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Abstract

Abstract: Sulfated cellulose nanocrystals (CNC), a promising renewable biopolymer,
have been utilized as templates along with conductive organic polymers (COPs) to
prepare flexible, transparent, water-stable conductive films for optoelectronic appli-
cations. Triethanolamine (TEOA), sodium hypophosphite (SHP), 1,2,3,4-butane-
tetracarboxylic acid (BTCA), and ethylene glycol diglycidyl ether (EGDE) were
chosen as crosslinkers, and a flexible, water-stable, transparent CNC film was suc-
cessfully prepared. Two approaches, in-situ and ex-situ methods, were then em-
ployed for preparing the transparent conductive films. The lowest sheet resistance
of the CNC/Pytrole film was 2.2 x 10% ohm /sq using the ex-situ fabrication method.
Characterization techniques including titration, polarized optical microscopy, ATR-
FTIR spectroscopy, and sheet resistance measurement were employed to analyze
and observe the films. The challenges faced during using both methods are also
discussed.

Keywords: Conductive, Water resistant, Transparent, Cellulose nanocrystal films
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1

Introduction

1.1 Background

The energy crisis and environmental problems caused by hazardous recalcitrant
compounds from petroleum hydrocarbon pollutants have drawn attention to lig-
nocellulose biopolymers as potential solutions. Among the main components of
lignocellulose, namely cellulose, hemicellulose, and lignin, cellulose stands out as
the most abundant natural renewable biopolymer [7]. Cellulose, with the chemical
formula (CsH1005),, is a carbohydrate linear polymer composed of repeated [(-D-
glucopyranose units linked by 5 (1 — 4) bonds, with three hydroxyl groups per
anhydroglucose unit, providing a high capacity for surface modification [29]. While
cellulose is naturally present in plants as a biocomposite, it can also be extracted
from other natural sources, including bacteria, algae, and sea animals. Cellulose,
as an emerging renewable nanomaterial, finds various applications in food, paper
production, industrial, and pharmaceutical biomaterials [3] [16]. Nano-cellulose is
classified into three main categories based on sources and morphological structures:

cellulose nanocrystals (CNC), cellulose nanofibers (CNF), and bacterial nanocellu-
lose (BNC) [28].
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Figure 1.1: Scheme of cellulose nanofibers (CNF)

CNC is currently considered the most practical nanocellulose for various applica-
tions due to its ability to be manufactured on an industrial scale. Industrial CNC
products are obtained after fractionation and pre-treatment processes. Typically,
fractionation involves removing hemicellulose and lignin. Following fractionation,
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nanocellulose can be extracted from the pretreated cellulosic materials through me-
chanical treatment, acid hydrolysis, enzymatic hydrolysis, or a combination of these
processes.

An acid-induced destructuring process using hydrochloric, hydrobromic, or sulfuric
acids is commonly employed to isolate CNC. During acid hydrolysis, acid molecules
selectively permeate the amorphous (disordered) cellulose fiber domains and break
glycoside bonds, yielding CNC and sugar molecules. Consequently, CNC is ex-
tracted from the relatively resistant crystalline (ordered) regions of cellulose. The
most common extraction method involves sulfuric acid, where the sulfuric acid in-
troduces half-ester sulfate groups via reaction with hydroxyl groups on the cellulose
surface, resulting in CNC with excellent aqueous stability. [23]

] Sulfuric Acid Hydrolysis Sonitation

J icrofibril | Fiber 7 —

CNC Blocks
CNC isolated with sulfate groups on surface

Figure 1.2: Scheme of sulfated cellulose nanocrystals (CNC) prepared from CNF

Due to the fascinating properties exhibited by CNC, such as biodegradability, non-
toxicity, hydrophilicity, and the ability to self-assemble in liquid states, it has found
extensive use as an emulsifier, thickener, and stabilizer in cosmetics, and pharma-
ceutical applications. Besides, in heavy-duty engineering applications, CNC’s low
density, remarkable mechanical properties, and nanoscale dimensions, which afford
high surface areas, make them ideal candidates as fillers or reinforcement agents.
This utilization is prevalent in industries such as automobile, aerospace, and certain
biomedical fields, facilitating the production of high-performance materials. These
materials benefit from the excellent thermal stability, superior mechanical strength,
and optical properties offered by CNC nanoparticles.[11][28]

1.1.1 Sulfated Cellulose Nanocrystals

CNCs are highly crystalline and needle-shaped structured with typical dimensions
of 4-20 nm in width and 100-500 nm in length that gives them a high aspect ratio
of about 10-70. The geometrical dimension, biological, chemical, and mechanical
properties of CNC depend on the pristine cellulosic material and its processing
conditions.[23][1]

Cellulose nanocrystals prepared via sulfuric acid hydrolysis are decorated with sul-
fate groups that yield a stable water suspension. In this thesis, all CNC uti-
lized were derived from cellulose hydrolyzed with sulfuric acid, resulting in charged
nanocrystals wherein some surface hydroxyl (OH) groups have been replaced with
—0OSO;3 groups. The quantity of sulfate-substituted hydroxyl groups can be ad-
justed, thereby influencing their solubility and potential for functionalization. The
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properties of the polysaccharides can be modified through chemical modifications of
the sulfate groups on the cellulose.[17]
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Figure 1.3: Scheme of surface hydroxyl groups on CNC be replaced by sulfate
groups.[17]

Sulfated nanocellulose is highly hydrophilic, making it challenging to disperse and
mix with hydrophobic matrices for producing cellulose-based composite materials.
To enhance the chemical compatibility between CNCs and a matrix, or to further
render the products hydrophobic, CNCs are typically hydrophobized either by ad-
sorbing hydrophobic cations onto the sulfate groups or by chemically modifying the
CNC surfaces. Films produced from sulfated-CNC disperse when placed in water
due to weak forces between crystallites, allowing water to diffuse into the crystal-
lite network and disperse them. To make the film water-resistant, a cross-linker is
usually added to link the crystals. Short linkers may result in stiffness of the films,
whereas longer linkers, consisting of 25 or more atoms, may cause the film to swell
and turn into a gel. In this thesis, various types of crosslinkers and azetidinium
salts (Az-salts) are explored to improve the CNC surface and produce the flexible,
water-resistant CNC films.[6]

1.2 Cellulose Nanocrystals Films

CNC suspensions have the ability to self-organize into a liquid crystalline arrange-
ment, which can be preserved when the suspensions are carefully dried. This
self-organization can be observed through fingerprint patterns indicative of chiral-
nematic ordering when the suspensions are visualized by polarized optical microscopy.
The chiral nematic structures consist of stacked planes of CNCs aligned along a vec-
tor, with the orientation of each director rotated about the perpendicular axis from
one plane to the next. This self-arrangement is sensitive to the surrounding en-
vironment, including factors such as viscosity, ionic strength, pH, external fields,
and drying conditions. Therefore, preserving such organization in a polymer matrix
poses a significant challenge.[21]

1.2.1 Transparency of CNC Films

CNC chiral nematic structure can be preserved after the controlled drying of suspen-
sions that allows formation of iridescent films of CNCs with a chiral nematic pitch
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on the same length scale as the visible light wavelength. This unique system was de-
scribed as an interference device with a capacity to reflect circularly polarized light
over a specific wavelength range. Thin solid films that retain CNC optical properties
have numerous potential applications like coating for decorative materials, security
papers, and so on. However, the critical point for the practical application of such
films based on the pure CNCs is their hygroscopic character arising from the in-
herent hydrophilic nature of cellulose. Therefore, from a practical point of view,
achieving and preserving this spectacular self-organization in a polymer matrix rep-
resents a challenge for application in coating decorative materials.[21] Properties of
films derived from aqueous nanocrystals cellulose dispersions by water evaporation
depend on concentration of sulfate groups.

1.3 Flexible Water-resistant CNC Films

As hydrophilic CNC is a rigid rod-shaped particle with high modulus, CNC films
are very fragile. In order to overcome this limitation, Triethanolamine (TEOA) has
been used to improve the flexibility of CNC liquid crystal films. Furthermore, the
pure CNC films have strong water absorption ability and are highly soluble in wa-
ter, resulting in rapid dissolution of the film in aqueous solutions. Meanwhile, water
molecules enter the interior of CNC films, increasing the permeability of CNC. As
a result, the CNC film disappears in water quickly, greatly limiting the application
scope.[4]

TEOA has the potential to enhance the flexibility of sulfated cellulose nanocrystals
(CNCs). Aggregation of CNCs can result in localized regions of increased stiffness
or brittleness within the composite material. TEOA as a dispersant can help to
prevent CNC aggregation both in solution and within the polymer matrix. By facil-
itating improved dispersion of CNCs, TEOA fosters a more uniform distribution and
alignment of CNCs within the polymer matrix, thus leading to enhanced flexibility.
Additionally, TEOA-modified CNCs may improve compatibility with the polymer
matrix, further contributing to the overall flexibility of the composite material.

The Ethylene glycol diglycidyl ether (EGDE), 1,2,3,4-Butanetetra-carboxylic acid
(BTCA), and Sodium hypophosphite (SHP) are discussed in this theis to enhance the
water resistance of sulfated cellulose nanocrystals (CNCs) by serving as crosslinkers.

EGDE is a bifunctional epoxy compound that can react with hydroxyl groups present
on the surface of CNCs. During crosslinking, EGDE molecules may form the cova-
lent bonds with hydroxyl groups on adjacent CNCs, creating a network structure
within the composite material. This crosslinked network helps to physically trap wa-
ter molecules and prevent them from penetrating the CNC matrix. BTCA has been
enhanced as an efficient crosslinker for the fabrication of freestanding crosslinked
nanocellulose membranes. Evidence indicates that it not only improves the water
stability of CNC membranes but also introduces a carboxyl group to the crosslinked
material for every crosslink created between the cellulose and BTCA. Additionally,

4
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it shows good ion transport properties.[37] SHP contains phosphorus atoms that
can react with hydroxyl groups present on the surface of CNCs. When mixed with
CNCs and heated under certain ondition, SHP undergoes a chemical reaction with
the hydroxyl groups, resulting in crosslinking between CNCs.

The combination of the three crosslinkers described above can form crosslinked
networks with high flexibility and good water stability. The resulting multiple
crosslinked networks can wrap around the surface of the CNC chains and interact
with their surface functional groups, subsequently disrupting the original hydrogen
bond interactions between CNCs. This disruption can increase the water resistance
of the composite.

1.4 Transparent Conductive CNC Films

Optoelectronic devices, including liquid crystal displays, light-emitting diodes, solar
cells, touch panel displays, lasers, and detectors, play crucial roles across numer-
ous domains and are indispensable in our daily lives. Their market size has been
substantial and continues to expand steadily. An optoelectronic device requires at
least one transparent electrode in order to emit or harvest light. Although indium
tin oxide (ITO) currently dominates as the preferred material for transparent elec-
trodes in optoelectronic devices, it has problems of scarce indium on earth which
has caused the skyrocketing price, high mechanical brittleness that makes it unsuit-
able for flexible electronic devices. Consequently, there is an urgent need for the
development of new transparent conductive materials to supplant ITO.[27] An idea
of converting transparent CNC into conducting nanocomposite, which can combine
the good optical property of CNC with conductive fillers is given in this thesis.

1.4.1 CNC as Templates for Conductive Films

CNC can be taken as a template to combine with other polymers boasting ex-
ceptional characteristics, to create functional polymer-based nanocomposites. It is
suitable for the assembly of nanoparticles with characteristics such as anisotropy,
birefringence, and liquid crystallinity, CNC has shown important applications in
optical and electronic materials. [24]

So far CNC was mainly used as a dispersant for functional material or constituent
for separator membranes or substrates for the preparation of conductive nanocom-
posite because of its insulator behavior.[15] However, it has several advantages of
being the template of conductive nanocomposites. The nanosized CNC with a high
aspect ratio can lower the percolation threshold via the formation of electrical net-
works with reduced functional material loading; The abundance of reactive surface
hydroxyl groups on CNC facilitates simple chemical modification to obtain the de-
sired electrical properties; The strong mechanical properties enable self-standing
and high strength materials to be fabricated without additional additives; The high
carbon content of CNC and its nanosized dimensions makes it an ideal precursor to
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prepare porous carbon-based electrodes via a high-temperature pyrolysis; The high
stability in aqueous suspension allow the water-based processes, which facilitates
the use of environmentally friendly processes of production. Additionally, at high
concentrations, CNC can self-assemble into a chiral-nematic crystalline phase.[23]

1.4.2 Flexible Conductive Films

With the increasing need of foldable display panels, touch screens, e-skin as well
as implantable electronic devices, flexible transparent conductive films are essential
components in realizing the design and development of flexible electronics.[26] The
optoelectronic properties of different applications have specific requirements, for ex-
ample, touch panels necessitate slightly flexible transparent conductive electrodes
with high transmittance and relatively higher sheet resistance due to inductive func-
tionality. Hence, there is a need for advanced materials, methodologies, and designs
to cater to the needs of flexible electronics.[22]

Flexible conductive films can be made from a variety of inorganic, organic materials.
Among inorganic materials, metals such as silver, gold, copper, and other hybrid
materials have been used as flexible electrode materials due to their high electrical
conductivity and flexibility. Besides ITO, metal oxides such as SnO,, ZnO, In,0Os3,
TiO,, etc. have been widely used as transparent flexible electrodes due to their high
transparency and conductivity. Carbon-based materials, like graphene, graphene
oxide (GO), and carbon nanotubes(CNTs), are the first choice for flexible electrodes
due to their high mechanical strength, flexibility, and excellent electrical conduc-
tivity. Organic polymers such as polypyrrole (PPy), poly(3,4-ethyl dioxythiophene)
(PEDOT), and polyaniline (PANI) are also used as flexible electrodes due to their
high conductivity and flexibility.[22]

Due to the inherent trade-offs between electrical conductivity and optical trans-
parency as well as flexibility, It is hard to find a single material perfectly suitable
for the flexible conductive films’ fabrication. Therefore, the novel hybrid materi-
als combined with different properties are created for fabricating advanced flexible
conductive films to have improved transmittance, conductivity, and flexibility.[32]

1.4.2.1 Conductive Organic Polymers

Conductive organic polymers (COPs) are a good choice for making transparent
conductive CNC composites, which can endow the composites with flexibility and
conductivity. COPs are flexible, lightweight, and corrosion-resistant compared to
inorganic conductive materials, and possess excellent electrical and optoelectrical
properties, as well as photovoltaic capabilities. Another advantage of COPs is that
their properties can be easily tuned through doping or post-treatment, allowing the
materials to be tailored to meet the desired performance for a given application.
Most of the electrical properties of conductive polymers originate from their con-
jugated pi-electron backbone. Representative examples such as polypyrrole (PPy),
poly(3,4-ethyl dioxythiophene) (PEDOT), and polyaniline (PANI) have been exten-
sively studied in recent years.[19]
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Polypyrrole (PPy), as one of the most important azaheterocycles, due to its wide
range of applications in pharmaceuticals and optoelectronic materials, coupled with
its utility as an intermediate in natural products. Pyrrole itself is not naturally ex-
isted, but it occurs in many bioactive natural products. It was first found in nature
by Runge in 1934, when he first noticed the formation of a new substance during the
destructive distillation of coal tar and bone oil, which turned red upon application
to acid-moistened pine splinters. Pyrrole and its derivatives have been the focus
of attraction of material scientists because of their potential as components of op-
toelectronic materials such as polymeric light-emitting diodes (PLED) and organic
light-emitting diodes (OLED), thin film transistors, non-linear optical polymers,
high performance semiconductors derived from hexa(N-pyrrolyl)benzene.[18][20] The
idea of forming transparent conducting films of Pyrrole: CNC and PEDOT: CNC
films is given in this thesis with several attempts.

Figure 1.4: Chemical structures of polypyrrole

PEDOT is another popular conductive polymer that is derived from the monomer
3,4-ethylenedioxythiophene (EDOT). It is renowned for its high electrical conduc-
tivity, excellent stability and remarkable transparency, making it a versatile mate-
rial for applications in electronics, optoelectronics, energy storage, and biomedical
engineering. One of the distinguishing features of PEDOT is its flexibility, which
allows for the fabrication of flexible and stretchable electronic devices. Furthermore,
PEDOT can be easily doped with various dopants to further enhance its conduc-
tivity or modify its properties for specific applications. This tunability through
doping enables precise control over PEDOT’s electrical, mechanical, and optical
characteristics, making it highly adaptable to diverse technological requirements.
Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonic acid) (PEDOT: PSS) is one
of the most successful commercialized conducting polymer that meet different ap-
plication requirements in organic electronics. [26] The specific conductivity of blue
Aqueous PEDOT:PSS (CLEVIOS‘D‘¢ PH 1000) dispersion is 850 S/cm and the
Sheet Resistance Range is 100 - 1000 Ohm/sq. PEDOT: PSS possesses outstand-
ing advantages of good film-forming properties, high transparency in the visible
range, excellent thermal stability, especially the tunable and improved conductivity
achieved by secondary doping.[30][27] The idea of forming transparent conducting
PEDOT:CNC films is given in this thesis with several attempts.
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Figure 1.5: Chemical structures of PEDOT

SO;H SO;H SOsH  SOsH  SO.H
Figure 1.6: Chemical structures of PEDOT: PSS

1.4.3 Approaches for preparing Conductive CNC Compos-
ites

Conductive polymer and CNC hybrid materials have been widely studied due to
its easy preparation method, low-cost, and various strategies to control the proper-
ties of the composite. There are mainly four categories of approaches for preparing
the conductive CNC composites, which include conductive polymer coating, con-
ductive metal coating, carbonized CNC and CNC-CNT composite. To obtain the
transparent conductive CNC films and keep CNC’s transparent optical properties,
conductive polymer coating method is first considered to fabricate the conductive
CNC composites.
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Figure 1.7: Schematic illustration describing the generalized approaches to prepare
electrically conductive CNC

There are many studies dedicated to the fabrication of conductive polymer compos-
ites, where the conductive polymer and substrate material are used as the matrix.[2]
The methods of combining conductive polymers and CNC can be divided into in-situ
and ex-situ methods, depending on the presence of CNC during the polymerization.

For in-situ methods, conductive polymers are polymerized in the presence of CNC to
form a core-shell structure, where the conductive polymer is coated on the CNC. The
three typical polymerization techniques to fabricate conductive polymeric coating on
CNC are chemical, photochemical, and electrochemical polymerizations. Chemical
polymerization is the most commonly used technique to prepare core-shell conduc-
tive polymer coated CNCs because the process is scalable.[?] Another less popular
method is electrochemical polymerization, the requirement of an electrochemical cell
limited its development for synthesis. In ex-situ method, the conductive polymer
and CNC are separately prepared. Usually, the conductive polymer is adhered to
the CNC surface with physical mixing and blending method. This method is usu-
ally applied to lower the electrical percolation threshold and enhance the mechanical
properties by bonding the conductive polymer with CNC network.[35]

Because of the conflicting properties of conductivity and transparency, one approach
is to control the polymerization speed.

1.5 Characterization Techniques

1.5.1 ATR-FTIR

Fourier transform infrared (FTIR) spectroscopy is a form of vibrational spectroscopy
for acquiring emission spectra or infrared absorption from solid, liquid or gas sam-
ples. This technique is based on the identification of functional groups within
molecules where such groups stretching or bending when irradiated with specific
wavelengths of light. These vibrations and their intensity (% transmission) are plot-
ted against the frequency of the light (¢cm™!) to which the sample is exposed to pro-

9



1. Introduction

duce an FTIR spec4trum. The unique portion to the compound of the FTIR spec-
trum is called the fingerprint region. [9] Attenuated Total Reflection Fourier trans-
form infrared (ATR-FTIR) spectroscopy is a label-free, non-destructive technique
that can be applied to determine the organic content of the samples. Among the
current techniques such as mass spectrometry (MS) and nuclear magnetic resonance
(NMR), which can be expensive to run and have stringent sample pre-requisites
for optimum results, which include but not limited to a pH range of 4-7, the use
of a deuterated solvent, and the absence of excipients. The flexible, water-stable,
transparent CNC films prepared in this thesis require minimal sample preparation
and have not been tested under different pH levels and solvents. Therefore, FTIR
was chosen as the characterization method, which can provide insights into sample
components and be used to optimize the production process.[34]

When a molecule absorbs infrared radiation, its chemical bonds vibrate. The bonds
can stretch, contract, and bend. This is why infrared spectroscopy is a type of
vibrational spectroscopy. Fortunately, the complex vibrational motion of a molecule
can be broken down into a number of constituent vibrations called normal modes.
Molecules, like guitar strings, vibrate at specfic frequencies so different molecules
vibrate at different frequencies because their structures are different. This is why
molecules can be distinguished using infrared spectroscopy. The first necessary
condition for a molecule to absorb infrared light is that the molecule must have
a vibration during which the change in dipole moment with respect to distance is
non-zero. The second necessary condition for infrared absorbance is that the energy
of the light impinging on a molecule must equal a vibrational energy level difference
within the molecule. If the energy of a photon does not meet the criterion in this
equation, it will be transmitted by the sample and if the photon energy satisfies this
equation, that photon will be absorbed by the molecule.

1.5.2 Sheet Resistance Measurement

1.5.2.1 Four-point Probe Method

—
O,
N/

2 3 4

Figure 1.8: Schematic illustration of the four-point probe method

Sheet resistance (Rj), a critical electrical property, is used to characterize films of
semiconducting and conducting materials. It is a measure of lateral resistance per
square area of a film with uniform thickness, and quantifies the ability of electrical
charge to travel in the plane of the film. The standard technique for measuring
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1. Introduction

sheet resistance is the four-point probe method. To calculate the R, a DC current
is applied through the outer probes which includes a voltage across the two probes.
By measuring this voltage drop, the sheet resistance can be calculated using the
following Equation [26]:

™ AV AV

_ =L = 4.53236—— 1.1
o=t 1 53236 (1.1)

Where:

R, = Sheet Resistance (expressed in ‘D‘e/sq.)
AV = Voltage drop measured across the inner probes

I = Current applied at the outer probes

In addition to the factor ﬁ in the equation above, a geometric correction factor is
required, which accounts for the limitation of current pathways through the sample
and this factor is based on the sample size, shape and thickness and the position
of the probes. If the thickness of the material being measured is known, the sheet
resistance can be used to calculate its resistivity by using the Equation [26] :

R, = % (1.2)
Where:

R, = Sheet Resistance
p = Bulk Resistivity
t = Thickness of the Sample

The unit of the sheet resistance is {2 - m, which is more completely stated in units of
Q-m?/m (2 - area/length), When divided by the sheet thickness (m), the units are
Q:m-(m/m)/m, the term " (m/m)" cancels, but represents a special "square" situation
yielding an answer in ohms. An alternative, common unit is "ohms square" (denoted
'(2/0") or "ohms per square" (denoted "$2/sq"), which is dimensionally equal to an
ohm, but is exclusively used for sheet resistance. [13]

1.5.3 Polarized Optical Microscopy

Polarized Optical Microscopy, also referred to as Polarized Light Transmission Mi-
croscopy is a technique widely used to study the microstructure of crystals, liquid
crystals, polymers, and other transparent, optically anisotropic specimens. A mi-
croscope image is the intensity distribution of the projection, on a viewing plane,
of a light beam transmitted through a specimen. Polarized Optical Microscopy is a
contrast-enhancing technique. Spatial variation in the intensity is called contrast.
Contrast in most images arises because light is absorbed in different amounts as it
traverses different parts of the specimen. However, contrast in images produced by
polarized light microscopes also arises from variations in the phase change of light
traversing the specimen. [5]
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Figure 1.9: Scheme of a polarized light microscopy [31]

Light waves from the microscope lamp have randomly oriented planes of electric field
oscillation, which also be called planes of polarization. The only light in which the
electric field oscillates in parallel to the so-called privileged direction of the polarizer
can pass through and be called plane-polarized light. When the privileged direction
of the analyzer is oriented at right to that of the polarizer (i.e. they are at 90‘tC
to each other), the field of view is in cross-polarized light, and the background will
be dark. Image contrast arises from the interaction of plane-polarized light with a
birefringent or doubly-refracting specimen to produce two individual wave compo-
nents that are each polarized in mutually perpendicular planes. The velocities of
these components, which are termed the ordinary and the extraordinary wavefronts,
are different and vary with the propagation direction through the specimen. Af-
ter transmitting the specimen, the light components become out of phase, but are
recombined with constructive and destructive interference when they pass through
the analyzer. [31]

The polarized light microscope allows observing samples that are visible primar-
ily due to their optically anisotropic character. Anisotropic materials have optical
properties that vary with the orientation of the incident light with respect to the
crystallographic axis. Such materials have more than one refractive index (for ex-
ample, azurite, cinnabar, etc.) and with such microscopes will appear bright and
distinctly coloured against the black background. However, these are polarization
colours (not actual sample colours) and are related to the refractive indices and
thickness of the sample. In cross-polarized light, isotropic materials (e.g. gasses,
liquids, resins, unstressed glasses, cubic crystals that have only one refractive index)
will not be visible. [31]
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2

Materials and Equipment

Materials
Chemical Name Producer
Sulfate Cellulose Nanocrystals Solution Jelka Feldhusen
Triethanolamin ALDRICH (98%)
Ethylene glycol diglycidyl ether ALDRICH (50%)
Methanol ALDRICH (99.9%)
Sodium hypophosphite Flucka (98%-100%)
1,2,3,4-Butanetetra-carboxylic acid ALDRICH (99%)
Potassium persulfate SIGMA-ALDRICH (99%)
3,4-Ethylenedioxythiophene SIGMA-ALDRICH (97%)
Pyrrole ALDRICH (98%)
Iron(I1T) chloride SIGMA-ALDRICH (97%)

Note: Sulfate Cellulose Nanocrystals solution was produced by Jelka Feldhusen, the hy-
drolysis of microcrystalline cellulose by using 64 wt% sulphuric acid from Avicel.

Equipment
Equipment Name Producer
Sonicator SONICS
Titration Device Titrando 905
Molecularporous Membrane Tubing Spectra/Por
Petri dish Gosselin 100 x 15 mm Petri Dishes
Source measure unit Keithley
Optical Goniometer Attension
FT-IR Spectrometer Perkin Elmer
Optical Microscope ZEISS
Pipette VWR
Balance Sartorius
Fridge Ninolux
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Methods and Experiments

3.1 Dialysis

Dialysis is a separation technique used to separate molecules or particles based on dif-
ferences in their sizes or properties, such as molecular weight or charge. It is commonly
employed to purify and concentrate solutions of macro-molecules. There are three compo-
nents of Dialysis setup, sample chamber, dialysis chamber and semi-permeable membrane.
Due to the differences in concentration and electrochemical gradients, molecules or ions
can pass through the membrane via diffusion.

During the thesis work, 1 wt% SCNC solution was dialyzed, and deionized water was
taken as the buffer solution. The basic principle of this passive transport procedure in-
volves osmosis and diffusion. Due to the ion concentration inside the membrane is higher
than that of the outside, water molecules keep moving into the dialysis tube to balance out
and maintain the homeostasis at equilibrium through the hypotonic progress. At the same
time, small molecules sulfuric acid in the SCNC solution keep moving out of the membrane.

Based on the molecular size of SCNC and hydrogen sulfate ions, MWCO 12-14 KD dial-
ysis membranes (Standard RC Tubing) were chosen for this experiment, that means the
dialysis membrane has a molecular weight cut-off in the range of 12,000 to 14,000 daltons.
Small molecules with a molecular weight (size) below this range will pass through the
pores of the membrane, while larger molecules SCNC with a molecular weight above this
range will be effectively retained and not able to diffuse through the membrane. The ex-
periments are performed in the following steps: Pull 1 liter of 1 wt% SCNC solution into
deionized-water-moistened membrane, tied both ends tight. Conductivity of deionized
water was checked with hours interval and plotted into diagrams. The dialysis progress
was stopped when water conductivity was less than 5 uS.

3.2 Sonication

Sonication is a technology applying sound energy to agitate particles. In this thesis sit-
uation, sonication is carried out to disperse the SCNC and make crosslinker and SCNC
combined with each other. Sonication is performed in plastic containers and amplitude
40% applied, the probe is immersed into the sample solution. Long-time sonication may
overheat the solution and cause the sulphate groups on the surface of the SCNC hydrol-
yses. The sulphate groups are not only the reactive fuctional groups but also provide the
electrostatic stabilization to the suspension system. CNC aggregations and clumps will
be formed if the sulfate groups are hydrolyzed.
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3.3 Titration

Titration, also known as titrimetry and volumetric analysis, is a method of quantitative
chemical analysis to determine the concentration of an identified analyte. A reagent,
termed the titrant or titrator, is prepared as a standard solution of known concentration
and volume. The titrant reacts with a solution of analyte, which may also be termed the
titrand, to determine the analyte‘ts concentration. The volume of titrant that reacted
with the analyte is termed the titration volume.

In this thesis work, potentiometric titration was used to determine the number of sulfate
half ester content of CNC, they are titrated and determined by 0.1 M NaOH solution un-
der room temperature with stirring. The protons on the sulphate groups remaining from
the synthesis will be neutralised by the hydroxyl ions. The pH and conductivity of the
CNC solution were measured and plotted with a function of time and volume of NaOH
added. The conductivity of suspension will reach two peaks in consequence.

Typical Potentiometric Titration Curve for CNC-OSO;H
12

CNC-OSO,H

10

Measured value (pH)

2 T T T T T T T T T T
0 2 4 6 8 10

Volume (mL)

Figure 3.1: Scheme of typical potentiometric titration curve for SCNC

0.5 wt% SCNC solution was used as the analyte, prepared from the dialyzed 1 wt% SCNC
solution diluted from a 3.85 wt% batch. The solutions were all prepared with milli-Q
water and stored in a refrigerator (0°-5°). Three samples with 25 ml SCNC and 40 pL
0.5 M NaCl added were prepared in plastic containers for titration, while the remaining
SCNC solution was collected for dry weight determination.
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Before starting the titration, each sample was sonicated 30s for reducing the CNC aggre-
gation. The titration was done in triplicates, so that standard deviation can calculated.
After starting the Tiamo 3.0 software and calibration, the system was ready to go and
select ‘CNC sulphate pH to 11, NaOH 0.01 M*‘ as the method to perform the titration.
Once the titration was complete, the electrodes were removed, rinsed and placed back in
appropriate storage solution.

3.3.1 Dry weight determination

The SCNC dry weight determination was performed in the following steps. First, took
three cleaned diameter approximate 50mm watch glass, and placed into 50° oven for 24
hours, then measured the dry watch glass weights by 4 decimals. After adding several
drops of SCNC (0.5-1.0 g), the mass of watch glass was weighted again. The watch glasses
were put into the 50° oven for 24 hours for dring after adding the sample, the mass of
watch glass after drying was again be weighted, each weighting process was repeated for
three times to get the average value.

3.4 Film Fabrication

The entire film fabrication procedure can be divided into two stages. The first stage
involves creating the water-stable CNC films. The second stage focuses on producing
conductive water-stable CNC films while attempting to maintain transparency. The second
stage is still under exploration, and the most promising formulations and methods are
described in the following sections.

3.4.1 Flexible Water-stable CNC Films Preperation

The water-stable CNC films are prepared in the following steps with the illustration. First,
prepare a 1 wt% sulfated CNC solution by diluting from the stock solution. Prepare 100
pumol /mL water solutions of Triethanolamine (TEOA), 1,2,3,4-Butanetetracarboxylic acid
(BTCA), Sodium hypophosphite (SHP), and Ethylene glycol diglycidyl ether (EGDE)
separately. Then, add TEOA into the solution with a 1:1 molar ratio of the sulfate groups
on CNC and sonicate the mixture for 30 seconds for conjugation. Next, add the BTCA,
SHP, and EGDE solutions sequentially, followed by another 30 seconds of sonication to
thoroughly mix the solution. Finally, pour the solution into a petri dish and allow it to
dry on the bench. All operations up to this point were conducted at room temperature.
After approximately 2 days of drying, the film was peeled off, put on the glass watch glass
and placed into an oven heated to 140FC for 30 minutes. Then, a small piece of the film
was cut and placed into a 50 mL plastic bottle filled with 30 mL deionized water, ethanol,
acetone, methanol, isopropanol for 24 hours to test its stability.
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Figure 3.2: Scheme of Transparent water-stable CNC films preparation

To create a flexible transparent water-stable film with a thickness of approximately 20 pm
and an area of 63.62 cm?, the formulation is shown in the table below.

Sulfate groups amount of CNC | TEOA | BTCA SHP EGDE
30pmol 30pumol | 30umol | 60pmol | 15umol

Table 3.1: Flexible transparent water-stable film formulation

3.4.2 Flexible Water-stable Transparent Conductive CNC
Films Preperation

There are two categories of methods that have been tried for making the conductive CNC
films: in-situ and ex-situ methods, as described in the introduction. For in-situ method,
pyrrole monomers are polymerized in the CNC solution, while for ex-situ method, the CNC
films are immersed in the pyrrole monomers solution. The most conductive transparent
water-stable CNC film was fabricated by using the ex-situ method with pyrrole.

3.4.2.1 Ex-situ Polymerization Method

Two solutions for the later polymerization progress were prepared: the oxidants solution
and the pyrrole monomer solution. The oxidants 4.485 x 10~% mol potassium persulfate
(PPS) and 5.995x 10~3 mol iron(III) chloride (FeCls) were dissolved in the 100 mL mixture
of methanol and deionized water with a volume ratio of 1:9. while a 1 mmol/mL pyrrole
solution dissolved in Methanol.

The specific steps for making the films are as follows: First, prepare a flexible water-stable
CNC film as described in the last subsection. Then add the oxidants solution into a
diameter 90mm petri dish and immerse the film into it. Put the petri dish into the fridge
for 1 hour and then take it out, slowly dropping the prepared pyrrole solution into the
petri dish. Put it back into the fridge for another 4 hours, then wash it with ethanol and
deionized water, and let it dry on the bench at room temperature for 24 hours.
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Figure 3.3: Scheme of the Ex-situ method of preparing the conductive transparent
water stable CNC films

To create the most conductive transparent water-stable CNC film among all with a thick-
ness of approximately 20 pm and an area of 16 ecm? (1/4 area of the diam. 90 mm petri
dish), the formulation is shown in the table below.

Sulfate groups TEOA | BTCA | SHP | EGDE | Pyrrole | FeCls PPS
amount of CNC (umol) | (umol) | (umol) | (umol) | (umol) | (umol) | (umol) | (umol)
30 30 30 60 15 1000 239.8 179.4

Table 3.2: Conductive water-stable film formulation (Ex-situ Method)

3.4.2.2 In-situ Polymerization Method

Limited concentration of pyrrole can be added to the system via the in-situ method during
this thesis work. The maximum molar ratio of sulfate groups on CNC to pyrrole was 1:5
among all the ex-situ experimental groups. Beyond this ratio, the CNC/Pyrrole film
sticks to the bottom of the petri dish or it is black and opaque. Therefore, the method for
preparing the transparent CNC/Pyrrole film with the highest amount of pyrrole added is
presented as followed.
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Figure 3.4: Scheme of the In-situ method of preparing the conductive transparent
water stable CNC films

First is to prepare all the solutions that are needed for the reactions. 1 wt% CNC solution,
1 mmol/mL pyrrole MeOH solution, 10 pumol/mL FeCls water solution, solution and 100
pmol/mL water solutions of TEOA, BTCA, SHP, and EGDE are prepared separately.
Then add Triethanolamine (TEOA) into the solution with a 1:1 molar ratio of sulfate
groups on CNC and sonicate the mixture for 30 seconds. Next, add the same molar ratio of
Sodium hypophosphite (SHP), 1,2,3,4-Butanetetra-carboxylic acid (BTCA), and two times
molar ratio of Ethylene glycol diglycidyl ether (EGDE) solutions sequentially, followed by
another 30 seconds of sonication after all the crosslinkers were added to thoroughly mix
the solution. Follow with adding the pre-cooled FeCl;s solution into the mixture and slowly
add drops of the pyrrole solution, pour the mixture into a petri dish then place it into the
fridge with a lid on for 4 hours. Finally, take it away from the fridge and remove the lid,
then let it dry on the bench at room temperature for two days to form the film.

Sulfate groups TEOA | BTCA | SHP | EGDE | FeCls | Pyrrole
amount of CNC (umol) | (pmol) | (umol) | (pmol) | (umol) | (wmol) | (pmol)
30 30 30 60 15 ) 150

Table 3.3: Flexible water-stable with pyrrole added film formulation (In-situ
Method)

3.5 Characterization

3.5.1 Polarized Optical Microscopy

All the films were observed by Optical Microscope (ZEISS) with "Transmitted light (Po-
larized)" mode. The polarizing microscope is equipped with both a polarizer, positioned
in the light path somewhere before the film sample, and an analyzer (a second polarizer),
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placed in the optical pathway between the objective rear aperture and the observation
tubes or camera port. The scheme of the polarized light microscopy is shown below.
Image contrast arises from the interaction of plane-polarized light with a birefringent (or
doubly-refracting) specimen to produce two individual wave components that are each po-
larized in mutually perpendicular planes. The velocities of these components are different
and vary with the propagation direction through the specimen. After exiting the spec-
imen, the light components become out of phase, but are recombined with constructive
and destructive interference when they pass through the analyzer.[31]

3.5.2 ATR-FTIR Spectroscopy

To characterize the components of the sample, ATR-FTIR techniques are chosen for the
experiments. ATR-FTIR has largely surpassed transmission and is now the primary mea-
surement technique used as this method involves minimal sample preparation and is non-
destructive. To use ATR-FTIR, the sample is simply placed on top of a crystal which is
typically made of diamond, germanium, or zinc selenide. The IR light is directed through
the crystal where it is partially absorbed by the sample. The IR light then passes through
the crystal again and is detected.[8] The scheme of FTIR spectroscopy is shown below.
The model used for all the film samples analysis is Spectrum Two (Serial no - 100300) in
400 to 4000 cm-1 wavenumber range. After setting up the model and calibration, a small
piece of film was cut and were subjected to FTIR analysis with a resolution of 4 cm-1 and
30 FTIR scans. The existing functional groups in the film samples were then be confirmed
by investigations.

Sample

source Detector
ATR

o crystal

Figure 3.5: Scheme of FT-IR Spectroscopy|8]

3.5.3 Four Point Probe Method

The "four-point probe" (4PP) method is the most common and simplest technique for
measuring the sheet resistance (Rs) of the thin films. The equipment shown in the picture
has four equally spaced, co-linear probes which are used to make electrical contact with the
material to be characterized. A source measurement unit (SMU) together with the four-
point probe setup was used to measure the sheet resistance of all the samples. After the
sample was placed in the holder and the probes were put in contact with the film, the target
current was applied via the SMU and the voltage drop was subsequently measured.[26]
The controlling and visualizing software was created by Youngseok Kim. During the test,
the applied current unit and range were adjusted according to the plots of the data until
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all the dots exhibited a linear relationship. Each film was tested three times in different
places, and the average sheet resistance was recorded. After testing the sheet resistance,
the thickness of the films was measured using a digital micrometer gauge with a resolution
of 0.001 mm. The thickness of each film was measured three times, and the average value
was calculated.

22



4

Results

4.1 Titration

The sulfate half ester content of each CNC sample was determined though a potentiometric
titration. By adding NaOH, the pH titration went from 3.4 to 10.1. The scheme of the
reaction during the titration is shown in the figure. [17][36]

7? i
CNC O—S“—OH HO @ \(\)

Figure 4.1: Scheme of half-ester sulfate groups and the hydroxyl groups during
titration

The dry substance content is the percentage of solids in a mixture of substances. The
higher this proportion, the drier the mixture. The unit of DS content is [% by weight], and
the formula for calculating the dry substance content of a suspension is shown below.[10]:

p(liquid)
p(suspension)

pliquid) _ * 100

p(solid)

DS content [% by weight] =

Figure 4.2: Formula for calculating the dry substance content of a suspension

Where:

p(liquid) = density of the pure liquid
p(Solid) = density of the pure solid
p(Suspension) = density of the suspension

Dgcontent = Dry substance content

Based on the maximum ERC (endpoint recognition criteria) level, the equivalence point
was determined where the first peak appeared. The volume Veq corresponds to equivalence
point used to calculate the sulfate content by following equation[25]:
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C X Vgq

Sul fatecontent(mmol/g) =
Where:

C' = Concentration of the NaOH
Veq = Volume of NaOH
Mg = Total suspension weight

D,,, = Suspension concentration

The long storage time of CNC may have caused the half-ester sulfate groups on the sur-
face to interact between molecules, potentially affecting the accuracy of the sulfate group
quantification. Therefore, two times of dialysis (23-10-23 and 24-01-18) and four times of
titration including dry weight content determination were performed over the four months
of film fabrication. The calculation results of the sulfate content and dry weight determi-
nation are shown in the below table according to the equation.

The results of the dry weight determination on 23-11-03 and 24-01-18 were not accurate
because the mass of the watch glass after adding the substrate was not measured timely
by the balance. Waiting too long for a stable reading caused excessive water evapora-
tion, resulting in a reading smaller than the actual value. Consequently, the dry weight
concentration is smaller and —OSO;3 concentration appear larger than they truly are.

Date | 0.5 wt% | 1 wt% | —OSOj3 Concentration (umol/g)
23-10-23 0.65 - 260.5
23-11-03 0.45 0.97 320.8
24-01-18 0.31 - 406.5
24-02-05 0.54 0.92 195.5

Table 4.1: Titration and Dry Weight Determination Results

4.2 Films Observation and Characterization

In this section, flexible transparent water-stable films and flexible transparent conductive
water-stable films prepared by in-situ and ex-situ methods along with the characterization
results are presented. The challenges faced during the attempts are also analyzed.

4.2.1 Flexible Transparent Water-stable CNC Films

The pure sulfated CNC films are fragile and show cracks after drying. With TEOA added
into the solution, the dispersion of CNC particles is enhanced and the matric mobility is
increased, which results in a more homogeneous film with enhanced flexibility. Besides,
contains hydroxyl groups (-OH) that can form hydrogen bonds with the hydroxyl groups
present on the surface of CNC particles. These hydrogen bonds can increase the inter-
molecular interactions between TEOA and CNC, resulting in a more flexible and cohesive
film structure.
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Figure 4.3: A flexible transparent water-stable CNC film

Furthermore, to enhance the water resistance of the flexible CNC films, several different
types of crosslinkers have been tried to improve hydrophobicity. Together with TEOA,
BTCA, EGDE, and SHP are added to make the film water stable. The pure sulfated CNC
films and the sulfated CNC films with only TEOA added are easily dissolved in water,
because the forces between crystallites are very weak. After placing the films into water,
the water molecules diffuse into the crystallite network and disperse the CNC. BTCA,
EGDE, and SHP are three kinds of crosslinkers that have suitable lengths to link the
crystals. N,N,N’ N’-Tetramethyl-1,4-diaminobutane (NNNN), and Poly(ethylene glycol)
diglycidyl ether (PEG) had also been tried, while the short linkers may result in stiffness
of the films, whereas a long linker with 25 or more atoms, such as PEG, may make the
film swell and turn into a gel after adding water. The experimental results show that the
molar ratio of sulfate groups on CNC: TEOA: BTCA: SHP: EGDE is 1:1:1:2:0.5 for the
additives combination that can produce the flexible and water-resistant film. Except for
deionized water, the film also showed good stability in ethanol, acetone, methanol, and
isopropanol after 24 hours of immersion in the solvent. After taking the film out of the
solvent and drying it again, the flexibility of the film remained.

Figure 4.4: The Picture of Pure CNC film cracked into two pieces

The Polarized Optical Microscopy pictures had been taken. From the left to right, they
are the pure CNC Film, TEOA, BTCA, EGDE, and SHP (molar ratio 1:1:2:0.5) CNC film,
and TEOA, BTCA, EGDE, and SHP (molar ratio 1:1:2:5) CNC film. With the additives
added into the system, the microscopy picture of the film showed more even and smooth
texture than the pure CNC film, while the film with high concentration of the crosslinkers
had star-shape crystal structure precipitate out.
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Figure 4.5: POM pictures of CNC films

4.2.2 Flexible Water-stable Transparent Conductive CNC
Films

The observations of the conductive films are grouped into two parts: ex-situ and in-situ
preparation methods. The conductivity of the films is tested using the four-point probe
method, and the ATR-FTIR spectroscopy analysis results are presented for the in-situ
method prepared CNC/PPy film.

4.2.2.1 In-situ Polymerized Film

For the films formed using the in-situ polymerization method, the monomers of conductive
polymers (EDOT or Pyrrole) are added to the CNC water suspension. PPS and FeCls
are used to initiate the polymerization of the monomers to form conductive polymer-
coated CNC. Many factors, such as the concentration of the oxidant, solvent, reaction
temperature, CNC/monomer molar ratio, and oxidant/monomer molar ratio, affect the
polymerization and properties of the films, ultimately determining their performance.

For the CNC /PPy, molar ratios of 1:1, 1:5, 1:15, and 1:50 of CNC half-ester sulfate groups
and pyrrole were tried. However, only films prepared with molar ratios of 1:1 and 1:5
could be peeled off from the petri dish. Therefore, a molar ratio of 1:5 was selected
as the optimum concentration for further work in this thesis. FeCls and pyrrole with a
molar ratio of 1:50 were used to initiate the PPy polymerization after attempting higher
ratios of 1:10, 1:2, and 1:1. After adding 1:1 and 1:2 of FeCl;3 into the CNC and Pyrrole
monomers mixture, it formed into a gel where FeCls drops were located. Although a
higher concentration of FeCls can theoretically improve the conductivity of the film due
to the nature of ions, the transparency of the films is affected, as shown in the picture
below.
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Figure 4.6: CNC/PPy pictures with 1:1 molar ratio of FeCly and Pyrrole

To control the polymerization speed of the pyrrole, low-temperature (4‘¥C) reaction con-
ditions were applied. After heating the film in an oven at 140‘FC for 30 minutes to activate
the crosslinkers, the film became more fragile and brittle. The color of the film was light
brown before heating and turned to grey after heating. The picture of the CNC/PPy
film prepared with the formulation listed in the method part (before heating) is presented
below. It forms into a completely transparent film, while the color of the edge part is
darker than the central. After heating the film and testing its water resistance as well as
resistance to other solvents, it showed good stability in ethanol, acetone, methanol, and
isopropanol after 24 hours of immersion in the solvent.

a

Figure 4.7: CNC/PPy film with the 3.4.2.2 formulation (Before heating)

To characterize the components of the film, ATR-FTIR spectroscopy was used to identify
the key chemical bonds of CNC, Pyrrole, EGDE, and SHP. The overall spectra are shown
below to compare the differences between films with SHP and EGDE added. Batch-1,
Batch-6, and Batch-10 contain EGDE, while Batch-1, Batch-4, and Batch-9 contain SHP.
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Figure 4.8: ATR-FTIR spectra for CNC/PPy with different crosslinkers.(overview)

The Batch-6 FTIR spectrum was selected for SHP and Batch-4 for EGDE analysis. In
Batch-6, the SHP-added spectrum, the peak at the wavenumber 3338 ¢m ™! indicates the
hydroxyl group in CNC, the band centered at 2900 cm ™! is attributed to asymmetric and
symmetric stretching vibrations of aliphatic C-H bonds in CNC. Additionally, the band
located at 1053 cm ™! is related to the C-O-C pyranose ring vibration. Peaks at 2333 em ™!
and 812 em~! may indicate the presence of SHP [33]. Furthermore, the detected peaks at
1446 cm~! indicate the symmetric stretching vibration for the C=N bond of Pyrrole, and
the shown peaks at 1023 ¢m ™! are representative of the existing H-C= vibration bond
in polypyrrole, while the 1156 c¢m ™! and 905 cm ™! may represent for the doping state of
PPy In the ATR-FTIR spectra for the Batch-9 sample with EGDE added, similar peaks
of CNC and pyrrole are observed, and the wide peaks 1694 ¢m ™! and 1652 cm ™! may
represent for EGDE.
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Figure 4.10: ATR-FTIR spectra for CNC/PPy with EGDE
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Figure 4.11: Pictures of flexible conductive CNC films with different concentra-
tions of pyrrole and oxidants

Though the formulation described in the method had the highest ratio of Pyrrole added
into the system, the conductivity of the film could not be detected by the four-point probe
method. When applying the minimum current on the top, the voltage did not show a
linear relationship with the applied current, indicating that the result was out of range.
The Electrochemical Impedance Spectroscopy (EIS) method was also tried for in-situ
PPy/CNC films, but it yielded a similar result of being out of range. In this situation,
an improved method for increasing the conductivity of the film is needed, thus the ex-situ
method was proposed.

4.2.2.2 Ex-situ Polymerized Film

To solve the problem of films can not be peeled and the limited amount of pyrrole added
into the system by using the in-situ polymerization method, the ex-situ polymerization
method was coming up. which is to fabricate the transparent water-stable CNC film first,
then immerse it in the oxidants and monomer solution to polymerize.

The most conductive transparent CNC film was produced by the ex-situ method, with
the formulation described in section 3.4.2.1.(left picture of 4.10) The sheet resistance was
tested using the four-point probe method, and the thickness was measured using a digital
micrometer gauge. The calculated result using equations 1.1 and 1.2 is 2.2 x 10® ohm/sq.
If the concentrations of Pyrrole and the oxidants are 4 times higher, the film becomes
opaque and black (right picture of 4.10), with a sheet resistance of 2.6 x 10% ohm/sq. The
pictures of the two films are shown above.

4.2.3 Challenges

4.2.3.1 Oxidant choices

It is expected that the films prepared using FeCls have stronger mechanical strength and
better conductivity because of the synergy of iron(III) ion chelation and the hydrogen
bonds (H-bonds) between the OH groups of CNC, and amino groups of PPy chains. [12]
Besides using FeCls as the initiator of PEDOT/CNC mixture, ferrous sulfate heptahydrate
had also been tested, though the results all showed the samples cannot be peeled from
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Figure 4.12: Pictures of FeCl; added PEDOT/CNC film (left) with ferrous sulfate
heptahydrate added PEDOT/CNC film (right)

the petri dish, the FeCly added groups showed more transparent and smooth surface than
the Ferrous sulfate heptahydrate added group. The coffee ring effect showed in ferrous
sulfate heptahydrate added group may indicate the polymerization rate is high, that may
because the Ferrous ions start to oxidize, creating sulfate radicals from persulfate, and it
starts to aggregate very fast, forming a denser material that starts to absorb all the solu-
tion around it.[14] The mixture with FeCls showed centralized ramification structure and
the ferrous sulfate heptahydrate added mixture showed darker color and star-like cluster
structure on the surface, that may because the Ferrous sulfate heptahydrate yields more
sulfate radicals than FeCls.

\ ™ , v -
Figure 4.13: The coffee ring effect showed in CNC/PEDOT samples

4.2.3.2 In-situ method with PEDOT

Using EDOT as the monomer for CNC/PEDOT film making has also been tried with the
in-situ method, while phase separation during the mixing step was very obvious. EDOT
monomers (liquid) were immiscible in water. Though EDOT monomers can be dissolved
in ethanol, after mixing with the CNC water solution, they separated again. The prob-

31



4. Results

lem can be slightly improved by sonification, but after pouring the mixture of EDOT
and CNC into the petri dish and waiting for several hours, the EDOT floated on the
surface as dots. After water evaporation, the mixture stuck to the bottom of the petri
dish (both glass and polystyrene have been tried), and it was hazy and showed a grey color.

Figure 4.14: PEDOT/CNC sample by using in-situ method

4.2.3.3 Surface modification of CNC

Favorable surface chemistry of the CNC is necessary to promote the interaction between
the functional groups on its surface (hydroxyl, carboxylic, or sulfuric) and conductive poly-
mer (NHs on PPy, heterocyclic sulfur on PEDOT). To improve that films stuck at the
petri dish problem and improve the hydrophobic property of the films, the surface modifi-
cation of CNC with Azetidinium salts had been tried. 1 wt% CNC was modified with two
different azetidinium salts, namely C6-C6-N-Azet-Cl (1,1-diallyl-3-hydroxyazetidin-1-ium)
and All-All-N-Azet-Cl (1,1-dihexyl-3-hydroxyazetidin-1-ium) respectively.

The ratio of the azetidinium salts to SCNC dispersion was taken in accordance of a 1:1.1
molar ratio of sulfate content: Azetidinium salt. Conjunction of Azetidinium salt to sul-
fate half ester was done by heating the mixture at 90° for 4 hours. After the reaction,
the mixture was cooled down to room temprature. In order to remove the unreacted
azetidinium reagent, the reaction mixture was in 12-14 kD MWCO dialysis tubing and
dialyzed by deionized water for 48 hours. Conductivity was measured approximately every
12 hours, and the dialysis procedure was done until the conductivity was below 5 ‘¢S, then
the solutions were transferred into plastic bottles.

After the conjunction of azetidinium salt, Az-CNC suspensions (C6-C6-N-Azet-CNC and
All-All-N-Azet-CNC) were used to replace the SCNC in the formulation of 3.4.2.2, while
keeping the oxidant FeCls and pyrrole ratio unchanged. However, neither the C6-C6-
N-Azet-Cl modified CNC/PPy films nor the All-All-N-Azet-Cl modified CNC/PPy films
met expectations, they are even more sticky compared with the SCNC group. The control
groups are Az-CNC + TEOA, Az-CNC + TEOA + BTCA + SHP + EGDE, Az-CNC
+ TEOA + Pyrrole + FeCls. But still the C6-C6-N-Azet-Cl modified group failed to
form any films, while the All-All-N-Azet-Cl modified group only produced thin and fragile
films in the PS petri dish with TEOA added, these films could not be peeled off when
the crosslinker combinations and pyrrole were added. Compared with the SCNC+TEOA
groups, the films were thinner, more fragile, and could not be peeled off as whole films.
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The reason for these failed attempts may be due to inappropriate synthesis operations.
Additionally, no characterization was applied to the modified CNC suspensions, so the
results cannot be fully trusted.

Figure 4.15: Pictures of C6-C6-N-Azet-CI-CNC (left) and A]l—All—N-Azet—Cl—CN-C
films (right)

4.2.3.4 Transparency limitation

When the FeCls and pyrrole with a 1:1 molar ratio were mixed together, aggregation oc-
curred very quickly, resulting in black precipitation separating out from the suspension.
This affected the color and haze level of the film. Processing the samples under 4¢C
to control the polymerization rate resulted in limited improvement; although the time
until the color turned dark was prolonged, it eventually still turned black and hazy. If
transparency is desired and pyrrole is to be used, other polymerization methods might be
worth trying, such as photopolymerization. Additionally, other conductive organic poly-
mers such as polyaniline (PANT) and colorless oxidants are worth exploring in future work.

4.2.3.5 Conductivity limitation

The conductivity was improved by using the ex-situ film-making method compared with
the in-situ method, but the sheet resistance was still relatively high. The commercial
PEDOT:PSS (CLEVIOS‘D‘¢ PH 1000) dispersion sheet resistance is 100 - 1000 Ohm /sq,
which means the conductivity 1 x 10° - 1 x 10° times higher than the flexible transparent
conductive CNC /PPy films and 1 x 103 - 1 x 10° times higher than the most conductive
black opaque CNC/PPy film prepared in this thesis work. Though the presence of iron(III)
ions can greatly contribute to the electrical conductivity, the yellow-green color greatly
affected the transparency of the films. Thus only a very small amount of iron(III) ions
was added in the formulation and its contribution to the conductivity can be neglected.
The Electrochemical Impedance Spectroscopy (EIS) method was also attempted for in-situ
PPy/CNC films, but the signal was out of range. The main reason is that the conductivity
of the films is too low to be detected, and another reason may be that the tested sample
was not processed appropriately. Considering the project’s goal of making the film as
conductive as possible, no further tests were performed using the EIS method.
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Conclusion

The investigation into the fabrication of flexible transparent conductive films using sul-
fated cellulose nanocrystals (CNC) and the conductive organic polymer pyrrole has been
studied through a series of characterization involving titration, film observation, polar-
ized optical microscopy, ATR-FTIR spectroscopy, and sheet resistance measurement. The
challenges faced during attempts for future work have also been provided.

Firstly, the determination of sulfate half-ester content in CNC suspension revealed varia-
tions due to factors such as storage time and dry weight content accuracy. In the fabrica-
tion of flexible transparent water-stable CNC films, the addition of tetraethylenediamine
(TEOA) and crosslinkers combination of benzoyl peroxide (BTCA), ethylene glycol digly-
cidyl ether (EGDE), and styrene hydroperoxide (SHP) proved instrumental in enhancing
film flexibility and water resistance, polarized optical microscopy images revealed the film
structure and texture of the film.

Several challenges have been faced in the synthesis of flexible water-stable conductive films
using in-situ polymerization methods. While attempts with polypyrrole (PPy) showed the
result that is more in line with expectations, issues such as the inability to peel off the
film and the limited amount of pyrrole monomers that can be added into the system were
encountered. The use of azetidinium-salt-modified CNC suspensions to replace the SCNC,
EDOT monomers to replace the pyrrole monomers and different oxidants have been tried
to improve the performance of the films but did not fully address the transparency and
conductivity limitations.

In exploring alternative methods, the ex-situ polymerization method was proposed to en-
hance conductivity. By immersing pre-formed water-resistant CNC films in oxidant and
monomer solutions, films with improved conductivity were achieved. Nevertheless, chal-
lenges such as opaque films and fragility after oxidation remain for further investigation.

Overall, the research highlights the flexible transparent water-stable cellulose nanocrys-
tals film fabrication method. In-situ and ex-situ polymerization methods with conductive
organic polymers Pyrrole and PEDOT; various oxidants and processing conditions were
explored, demonstrating that ex-situ fabrication is a promising method for preparing the
flexible transparent water-stable conductive CNC film. Future research could explore ad-
ditional types of conductive organic polymers and polymerization methods to enhance
the conductivity of the films while balancing the trade-off with transparency. Further
innovations are essential to unlock the full potential of CNC-based films in flexible opto-
electronics, sensors, and energy devices.
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