the typically shape persistent units
disperse individually, leading to structurally and optically isotropic phases. Above a
critical concentration, the interplay of their shapes leads to anisotropic packing and
lyotropic liquid crystallinity. Sometimes self-assembly of amphiphilic surfactants and
block copolymers in solvent phase is also coined as lyotropic liquid crystallinity. In
this case, at low concentration, the molecules disperse individually to form disordered
medium. Beyond a critical micelle concentration, the molecules start self-assembling,
first to form micelles of different shapes. When further increasing the concentration,
self-assembly to hexagonal, cubic, or lamellar ordered structures is observed.

2.2.1 Properties

Some properties of LCs strongly depend on the properties of individual structural
units building the material. These molecular or colloidal properties, including mag-
netic susceptibility, electric and thermal conductivity, and diffusion coefficients, can
be used to describe the characteristics of the mesophase [22].

Dielectrical properties
Dielectric properties of LCs describe the response of the system when an electric
field is applied [24]. The anisotropic character of LCs in terms of their structural
symmetry and alignment are also reflected in their dielectric properties.

LCs can be considered as anisotropic fluids. As a first approximation, their
polarization can be described as the sum of field-induced molecular dipole moments
which correspond to the number of dipolar molecules in the unit volume [22].

Magnetic properties
Since LCs are anisotropic materials, the effect of anisotropy has to be discussed to
understand their magnetic properties.

When applying an external magnetic field to a nonmagnetic material, diamag-
netism is observed, where the magnetization is in the opposite direction to the
external field [22]. Depending on the geometry, the diamagnetic anisotropy of a
uniaxial liquid crystal phase can either be negative or positive. The structure of LCs
typically contains benzene rings which have a negative diamagnetic susceptibility
along their normal. Molecules containing several benzene rings have a negative
susceptibility, but a positive diamagnetic anisotropy along their longitudinal axes.
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Optical properties
Optical properties of LCs define their response regarding refraction, reflection, opti-
cal absorption, light scattering and optical activity. The optical properties can be
characterized in terms of the material’s refraction index [25]. Anisotropic materials,
like LCs, have up to three independent refraction indices and their optical properties
are mainly determined by the LC phases.

2.2.2 Liquid crystalline phases of rod-like particles

An interesting characteristics of LCs is the variety of mesophases they can feature.
Thermotropic and lyotropic LCs exhibit those phases depending on temperature or
concentration, respectively [26].

In the following, different phases of a thermotropic system with rod-shaped parti-
cles are discussed.

Isotropic phase
The isotropic phase of the system is reached at sufficiently high temperatures. Under
those conditions, the system is optically isotropic and thus does not show any bire-
fringence. It can be described as a true liquid, when the following three conditions
are fulfilled [26]: (1) free flow of particles is enabled, (2) the whole bulk is randomly
oriented and does not show any order, and (3) magnetic, electrical, mechanical and
optical properties are independent of direction.

With decreasing temperature, the molecules or structural units start to order
until they undergo a discontinuous first-order phase transition and attain the liquid
crystalline phase [22].

Nematic phase
Below the nematic-isotropic transition temperatureTNI , the system is driven to
long-distance orientational order of the molecules. Contrary to the isotropic phase,
the magnetic, electrical, mechanical, and optical properties of the nematic phase are
anisotropic and can be described as uniaxial [26]. The nematic phase can be defined
by the following characteristics: (1) the centers of mass of the molecules behave like
a conventional liquid, (2) the direction of particles is arbitrary in space, (3) molecules
must not differ from their mirror-images.

Cholesteric phase
The cholesteric phase, also chiral nematic or nematic* phase, shows similar require-
ments as the nematic phase. The paramount difference in the phases is the chirality
of the components. Four main characteristics define the cholesteric phase [26]:
(1) molecules can pass each other in every spatial direction, (2) the molecules have a
preferred alignment along a certain axis, the molecular direction, (3) the centers of
mass do not have any order in their positions, and (4) the molecules do not have a
mirror symmetry caused by their helical structure.
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Due to this helical organization cholesteric phases typically show optical activity,
i.e., the system is able to rotate the polarization plane of light. The optical activity
can be controlled by external signals.

Smectic phase
When the temperature is lowered and a nematic-smectic phase transition temperature
TNA is reached, the system undergoes a second order phase transition [22]. The
molecules arrange a layered order and exhibit the smectic phase. The commonly
observed smectic A phase is characterized by (1) an optically uniaxial system with
an optical axis along the molecular direction, (2) layers that individually act as 2D
liquids, and (3) the structure of the layers is typically in the order of the molecule’s
length [26].

When further lowering the temperature, a phase transition temperatureTAC may
be reached, which describes the smectic A - smectic C phase transition. The layered
structure retains, but the molecules start tilting [26]. Thus, the characteristics of
the smectic C phase are: (1) an optically biaxial system with (2) layered structures
acting as individual 2D liquids for (3) materials which show optical inactivity.

Phase transition theories
The phase behavior of thermotropic LCs can be described by the Maier-Saupe the-
ory [27–29]. This theory focuses on van der Waals attractive interactions and thus
describes the system based on induced dipole-induced dipole interactions [23]. The
theory holds for most thermotropic LCs with polarizable, rigid cores of the aromatic
type, since steric repulsion is neglectable. The Maier-Saupe theory can predict phase
transitions in relation to a temperature dependent order parameterS2. The value of
S2 decreases with increasing temperature. The theory by Maier and Saupe can be
used to predict systems which show only slight changes in density when undergoing
a phase transition [23].

Lyotropic LCs, however, do not follow this theoretical description. A theory
formulated by Onsager [30], which takes nematic phases in colloidal suspensions into
account, can be a good reference to describe the state transition behavior of lyotropic
LCs. Contrary to Maier-Saupe, Onsager bases his theory on the steric or electrostatic
repulsive forces between particles, assuming that a certain space in a system can
only be occupied by one particle at a time and neglecting attractive van der Waals
interactions. For his description, he assumed that the particles are rigid and rod-like
with a diameter D and a length L . In a simplified way, repulsion increases with
increasing particle size, thus the aspect ratioDL builds the main parameter of his
approach. Onsager’s approach of a concentration dependent order parameterS2
leads to higher values forS2 compared to Maier-Saupe [23]. The value of the order
parameter increases with increasing concentration.
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2.2.3 Alignment

Alignment of anisotropic particles can be a challenging task. Commonly used methods
are either mechanically induced alignment by shearing or flow, or vibrationally,
magnetically or electrically induced alignment [31]. When a system is aligned,
several factors have to be considered, including chemical bonding, van der Waals and
steric forces, dipolar interactions, and surface topography, making the description of
alignment rather difficult [ 32–34]. The alignment of anisotropic, nanosized particles
also governs the physical properties of the material in macroscopic scale, thus it is of
particular interest to know the orientation distribution of particles in a system.

The orientation distribution can be described using mathematical theories. Many
approaches employ Gaussians [35], Lorentzians [36], or a combination of both [37]
to describe the alignment. However, the theoretical approach usually shows big
discrepancies when compared to the obtained data. Vainio et al. [31] found that
a more accurate result for many systems can be achieved using a generalized nor-
mal distribution. Its physical background can be explained with the Maier-Saupe
orientation distribution for LCs in cholesterol-lipid systems.

Their further findings lead to the result that well aligned systems can sufficiently
be described using the Laplace distribution. For moderate aligned systems, the
Gaussian distribution can be a good estimation for the orientation distribution.

Surface alignment
A LC can align in planar, tilted or homeotropic structures on a surface [32]. Figure 4
shows the geometry necessary to describe an aligned system. A system is planar
aligned when the molecules are parallel to the surface with a defined direction within
the plane (� = 90 ° and ’ specified). The homeotropic alignment is characterized by
a perpendicular arrangement of molecules at the surface (� = 0 ° ). The tilted case is
exhibited when the polar angle is 0° < � < 90 ° .

Figure 4: Schematic of the geometry of surface alignment of a LC molecule with
molecular direction, n̂, polar angle,� , and azimuthal angle,’ .
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It might be of advantage to manipulate the alignment of LCs to control their optical
properties. Several methods have been developed to achieve controlled alignment in a
LC system [32]. A commonly used method is photo-induced alignment. This technique
uses light-matter interactions to dictate the orientation of molecules. It either
uses reorientation of azo-dye molecules (irreversible) ortrans to cis conformations
(reversible). Another method works with oblique evaporation of silicon oxides (SiOx )
and can be used to process tilted alignment. When the silicon oxides evaporate, they
cause a film growth of the surface in the direction of incident beam. Since the LCs
arrange along the direction of the film, the angle of alignment is determined by the
evaporation angle.

2.3 Characterization methods
2.3.1 Polarized optical microscopy

Polarized light microscopy uses the basic principles of light refraction on optical lenses
to magnify the specimen. A polarized optical microscope is additionally equipped
with a polarizer and an analyzer. The polarizer is placed in the light path before the
specimen and polarizes the light. Polarized light does not only enhance the contrast
of the picture, but also allows to visualize samples with anisotropic character [38]. A
second polarizer, which works as analyzer (seeFigure 5), is positioned in the optical
pathway. Birefringent samples interact with the plane-polarized light, producing
two individual wave components and causing an image contrast depending on the
propagation direction of the waves. The light components are recombined when
passing the analyzer [26].

Figure 5 shows the basic principle of a polarized optical microscope configuration
as described above.

Figure 5: Principle of a polarized optical microscope configuration [39].



11

2.3.2 Small angle X-ray scattering

Small angle X-ray scattering (SAXS) is a non-destructive characterization method
for providing structural and physical information at orders of c. 1-100 nm [40]. Its
principle is based on the constructive interference of X-rays elastically scattered by
atoms or structural units in a periodic lattice [41]. The characteristic diffraction
patterns or diffractograms, resulting from the interference of the specimen and the
beam, show the intensity,I , as a function of the diffraction angle, 2 � , and can be
used to identify crystalline components. Constructive interference depends on the
relation of wavelength,� , (or an integral number,n, of it) of a monochromatic X-ray
beam with lattice spacing,dhkl (depending on Miller indicesh,k and l ), and the
diffraction angle, � , between the incident and the diffracted beam. This correlation
is summarized in the Bragg’s law (Equation 1) [41].

n� = 2dhkl sin (� ) (1)

Figure 6: Reflection of X-rays on reflection plane and main parameters of Bragg’s
law [42].

Figure 6 shows the schematic reflection of X-rays and the main parameters
according to Bragg’s law.

In case of scattering angles� < 5 ° , the method is called small angle X-ray
scattering (SAXS) [42]. Differences in the electron density, occurring at the boundaries
of the structures, cause diffraction interference and diffraction phenomena can be
observed. In SAXS experiments, the intensity is measured as a function of momentum
transfer, q. The dimension ofq is one over length and can be written as [43]:

q =
4�
�

sin (� ) (2)

By setting the range ofq, the form factor as well as the structure factor of the
observed system can be studied. The form factor describes the size and electron
density distribution of particles, whereas the size and symmetry of the structure, as
well as the orientation and size of domains are defined by the structure factor.
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2.3.3 UV-Vis spectrophotometry

The principle of UV-Vis spectrophotometry is based on the phenomenon of the
interaction of electromagnetic radiation with molecules. The working range of a
UV-Vis spectrometer includes the ultraviolet (UV) range as well as the range of
visible (Vis) light (see Figure 7a) and is typically between 200 and 800 nm. The
electromagnetic radiation, which passes through the sample, excites the molecules.
As a result of the excitation, electrons are transferred from energetically lower orbitals
into energetically higher, free orbitals [44]. These transitions are mostly a transfer
between the highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO). The energy difference between the two orbitals involved
is defined by� E = h� (see fig. 7b). Here h corresponds to Planck’s constant
and � to the frequency of the photon. The energy required for this process can be
measured as absorption. The absorbed wavelength range depends on the energetic
position of the electron states. By means of UV-Vis spectrophotometry, important
molecular properties can be derived from the position, shape, intensity and number of
bands. It should be noted that UV-Vis absorption spectrophotometry only provides
information about the molecules in their ground state.

(a) (b)

Figure 7: a) Color spectrum and corresponding wavelength ranges. b) Schematic of
an electron transition from the ground state (E1) to an excited state (En ) [44].
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3 Materials and methods
This section lists the materials and devices used in this work, and the parameters set
for the characterization measurements.

3.1 Materials
3.1.1 Surfactant

The surfactant used in this work is a Polyethyleneglycol alkyl-3-sulfopropyl diether
potassium salt (Ralufon F11-13, Raschig GmbH, Ludwigshafen, Germany), belonging
to a common class of alcohol ethoxy sulfonate surfactants, and referred hereafter as
AES. The surfactant was used as purchased.

3.1.2 Cellulose nanocrystals

CNCs were produced at the USDA’s Forest Products Laboratory (FPL, Madison,
USA). The structure of CNCs includes negatively charged sulfate half-ester surface
groups resulting from sulfuric acid hydrolysis. The purchased CNCs were used to
produce a 1 wt% aqueous suspension.

3.1.3 Reactive monomer

For the photopolymerization process, a thermotropic reactive monomer (RM) 1,4-Bis-
[4-(3-acryloyl-oxypropyloxy)benzoyloxy]-2-methylbenzene (SYNTHON Chemicals
GmbH & Co. KG, Bitterfled-Wolfen, Germany) with a purity of � 97 %was used as
purchased.

3.1.4 Initiator

As initiator for the photo-induced polymerization Phenylbis(2,4,6-trimethylbenzoyl)-
phosphine oxide (Sigma-Aldrich, St. Louis, USA) with a purity of� 97 %was chosen
and used as purchased.
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Figure 8: Chemical structures and schemes of the used CNC, alkyl ethoxylate
sulfonate AES surfactant, reactive monomer and initiator.

3.2 Sample fabrication
For the fabrication of solvent-free LCs, a 1 wt% aqueous CNC dispersion was mixed
properly with AES in different weight ratios of CNC:AES 1:1, 1:5, 1:10 and 1:20 wt:wt.
First, a vortex mixer was used for 15 minutes and subsequently the dispersion was
sonicated for 30 minutes. Afterwards, the mixture was lyophilized in a freeze dryer
(Labconco Corporation, Kansas City, USA) for 72 hours and homogenized by heating
to 70°C under continuous stirring for 30 minutes.
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3.3 Preparation steps for alignment experiments
For the alignment experiments, the samples were placed between two glass slides,
heated to the temperature of interest with a heating rate of 5°C/min for 3 minutes to
ensure a homogeneous temperature, and subsequently manually sheared once in one
direction. The shearing direction is individually indicated in the polarized optical
microscopy (POM) images by arrows relative to the crossed polarizers.

3.3.1 Preparation of free-standing, aligned films

Free-standing, aligned films could be produced by mixing the prepared CNC:AES
composites with the reactive monomer and the initiator at 68°C under continuous
stirring for 45 minutes. In a dimmed room, the sample was placed on a glass slide on
a heating plate at 68°C. To adjust the thickness of the films and to ensure a uniform
thickness over the whole film, silica spacers were placed on the edges of the glass slide
and another heated glass slide was placed on top. The alignment of the sample was
processed by manually shearing the two glass slides once in one direction. A fixation
of the alignment could be achieved by photopolymerizing the sample on the heating
plate with an LED at 385 nm for 3 minutes. This process is schematically shown in
Figure 9. Subsequently, the sample was placed in a UV chamber for 5 minutes to
ensure full polymerization.

Figure 9: Schematic of the preparation of aligned, free-standing films by shearing
manually and subsequent photopolymerization.



16

3.4 Characterization
3.4.1 Polarized optical microscopy

The samples’ birefringent character was investigated using a Leica DM 4500 P (Leica
Microsystems GmbH, Wetzlar, Germany) polarized optical microscope. The images
were taken in reflection mode at a 10 times magnification with crossed polarizers. The
shearing direction is indicated for every image relative to the crossed polarizers. For
adjusting the temperature, a Linkam LTS420 (Linkam Scientific Instruments Ltd.,
Tadworth, United Kingdom) heating/freezing stage was used with a heating/cooling
rate of 5°C/min. The samples were first heated to the highest temperature in the
series and then cooled down to take the pictures with a holding time of 3 minutes at
the desired temperatures.

3.4.2 Small angle X-ray scattering

The obtained samples were characterized by small angle X-ray scattering performed
with a Xenocs Xeuss 3.0 (Xenocs SAS, Grenoble, France). The device works with a
microfocus X-ray source with a Cu target emitting CuK� radiation. As monochro-
mator a multilayer mirror is used which yields a beam consisting of a combination of
CuK � 1 and CuK� 2 wavelengths.

The temperature dependent measurements and the measurement with the aligned
films were performed with a source-detector distance of 500 mm and 600 mm, respec-
tively, with an investigated q-range of2:55 � 10� 3 - 4.34 nm.

3.4.3 UV-visible spectrophotometry

The absorbance behavior of the polymer films regarding UV-Vis light in a wavelength
range of 200-800 nm was measured using a Cary 5000 UV-Vis-NIR spectrophotometer
(Agilent Technologies, Santa Clara, USA). The samples were measured in absorbance
mode.
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4 Results and discussion
In this chapter the experimental results are presented and discussed. The effect
of temperature on the surfactant and on the solvent-free LCs of CNC:surfactant
in terms of birefringence and shearing is analyzed. Subsequently, the alignment of
free-standing films by photo-polymerization is investigated. The optical observations
received with POM are compared to SAXS and UV-Vis measurements.

4.1 Temperature dependence of the AES surfactant
The temperature dependence of the pristine surfactant AES is investigated using
POM and SAXS at different temperatures. The data was recorded while cooling the
samples.

Figure 10a-e shows the POM images of pristine AES at different temperatures,
ranging from 100°C to -20°C. At low temperature at -20°C and 0°C, one observes
Maltese cross-like patterns. Such patterns are typically related to spherulitic spherical
assemblies or defects due to crystallization. However, at higher temperatures above
25°C, no POM patterns are observed, and the POM images turn featureless black.
This can indicate either disordered state or homeotropic alignment of LC-phases.
Therefore, complementary SAXS-studies are needed.
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(a) (b)

(c) (d)

(e)

Figure 10: POM images of pristine AES at a) 100°C, b) 50°C, c) 25°C, d) 0°C,
and e) -20°C. The images were taken in reflection mode at a 10 times magnification
with crossed polarizer. The white bar corresponds to 200� m.

Figure 11a represents the corresponding SAXS measurements of pristine AES
surfactants at different temperatures. The SAXS patterns were analyzed in theq
range between 0.5 nm� 1 and 4.3 nm� 1 (Figure 11b-d) using the programsScatter
and SASV iew, which capture also broadened peaks [45].

I (q) =
A
qn +

B
1 + ( � jq � qcj)m + background (3)
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Equation 3 is based on an empirical model used for randomly cross-linked hydro-
gels and polymer solutions [46–48]. The first term corresponds to low-q correlations
extending to distances larger than dozens of nm [49, 50]. It consists of a low-q
power-law exponent (Porod exponent),n, and a low-q scale factor,A. The second
term, a Lorentzian-type function, describes the high-q broad peak corresponding
to length scales from 1 to 10 nm, characterizing the fibril network. It includes a
Lorentzian exponent,m, and a Lorentzian scale factor,B , as well as the peak center,
qc. � , called the Lorentzian screening length, can be interpreted as the mesh size in
case of gel-like networks [50–52].

We start the discussion of the AES SAXS structures from the reflections at
25°C, as they are the clearest ones. We observe two sets of reflections atq= 1.09,
2.15, and 3.28 nm� 1 (denoted as reflections A), as well 1.20, 2.42, and 3.60 nm� 1

(denoted as reflections B). The corresponding spatial dimensions are listed inTable 1.
Sooner than supposing two coexisting separate lamellar assemblies, we tentatively
suggest that the reflections can be indexed by an oblique 2D-lattice with unit lattice
vector lengths ofa= b= 5.76 nm and � = 64.6 ° . In POM, the sample appeared black
featureless, thus suggesting homeotropic alignment across the glass slides. In such
a case there is no anisotropy along the glass slides. Upon heating to 50°C, the
reflections become more smeared, also acquiring an increased background scattering.
This qualitatively indicates increased disorder. At 100°C, only a very broad Lorentz-
shaped correlation hole peak can be observed atq= 1.50 nm� 1 with a very small
domain size of 4.2 nm, which indicates the existence of a disordered phase liquid,
denoted here as Dis C. A weak broad peak atq between 2.5 - 3 nm� 1 might represent
the correlation of the AES molecules on another direction. On the other hand, at
low temperatures at 0°C the SAXS curves indicate reflections roughly at the same
positions as for 25°C, however, therein the reflections are broader as well as shallow,
near q= 0.82 nm� 1. Importantly, POM suggests the appearance of Maltese crosses,
which could indicate crystallinity. As sulfonate-containing surfactants are highly
hygroscopic, incorporating a “water molecule pool” near the sulphonate groups, we
suggest that freezing of water near 0°C plays an important role to reduce the order
in the SAXS scale and to induce crystallizing defects, as manifested in POM. Note
that the d-spacing of 5.46 nm is close to the dimension of the AES molecules on the
longitude direction. Detailed parameters are listed inTable 1.
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(a) (b)

(c) (d)

Figure 11: a) Results of the temperature dependent SAXS measurements for pristine
AES in double logarithmic plot. It shows intensity vs.q for temperatures in a range of
100°C to -20,°C. The corresponding distancesd are labeled in nm and determined by
combining eq.1 and 2. b)-d) SAXS fitting at high q range (0.5 nm� 1 < q< 4.3 nm� 1)
of pristine AES with lamellae model inScatter for Lam A and Lam B and broad
peak model inSASV iew for Dis C at different temperatures.

Table 1: SAXS fitting parameters with the lamellae model of pristine AES at different
temperatures. For Lam A and B, the parametersd, domain size and displacement
are given directly from the fitting with Scatter. For Dis C, d is given byd = 2 �=qc
whereqc is the value of peak center in the broad peak model, and the domain is the
value of Lorentzian screening length,� .

Temperature Parameter (nm) Lam A Lam B Dis C

100°C
d 4.19
domain 4.2
displacement

50°C
d 5.65 5.02 5.10
domain 80 70 4.6
displacement 0.5 1

25°C
d 5.76 5.23 5.46
domain 80 70 4.8
displacement 0.2 0.7
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4.2 Cellulose nanocrystal-surfactant (CNC:AES) nanocom-
posite in bulk

In the next step, CNCs were added to AES in different surfactant ratios (wt:wt) as
described insubsection 3.2with surfactant in excess.

4.2.1 Effect of CNC:AES composition on birefringence

In comparison to the pure AES thermal behavior and lack of overall optical anisotropy
therein, a potential macroscale optical anisotropy of the CNC:AES mixtures would
be a strong, however indirect, evidence for solventless liquid crystallinity.

Figure 12represents the POM images of the unsheared CNC:AES composites
with different CNC:AES wt:wt ratios. Figure 12a shows the composition CNC:AES
1:1 wt:wt, i.e., a relatively small fraction of AES. It would indicate that in average
the same lateral distance (e.g.,10 nm) exists between the CNCs, supposing that
homogeneous mixing takes place. It shows a nonuniform texture with hard domain
boundaries, containing highly birefringent domains in less birefringent medium.
Therefore, an aggregation of CNCs is suggested in this case.Figure 12b shows the
composition CNC:AES 1:5 wt:wt. Strict domain boundaries are not observed in
POM and more smooth birefringent texture manifests. This micrograph suggests
more homogeneous compositions, where the CNC would be smoothly dispersed in
AES. Figure 12c and d present the compositions CNC:AES 1:10 and 1:20 wt:wt
with high weight fraction of AES, i.e., with high surplus of AES. They suggest
homogenous mixing, albeit the birefringence is smaller than that of 1:5 wt:wt, thus
suggesting that the spontaneous optical anisotropy is reduced.

An important tentative conclusion is that we do not observe macroscopic phase
separations in optical microscopy taken a sufficiently large fraction of the plasticizing
surfactant is used, upon mixing the CNC nanorods and AES surfactants using the
prescribed method. This observation is reminiscent to surfactant-plasticized rod-like
electrically conducting polymer polyaniline using bound surfactants for plasticized
ionic complexes [53, 54].



22

(a) (b)

(c) (d)

Figure 12: POM images of unsheared CNC:AES composites with different surfac-
tant levels at 25°C. The CNC:AES compositions are a) 1:1 wt:wt, b) 1:5 wt:wt,
c) 1:10 wt:wt and d) 1:20 wt:wt. The images were taken in reflection mode using
crossed polarizers. The white scale bar corresponds to 200� m.

To shed more light, SAXS measurements and structural analysis of CNC:AES
are presented inFigure 13. First of all, it is important to notice that as the lateral
size of CNC is in the range of 10 nm, the relevant SAXS range for CNC:AES
nanocomposites is 0.1 to 1 nm� 1, i.e., lower than the pure AES. In comparison of the
SAXS measurement of CNC:AES composites and pure AES, the most obvious change
is the observed power-law exponent decreasing background ofI (q) in Porod region
(0.14 nm� 1 < q < 4.3 nm � 1), most probably originated from the scattering of CNC
fibers. When fitting the part of 0.14 nm� 1 < q < 0.8 nm � 1 (Figure 13), the n values
for the samples can be determined. Then value for the two samples at differentT are
around 2.1 for CNC:AES 1:20 wt:wt sample and 1.8 for CNC:AES 1:5 wt:wt sample,
indicating a gel-like fiber network with interfaces [51]. A scaling of I (q) � q� 2 in the
Porod region also indicates a platelet particle morphology, supporting the findings
of the lamellae model [49]. In addition, it can be observed that all the lamellar
phases encounter an increasing domain size and/or displacement with the increasing
surfactant amount vs. CNC (Figure 14). In other words, a larger amount of CNCs
makes the AES host matrix more disordered.
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