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Cellulose nanofibrils (CNF) have generated great research interest due to their
biocompatibility, sustainability and potential to build functional materials and
devices with better mechanical properties. This work involves a chemically
programmed timing method to form CNF hydrogels from aqueous colloidal
suspensions by making use of slow hydrolysis reaction of glucono-δ-lactone
(GdL) to gluconic acid. Fourier transform infrared spectroscopy and UV-Vis
spectroscopy using cationic dye toluidine blue (TB) suggests that the gelation is
driven by the supracolloidal crosslinking of the CNF nanofibrils by hydrogen
bondings mediated by carboxylic acid dimerization. This results from the
transition of the sodium carboxylate groups in the TEMPO oxidized CNF fibrils
to carboxylic acids. Rheological experiments revealed that the concentration of
GdL used to form hydrogels allows tuning of the gelation times from minutes
to days. In addition, the storage modulus of the gels can be tuned by the
amount of added GdL. Thus we envision that the chemically programmed timing
concept allows the programming of processing window before the elastic gels
are formed. The method also allowed a controlled introduction of redox active
tetra(aniline) (TANI) onto the CNF hydrogels. The method is suggested to open
up new possibilities for functional hydrogels, e.g. incorporating conductivity or
electrochromic properties and making mechanically tough double gels.
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Chapter 1

Introduction

The search to use low cost sustainable material resources has recently created
a strong research interest towards using biopolymers, such as cellulose, for
high tech materials and device applications. To enable mass production,
cheap manufacturing methodologies are needed, like paper making [1] and
printing technologies [2]. Hydrogels are water-based network materials, and
they are interesting candidates for functional materials, as they can be
made biocompatible [3] and can serve as mimics of biological environment.
Hydrogels can possess high ion mobility and can provide charge-transport
selectivity [4]. The construction of devices based on the control of flow of ions
is called iontronics. The use of iontronic devices will tackle the fundamental
limitations posed by organic electronics devices such as efficiency limited
by dimensions and low conductivity which hinders their use in daily life
applications [4]. Therefore, iontronic devices have potential applications in
neuromorphic circuits [5–7], biosensors [8] and energy applications [9–11].

As mentioned, in addition to identify low cost sustainable materials, there
is also a need to produce devices which are sustainable. The reason is
due to the waste generated, e.g, by electronic devices, where the so called
e-waste leads to environmental pollution and adverse health effects [12]. It
is estimated that the e-waste volume generated globally is increasing at the
rate of 5-10 % yearly [13]. In developing countries like India, the e-waste
production is estimated to be 1.25 million metric tons per annum and is likely
to increase to 1.5 million metric tons [14]. Thus, current scientific efforts have
been focused on the investigation of biodegradable and sustainable materials
with interesting physical properties to allow device options.

Organic based devices can offer sustainable approach to produce devices
with low energy consumption for applications such as stretchable electronics
[15] and biocompatible implantable biosensors [16] due to the properties of
organic materials used in the devices. Nevertheless, these materials do not, as
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CHAPTER 1. INTRODUCTION 2

such, show the desirable mechanical properties suitable for the applications
mentioned. Therefore, biopolymer matrices have been utilized for making
organic electronic devices with optimal mechanical properties. Among
these biopolymers, cellulose has attractive features such as biocompatibility,
sustainability, light weight and flexible and most importantly, available in
abundance in countries like Finland [17–19].

Self-assembly due to competing interactions allows spontaneous control
of structures for obtaining functional properties, such as transport properties
[20]. Supramolecular chemistry is a bottom up approach to build
self-assembled molecular structures based on intermolecular interactions. It
was pioneered by Jean-Marie Lehn who defines supramolecular chemistry
as ‘Chemistry beyond the molecule’ [21]. Supramolecular Chemistry has
various applications such as producing self-healing materials [22] and in the
production of colloidal hydrogels [23], etc. Self-assemblies combined with
supramolecular concepts form the basis for the hydrogels described in this
work.

The present work introduces chemical programming of
nanocellulose-based hydrogels from aqueous colloidal dispersions. This
is achieved by self-assembly of cellulose nanofibrils by controlling the pH by
adding a gel activator. The self-assembly process is monitored and controlled
with time. The mechanical properties of the produced hydrogels are tuned
by controlling the amount of the gel activator. A chemical programming
based approach to incorporate conducting molecules and colloids inside
hydrogels is developed. Finally, the potential for building iontronic devices
out of the preparation method is sketched. In the introduction part, a
brief introduction about nanocellulose is described. This is followed by
description of physical interactions which drive the self-assembly of cellulose
fibrils to form hydrogels. Then, preparation methods and properties of
hydrogels and aerogels based on nanocellulose are described. A note on
electroactive devices based on electrically conducting molecules is elaborated
which gives an understanding of the state of the art preparation method
used in this work.



Chapter 2

Background

2.1 Cellulose and nanocellulose

Cellulose is a polymer widely available from natural sources such as
wood, cotton and plants. It has recently attracted considerable renewed
attention as a biodegradable material from renewable source for a wide
range of applications. Cellulose polymer chains consist of β-1,4-linked
D-glucopyranose monomers [24]. They are arranged in linear chains in which
the glucosidic oxygens point in the opposite directions to form cellobiose
units [24, 25]. The physical and chemical properties of cellulose are strongly
dependent on the arrangement of cellulose molecules in the crystal lattice.

Figure 2.1: Molecular structure of cellulose generated from repeating
β-D-glucopyranose molecules [26].

Cellulose has several crystalline structures. The polymorph found in
nature is cellulose-I, also called as the native cellulose, incorporating parallel
hydrogen bonded cellulose chains. Cellulose-II, III and IV are the other
crystal structures of cellulose. Cellulose-II with its antiparallel chains shows
higher thermodynamic stability. It is produced by treatment of cellulose-I

3



CHAPTER 2. BACKGROUND 4

with aqeuous sodium hydroxide, the so called mercerization process or by
dissolution of cellulose followed by precipitation [25].

Beyond individual cellulose molecular chains, nanocelluloses are colloidal
nanofibers typically disintegrated from the hierarchical structure of plants
or wood. Their lateral dimensions are in the range of nanometers and their
length differs depending on the fabrication process. The major types of
nanocelluloses are cellulose nanofibers (CNF), i.e. nanofibrillated cellulose
(NFC), and cellulose nanocrystals (CNC). CNFs are nanofibrils produced by
mechanical fibrillation processes, usually combined with chemical treatment
or enzymatic processes [27]. CNF possesses length of 500-2000 nm and width
of 4-20 nm. They have both amorphous and crystalline regions in a fringed
micellar architecture. By contrast, CNCs are rod-like crystalline structures
produced by strong acid hydrolysis of cellulose. CNC have width of 3-5 nm
and length in the range of 50-500 nm [27].

Surface modifications of CNFs lead to improved disintegration from pulp
and promoted processibility [28]. The reported synthetic procedures involve
transformation of hydroxyl groups to functional groups such as aldehydes,
ketones and carboxylates; to mention few examples [27, 28]. Among these
chemistries, the most used method is the chemical modification of CNFs
by a radical mediated oxidation, i.e., 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO) oxidation. It is a simple and efficient procedure for surface
carboxylation of native cellulose nanofibrils; Figure 2.2. When the native
cellulose is treated with TEMPO/NaBr/NaClO in water at a pH of around
10 at room temperature, the C6 primary hydroxyls that are exposed on
microfibril surfaces get selectively oxidized to carboxyls [29, 30]. The
resulting oxidized cellulose fibrils dispersed in water are further subjected to
mild mechanical disintegration treatment to obtain individualized nanofibrils
with ≈4 nm width. The enhanced dispersibility of TEMPO oxidized cellulose
nanofibrils is a consequence of repulsive forces between the anionically
charged cellulose nanofibrils.
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Figure 2.2: TEMPO oxidation of native cellulose fibrils [29].

2.2 Interesting properties of nanocellulose

Nanocelluloses possess several properties that make them potential
candidates for composites and functional materials. The most important
property deals with high mechanical stiffness and strength. For example,
CNF films possess Young’s modulus as high as 20 GPa [31] which can be
used for making reinforced composite materials. Another interesting property
demonstrated by CNC is the liquid crystalline behaviour and high electric
dipole moments. The high dipole moments enables alignment by electric field
[32].

2.3 Self-assembly

George M. Whitesides [33] defines self-assembly as ‘the autonomous
organization of components into patterns or structures without human
intervention’. Self-assemblies form due to competing interactions, and
typical examples of molecular self-assembly are liquid crystallinity, block
copolymer structures, or protein folding and their hierarchical structures.



CHAPTER 2. BACKGROUND 6

The competing interactions between the molecules can be formed using
covalent or non-covalent interactions, such as van der Waals, hydrophobic,
electrostatic, dipole-dipole, coordination, or π − π stacking interactions,
or hydrogen bonding. The ranges of these interactions vary widely [34].
Self-assemblies can take place using larger structural units, such as using
nanocellulose, which are of colloidal scale. Noncovalent interactions can
also allow self-assemblies into network materials, such as the CNF-based
hydrogels, i.e. CNF networks in aqueous media.

2.4 Intermolecular interactions within

cellulose nanofiber hydrogels

The intermolecular interactions are the driving forces for the CNF
self-assembly towards colloidal physical networks. The networks manifest
in the mechanical and viscoelastic properties [35]. In the following
sections, hydrophobic interactions and hydrogen bonding interactions by
CNF materials will be discussed as they contribute essentially to this work.

2.4.1 Hydrophobic interactions

Hydrophobic interactions form in aqueous phases to maximize the internal
hydrogen bonds within water molecules and reduce the nonpolar molecular
contacts with the polar water phase [36]. Thus, hydrophobic interactions
can be described as an attractive force which brings the hydrophobic species
to associate, such as into micelles and vesicles. The attraction brings
the hydrophobic species together which makes the total volume of the
hydrophobic species in contact with the solvent lesser than they are far apart;
Figure 2.3.
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(a) (b)

Figure 2.3: Two hydrophobic molecules. (a) Far apart (b) Closer due to
hydrophobic interactions. The volume in contact with solvent is lesser in
this case.

The balance between hydrophobic and hydrophilic interactions controls
the observed physical structures and properties. Hydrophobic interactions
also affect the swelling of the network chains in physically crosslinked gels
[3]. In CNF, the amphiphilic nature of nanocellulose strongly affects the
aqueous dispersibility due to the hydrophobic domains [37].

2.4.2 Hydrogen bonding interactions

According to Margaret C. Etter [38] ‘a hydrogen bond is defined as an
interaction that directs the association of a covalently bound hydrogen atom
with one or more atoms or molecules into an aggregate structure that is
sufficiently stable to make it convenient for the chemist to consider it as an
independent chemical species’. The hydrogen bonding interaction is usually
represented as

D −H . . . A

where D stands for hydrogen bonding donor and A stands for acceptor
atom. Classic hydrogen bonds are the directional interaction in water
between O (O acts as an acceptor A here) and H-O groups (here O acts
as a donor D). Hydrogen bond interactions incorporate of several types of
contributions, such as electrostatic and dipolar forces, and their strength can
vary widely [39]. The hydrogen bonding interactions are directional which
is helpful in building stable structures. The available bonding geometry
affects the strength. For example, in polypeptides and proteins, the hydrogen
bonds in parallel β-sheets are nonlinear strained leading to weaker hydrogen
bondings whereas antiparallel β-sheets are non-strained linear leading to
stronger hydrogen bondings; Figure 2.4.
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Figure 2.4: Parallel and anti-parallel arrangements of a monomeric actins
[40].

The strength of hydrogen bonds ranges from 4 kJ/mol to 120 kJ/mol
and it is greater than van der Waals interactions [41]. Hydrogen bonding
interactions can also be intramolecular. The hydrogen bonding interactions
can give rise to 1D, 2D or 3D structures due to the directionality of the bonds
[42].

In molecular chains of cellulose, due to the presence of abundant -OH
groups there is an ability to form both intra and intermolecular hydrogen
bondings. They are the reason for the observed crystallization of cellulose
[24]. They are also the major contributor to the insolubility of the cellulose
in addition to hydrophobic interactions [42]. Now that we understand
what is molecular self-assembly and its driving forces we will discuss some
preparation methods where self-assembly is utilized in CNF-based materials.

Wang et al [43] used ionic assembly between anionic carboxymethylated
CNF and cationic amphiphilic diblock copolymer micelles for building
biomimetic composites. The scheme of self-assembly is shown in Figure 2.5.
The advantage of this method is that it combines hard and soft architecture
in the nanoscale and pave way for controlling the mechanical properties.
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Figure 2.5: Scheme of ionic self-assembly. Ionic complexation between
cationic quaternized poly(1,2-butadiene)-block-poly(dimethylaminoethyl
methacrylate) micelles with anionic CNF [43].

Carbon nanotubes (CNT) are used as gate materials in transistors
and light emitting diodes to enable flexibility and optical transparency.
However,the protruding tubes of CNT results in electrical shorting in such
devices. Huang et al [44] utilized hydrogen bonding interactions in addition
to van der Waals interctions acting between CNF nanopaper and CNT arising
due to the rich surface functional groups of CNF to produce flexible organic
field effect transistors (OFET). CNTs adhere to the fibrillar surface resulting
in the reduction of protruding tubes. In addition, the SEM revealed that the
CNF nanopaper self-assemble into layer-by-layer structure; Figure 2.6. The
advantage of this structure is that the strain gets released when the paper
is bent enabling good flexibility. The nanopaper transistor also exhibited
high smoothness, higher transmittance and better electrochemical properties.
This shows potential use for producing flexible electronic devices.

The above examples show that by playing with intermolecular interactions
and self-assembly one can tailor materials to suit different applications.
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Figure 2.6: (a) Schematic of OFET (b) SEM indicating a smooth surface for
the nanopaper transistor (c) Picture of fabricated transparent transistor (d)
Optical transmittance of nanopaper and transistor at 550 nm [44].
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2.5 Cellulose nanofiber hydrogels

This section will give introduction to hydrogels and aerogels followed by
specific examples thereof using CNF. Hydrogels are networks in aqueous
media. Hydrogels can be formed by chemical crosslinking chains as well as by
physical association of starting materials as precursors to networks. Chemical
or covalent crosslinking refers to the formation of permanent junctions, i.e.
formation of new intramolecular covalent bonds, while physical association
refers to the formation of transient junctions, i.e. association of network
chains because of non-covalent interactions [45]. The gel network can also
emerge due to the entanglement of the chains. The networks can be molecular
or colloidal. In the case of CNF, physical colloidal hydrogels are produced in
various forms depending on the concentration and physical crosslinks [46, 47].
There is a critical concentration above which the non-covalent interactions,
such as hydrogen bondings and hydrophobic interactions, induce gelation.
This critical concentration is referred as gel point. In the case of native
CNF, the critical concentration is about 0.1%.

Another approach to form CNF gels with non-covalent interactions
exploits the chemical surface functionalization of CNF. For instance, Saito et
al [48] reported the formation of a CNF-based gel from initially well-dispersed
colloidal suspensions of TEMPO-oxidized CNF, which involved carboxylate
salt groups exposed on the CNF surfaces. The proposed mechanism for
the formation of CNF gel involves the formation of new transient junctions,
i.e. hydrogen bonding interactions, upon change of pH. The adjustment of
pH with HCl produces the protonation of the carboxylate groups (around
pKa 4.5) from the salt form to result in neutral carboxylic group at
the surface of the cellulose fibril surface. These new electrically neutral
functionalities reduce dispersibility in water properties in comparison to the
anionically charged moieties, which leads to CNF networks with higher degree
of association. Hydrogels obtained from TEMPO-CNF suspensions were
reported to be quite handleable and stiff. The hydrogels showed a power
law relation to storage modulus with an increase of CNF concentration.

Also addition of metal cations to carboxylated CNFs resulted in
associations in the cellulose chains; Figure 2.7. The ionic interactions screen
the repulsion between the negatively charged CNF and resulted in hydrogels
[49, 50]. The storage moduli of the gels showed properties dependent on the
valency of the metal cations. The observed storage moduli for the ionically
crosslinked CNFs were in the range of 32 to 3.2 kPa.
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Figure 2.7: CNFs crosslinking with metal cations [49]

2.6 Cellulose nanofiber aerogels

Aerogels are derivatives of hydrogels in which the liquid component of gel is
replaced with gas. The common methods to prepare aerogels are by freeze
drying, solvent exchange and drying, and supercritical drying.

In freeze drying, the hydrogel is immersed in vacuum, leading to freezing
and water sublimation, or immersed first in cryogenic fluid (e.g. liquid
nitrogen) for freezing and sublimation. Liquid propane can also be used
in place of liquid nitrogen. The difference is that liquid nitrogen produces
sheet-like aggregates while liquid propane resulted in fibril-like aggregation
[51]. Solvent exchange makes use of exchanging the water within the
hydrogels with different solvents such as methanol and tert-butyl alcohol
followed by freeze drying. Rapid initial cryogenic freezing step allows
preservation of the fibrillar structure as it suppresses the growth of ice crystals
to some extent [52]. Supercritical drying makes use of high temperature and
high pressure to remove the liquid component from the hydrogels. It was
shown that supercritical drying produced aerogels without major aggregation
of fibrils [51].

Aerogels have potential applications in producing lightweight materials
with thermal insulation. CNF aerogels have the advantages of good
mechanical properties and relatively high surface area. Aerogels made out
of 0.4% CNF prepared by addition of HCl showed elastic modulus of 64 kPa
and surface area of 349 m2g−1; Figure 2.8.
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CNF aerogels with conducting polymers finds potential use in building
supercapacitors and sensors [53]. Thus, hydrogels and aerogels of CNF
has potential in building functional composites which shows anisotropy,
mechanical strength and flexibility.

Figure 2.8: SEM of 0.4% CNF (a and b) made from wood, (c and d) from
tunicate cellulose. The CNF was freeze dried after solvent exchange with
tert-butyl alcohol [48].
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2.7 Hydrogel activators: previous work

Gel activators trigger gelation after tunable time delay by introducing
functional groups to the starting materials that activate formation of
non-covalent or covalent interactions. Some common reaction mechanisms
used for preparing gels using activator molecules are acid-base reactions, ion
sensitive reactions, redox sensitive and binding reactions of neutral species
through non-covalent reactions [54].

2.7.1 Role of gel activators

Supramolecular gelation based on low molecular weight molecules has
been extensively studied [55]. In these gels, the fibrils first grow into
one dimensional chains, as driven by non-covalent interactions. Gelation
ensues when there is a continuous network of participating fibrils formed
by self-assembly. The final mechanical properties of the obtained gels
are controlled by the strength and density of the molecular interactions,
depending on the self-assembly process. Figure 2.9 shows the schematics of
the molecular interactions and self-assembly which leads to gelation using
low molecular weight molecules.

The mechanical properties of the gels in general are governed by degree of
crosslinking, mechanical properties of the participating fibrillar units forming
the skeleton, distance between crosslinking points, etc [55]. It is relevant to
control the crosslinking processes in order to have control over the gelation
and the emerging properties. The gel activator molecules can thus become
feasible where the final mechanical properties of gels could be programmed.
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Figure 2.9: Schematics of self-assembly leading to gelation [55]

2.8 Glucono-δ-lactone as gel activator

Glucono-δ-lactone (GdL) is a carbohydrate found in many natural products
such as fruits, and as gluconic acid in honey [56]. It is made by fermentation
of glucose followed by crystallization of lactone [57]. GdL has several
industrial uses such as in dairy industry for the cheese curd formation and
in meat industry as a slow acting additive [56]. The sour taste of GdL is
associated with its pH. GdL hydrolyses slowly to gluconic acid which depends
on the pH of the solution, concentration and temperature [58]. The pKa of
gluconic acid is 3.6 [56].

Figure 2.10: Hydrolysis of GdL.
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Related to GdL-induced gelation, Dave J. Adams et al [59] first
demonstrated GdL hydrolysis in producing fluorenylmethoxycarbonyl
(Fmoc) dipeptide hydrogels. They form hydrogels in acidic conditions but the
standard acid addition techniques lead to inhomogeneous gels. To overcome
this, slow control over pH was achieved by GdL hydrolysis. An advantage of
pH triggered gelation is that it allows the self-assembly process to be followed
over time. Another means to control kinetics of self-assembly can be achieved
by controlling the hydrolysis rate of GdL by varying the temperature [60].
Besides, the co-assembly of oppositely charged particles can be made possible
by utilizing similar kinetic control of GdL hydrolysis rate [61].

Yury Shchipunov et al [62] successfully used pH triggered gelation in
building hydrogels out of chitosan and clay; Figure 2.11. Here, the pH
dependent charging of chitosan is achieved by GdL hydrolysis. The clay
particles which are negatively charged are held towards the charged chitosan
molecules by electrostatic interactions and this physical crosslinking induces
gel formation.

Figure 2.11: Formation of chitosan clay hydrogels by GdL hydrolysis [62].

In a recent work [63], time programming of self-assembly with a
self-regulating mechanism was achieved by taking advantage of the pH
trigger. Hence, it can be seen that using GdL hydrolysis to induce pH
triggered reactions has more potential to form stable structures.

In this work, we explored the use of kinetic control of colloidal
nanocellulose through pH to form delayed gelation. The pH rate control
is controlled by the GdL hydrolysis rate. This opened up the possibility of
having a chemically programmed timer.
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2.9 Hydrogels and aerogels with

electroactive polymers

Hydrogels with conducting polymers have been shown to find applications
in robotic applications [64], making electrodes [65–69] and many other
electronic applications [70–72]. An important advantage is the switching
of electrical properties based on redox reactions. Hydrogels with conductive
polymers based on nanocellulose materials are becoming popular due to the
remarkable mechanical properties of nanocellulose and its biocompatibility
[73]. Common ways of incorporating conducting polymers in the gel are by
infiltration [74], electropolymerization and chemical polymerization [75, 76].

The infiltration of conductive polymers relies on the solubilities of the
matrix and the electroactive material. This implies that the two components
should possess similar solubility properties to yield hydrogels with optimal
conductive properties. For example, CNF hydrogels had been infiltrated with
few walled carbon nanotubes (FWCNT) and freeze cast to forms self-standing
aerogels [77].

The electroactive hydrogels can be achieved by in-situ polymerization
of monomers. The polymerization reaction is carried out either by
chemically or electrochemically. An example of electropolymerization is the
electrodeposition of poly(aniline) (PANI) on to CNF aerogel incorporated
with silver; Figure 2.12. The disadvantage of polymerization techniques is
that it is difficult to control the reaction and it is highly dependent on the
environment [78] in which it is carried out.

Figure 2.12: (a) CNF Aerogel (b) Ag particles were synthesized onto CNF
aerogel (c) PANI was electrodeposited on to Ag/CNF aerogel [79].

In the following section, two conducting units, i.e. oligo(aniline) (TANI)
and CNT, used in this work are described.
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2.10 Tetra(aniline)

Tetra(aniline) (TANI) exhibits different states of conductivity and optical
properties [80] by switching between different doping states by redox
reactions and also by chemical doping as similarly observed in PANI [81].
Figure 2.13 shows the different doping states of TANI achieved by oxidative
and acid doping. The emeraldine salt (ES) state is the conductive state
which exhibits green colour whereas the emeraldine base (EB) state is a
nonconducting state of purple colour. The redox doping route involves
addition and removal of electrons from the nitrogen atoms of the oligomer.
TANI is a potential material for building devices with switchable conductive
states and also electrochromic devices.
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Figure 2.13: Doping of TANI to form conducting ES (Emeraldine Salt) state
from LEB (Leucoemeraldine Base) state via oxidative doping and acid doping
from EB (Emeraldine Base) state to ES state.
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Well-defined TANI nanostructures can be produced by solvent
exchange-induced self-assembly [82]. It involves the process of producing
controlled aggregation and stacking of TANI molecules triggered by
non-covalent interactions.This is achieved by tuning of chemical conditions
between doping acid of TANI and a good solvent e.g. ethanol. The rationale
behind the solvent exchange process is that when TANI gets doped by
acidic conditions, the dopant anions significantly influence the interchain
packing distance and thereby influence the morphology. It was observed
that HCl resulted in the formation of self-assembled nanowires while acids like
camphorsulfonic acid consisting of bulky anions resulted in not so well-defined
structures of TANI.

The obtained nanostructures were found to contain crystals in which the
crystallization process is governed by nucleation and growth by hierarchical
assembly [83]. The nucleation centres dictate the growth process and the
small feature sizes undergoes hierarchical assembly to merge and produce
2D nanowires or nanosheets or 3D plates with time; Figure 2.14. The
crystallinity and crystal dimensionality can be controlled by controlling
the solvent conditions like polarity which determines the non-covalent
interactions. Thus, this hierarchical assembly paves way for producing
ordered structures which shows anisotropy.

Figure 2.14: Hierarchial self-assembly of TANI crystals to form different
dimensions and shapes [83].
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2.11 Carbon nanotubes

Carbon nanotube (CNTs) are long cylindrical structures which can be
imagined to be graphene sheets which are rolled into tubes. The structure
of CNT is described by its chirality, defined by chiral angle and vector.
The chiral angle quantifies the amount of twist in the tube. The electrical
properties of CNT depend on the chiral angles. The zig-zag nanotubes
corresponds to 0◦ chiral angle and armchair ones correspond to 30◦ chiral
angle [84]; Figure 2.15. The armchair tubes denoted as (n,n) are always
metallic while zigzag tubes that are (n,0) in which n is a multiple of three
are metallic. All tubes that are defined by the relation n −m = 3p ± 1 are
semiconducting.

Figure 2.15: Hexagonal graphite sheet rolled into CNT showing armchair
and zig-zag conditions [84].

CNTs can be classified as single walled carbon nanotubes (SWCNT),
few walled carbon nanotubes (FWCNT), or multi walled carbon nanotubes
(MWCNT) depending on the number of rolled layers of graphene sheets [85].
CNTs consists of both sp2 and sp3 hybridized carbons and the ratio of sp2 and
sp3 hybridized atoms determines the reactivity of the CNTs. The mechanical
properties of CNTs are comparable to graphene and the tensile strengths
were found to be close to 63 GPa which makes them ideal composites for
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making tough composite materials [86]. The effect of adding nanotubes
to conducting polymers resulted in composites with higher conductivity in
addition to better mechanical properties [87]. The poor solvent dispersibility
of CNT makes them hard to utilize in processing of composites. Hence
physical and chemical modifications are made to disperse them. A common
chemical modification to improve dispersibility of CNT involves the oxidation
of CNTs. This is achieved in the presence of strong acids such as sulphuric
acid and nitric acid [88]. In physical methods, additives are used which
provide interactions with the CNTs. For example, CNTs are dispersed using
surfactants and by ionic liquids [89, 90].

Efforts have been made to combine the mechanical and electrical
properties of CNTs with nanocellulose. For example, Wang et al
[91] combined oxidized FWCNT with CNF by ultrasound treatment for
homogenization. This is followed by freeze drying with liquid propane leading
to the formation of composite aerogels which showed conductivity of the
order of 10 mS/cm. Compressing the aerogel resulted reversibly increased
conductivity. Thus, combining CNTs with CNF has potential for building
composites with multifunctional properties.
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Overall aims and objectives

3.1 Chemically programmed gelation of

cellulose nanofiber gels

The first aim of the present work is the following: TEMPO oxidized
CNF consists of sodium carboxylate groups in the C6 position promoting
dispersion in water. When GdL is added, a drop of pH over time
occurs due to the GdL hydrolysis to gluconic acid. The consequent
protonation of carboxylic groups on the CNF surface induces changes in
the hydrophobic properties and promotes hydrogen bondings between CNFs.
The hypothesized mechanism suggests that the dispersibility reduces based
on the protonation extent of the fibrils; Figure 3.1. This protonation
promotes the fibrillar aggregation to form network structure resulting in the
formation of gels.

23
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Figure 3.1: Schematics of chemically programmed colloidal gelation

3.2 Chemical programming to produce

electroactive hydrogels

The second aim is to search ways to incorporate functional materials with
interesting electronic and optical properties, i.e. conductive polymers and
electroactive molecules, within the hydrogels.

First TANI is chosen as the material to be incorporated. TANI
becomes an oligo(electrolyte) bearing a positive charge when acid-doped.
It will be explored whether TEMPO-CNF/TANI hybrid hydrogel can
be constructed by chemical programming by TANI doping and mutual
electrostatic interaction to the anionic TEMPO-CNF by GdL slow hydrolysis
to gluconic acid [92].

Hybrid hydrogels will also be studied using strong acid oxidized CNT,
where the interaction to CNF is mainly driven by the hydrogen bondings.
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Materials and Methods

4.1 Materials

TEMPO oxidized CNF gel of 1.1 wt% was prepared from birch pulp.
The obtained gel was diluted to 0.2 wt% by mixing the stock gel with
Milli-Q water and subjecting it to vigorous stirring for about 24 h. This
is followed by centrifugation at 8000 rpm for 20 min. The obtained
dispersion is continuously stirred for about 24 h to obtain the final
TEMPO-CNF dispersion. GdL, molecular weight 178.14 g/mol, was
purchased from Sigma Aldrich. TANI EB, molecular weight 440.55 g/mol,
was synthesized using Buchwald-Hartwig cross coupling chemistry [93] in
Charl Faul Group/University of Bristol. Toluidine blue O (TB), molecular
weight 305.83 g/mol, was obtained from Sigma Aldrich. The FWCNT
(3 wt%) was obtained from Sigma Aldrich. The oxidation of FWCNTs
was carried out in presence of strong acidic conditions as described in the
procedure by Hung et al [88]. The conductive ink used in the impedance
experiments was purchased from SparkFun.

4.2 Preparation of TEMPO-oxidized

cellulose nanofiber hydrogels

For the preparation of CNF hydrogels, a fixed amount of gel activator, i.e.
GdL, was added to TEMPO-CNF dispersions. After this, the dispersion
was vortexed for about one minute. The prepared reaction mixture was
poured into teflon mould; e.g. circular or rectangular shape. The here
reported experimental results we produce from samples equilibrated at room
conditions for 24 h prior characterization; unless stated otherwise.

25
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Figure 4.1: Preparation of CNF gels

4.3 Preparation of electroactive hydrogels

Two sets of electroactive hydrogels, i.e. CNF/TANI and CNF/CNT were
prepared. The preparation methods are illustrated in Table 4.1

Electroactive hydrogel Preparation method

CNF/TANI 1 mL of 0.2 wt% TANI-EB stock solution in methanol is mixed
with 1mL of 0.2 wt% TEMPO-CNF
and 0.5 wt% of GdL were added to the mixture.
The mixture is vortexed for a minute

CNF/CNT oxidized CNT stock solution is dialysed for 24h.
1mL of obtained solution is diluted to 0.3 wt% and mixed
with 0.2 wt% of TEMPO-CNF. GdL of 0.5 wt% is added
to this followed by vortexing for a minute

Table 4.1: Procedure for preparation of electroactive hydrogels

The prepared hydrogels were poured into teflon moulds and equilibrated
for 24h.

4.4 Rheological measurements

The rheological measurements were performed using a controlled strain
rheometer (TA instruments AR2000 rheometer) using plate-and-plate
geometry (diameter 20 mm steel plate, Figure 4.2). Samples were
equilibrated at room conditions for 24 h prior rheological characterization.

Stress sweep measurements were carried out to determinate the linear
viscoelastic region for the samples. The stress sweeps were made from 0.01
Pa to 40 Pa at an angular frequency of 1 Hz (Appendix A.1, Figure A.1).
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From the stress sweep plot, 0.1 Pa was chosen as the oscillatory stress for all
the gels. The frequency sweep measurements were performed in the range
from 300 rad s−1 to 0.1 rad s−1at a constant oscillatory stress of 0.1 Pa.

Figure 4.2: Plate plate geometry for rheology of gels

4.5 Vial inversion test

The time at which a CNF/GdL aqueous mixture forms a gel is first
determined using the vial inversion test [94]. Representative experimental
procedure for the synthesis of CNF hydrogel from a CNF suspension is given
below. A microcentrifuge tube was loaded with TEMPO-CNF suspension
(500 µL, 0.1 wt%) and GdL (1.25 mg), and subsequently vortexed for 1
min. The microcentrifuge tube was inverted for every 5 minutes until the
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as-formed gel loses its flow, i.e. the gel suspension keeps suspended at the
bottom of the container.

4.6 Preparation of TEMPO oxidized

cellulose nanofiber gels at different

temperatures

For preparation of CNF hydrogels at different temperatures, a fixed amount
of GdL was added to TEMPO-CNF aqueous dispersion. The dispersion was
placed inside an oven at required temperature until it gels. The gelation
time at required temperature or the time until which the dispersion should
be placed inside oven is determined by performing vial inversion tests at the
desired temperature. The gels were allowed to equilibrate for 24 h before
characterization.

4.7 Visible and near infrared spectroscopy

UV-Vis-NIR absorbance measurements were carried out in a Perkin Elmer
Lambda 950 UV/Vis/NIR spectrometer. The reactivity of CNF, GdL, TB
and TANI mixtures were monitored in-situ in quartz cuvette with 1.0 cm
path length. Absorption spectra were recorded in the range of 900-200 nm.
A representative example of sample preparation is described below.

Formation of cellulose nanofiber/toluidine blue complex. CNF/TB
complex was prepared by mixing TB (0.3 mL, 0.001 wt%) and CNF (2.7 mL,
0.1 wt%). The reaction mixture was vortexed for one minute. An absorption
spectrum was taken for the as-prepared TEMPO-CNF/TB complex prior
addition of gel activator.

Addition of self-assembly activator. The as prepared TEMPO-CNF/TB
complex was mixed with a fixed amount of self-assembly activator, i.e. GdL
(60 mg), and vortexed for one minute. The as-prepared reaction mixture was
rapidly transferred into an UVvis cuvette (≈30 sec) and the time-dependent
UV-vis spectroscopic measurements were started. Absorption spectra were
recorded with sequential scans for every five minutes for the first hour and
then every ten minutes for a period of three hours.

A similar experimental procedure was followed for the in-situ
characterization of the reactivity of CNF, GdL and OA mixtures. The gel
was prepared in-situ by the experimental procedure described in section 4.3.
The final vortexed solution was taken in a quartz cuvette and UV-Vis-NIR
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measurements were made. The first absorbance spectrum was recorded
around one min after gel preparation was performed.

4.8 Scanning electron microscopy

The morphology of hydrogels was imaged using a Zeiss sigma VP SEM. A
wet gel is first slow frozen (≈ 1h) in a freezer at -20 ◦C. The as-frozen gel was
vacuum dried to remove water solvent to form a CNF aerogel. This material
is then Au sputtered (≈ 10 nm thickness layer) by using Emitech K100X
sputter coater prior imaged. The as-prepared CNF/OA aerogel was imaged
without Au coating.

4.9 Titration, pH and conductivity

Conductivity and pH measurements were measured using Mettler Toledo
SevenExcellence pH meter with conductivity and pH probes, respectively.

The surface sodium carboxylate content from CNFs is determined
following a conductometric titration procedure described elsewhere [95].
CNF aliquot (10 mL, 0.1 wt%) is reverse titrated with HCl standard solution
of concentration 0.0285M. The HCl standard solution is added to CNF
aliquot until the equivalence point is reached, i.e. point of inflexion of the
conductivity vs. HCl volume curve (Appendix A.4, Figure A.4). The surface
sodium carboxylate content was calculated from the equation [96]

σ = cv
m

where σ represents the surface carboxyl content, v denotes the amount of
HCl in mL and c is the HCl concentration. The amount of carboxylic groups
was found to be 1.07 milliequivalents per gram.

The drop in pH during GdL hydrolysis reaction and during gelation
were measured against time (Appendix A.5) to understand the kinetics of
the reaction. Conductivity measurements were done for understanding the
change in the conductivity during the gel formation (Appendix A.6).

4.10 Fourier transform infrared spectroscopy

Infrared spectroscopy was carried out on a Nicolet 380 FTIR infrared
spectrometer. Freeze-dried CNF aerogels (section 5.5) are characterised by
FTIR. The total attenuated reflection was measured with 64 scans averaging
and a resolution of 0.5 cm−1 from 400-4000 cm−1.
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4.11 Impedance spectroscopy

The electrical properties of hydrogels were taken using Zurich Instruments
HF2IS impedance spectroscope in 4 terminal measurement setup. Impedance
measurements were recorded employing a two-electrode system. Hydrogel
samples were sandwiched between two Au/Ti electrodes on glass slides
(75mm x 25 mm x 1mm). The measurements were repeated on fresh samples
(minimum three samples) were recorded to ensure reproducibility between
samples.

Diameter and thickness of analysed hydrogel samples were taken
from optical microscopy images. Optical Microscopy measurements were
performed with Leica 4500D optical microscope. Image digital analysis was
carried out on Leica Application Suite Software.

Preparation of Au/Ti electrode. Au/Ti electrodes were made by
sputtering 4 nm of Titanium on glass slides followed by sputtering 20 nm of
Gold. The glass slides were cleaned, first, by sonification in an appropriate
organic solvent and, second, by plasma treatment prior coating. Glass slides
were sonicated (5 min) in the following organic solvents: acetone, ethanol and
isopropanol. The washed glass slides were UV ozone treated for 20 minutes
to remove the organic impurities and enhance hydrophilicity. The ready to
use electrodes were connected to the wires with carbon conductive ink.

4.12 Cyclic voltammetry

Cyclic voltammetry experiments were carried out on a Metrohm Autolab
PGSTAT302N and a conventional three-electrode system with a glassy
carbon electrode (GCE, IJ Cambria Scientific Ltd, φ 3 mm) as working
electrode, a platinum wire as auxiliary electrode and a Ag/AgCl (Metrohm,
sat. KCl) as reference electrode. The in-situ electrochemical properties of
CNF gels were recorded in an electrochemical sweeping range of -0.6 to 0.7
V with a scan rate of 100 mV/s for all the samples.
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Results and Discussion

5.1 Rheology of cellulose nanofiber gels

The gel properties and the nature of the entangled networks present can
be probed by changes in viscoelastic properties using dynamic rheological
measurements. The storage and loss moduli for CNF dispersion (0.1 wt%)
were first explored after 24 h of addition of different levels of the GdL gel
activator (0 wt%, 0.5 wt% and 5.0 wt%), see Figure 5.1. CNF dispersion
without addition of GdL exhibit a viscous fluid behaviour, i.e. G

′ ∝ ω2,
G

′′ ∝ ω1, G
′
<< G

′′
. In contrast, upon including 0.5 wt% or 5.0 wt%,

G
′

becomes almost independent of ω and G
′
>> G

′′
after 24 h of addition

of gel activator (Appendix A.2, Figure A.2). Such a behaviour indicates
elastic solid, i.e. gelation [97]. Approximately an order of magnitude higher
storage modulus is observed, when the higher GdL concentrations is used. In
addition, the time sweep on the gels further supported the transition to gel
state from fluid state (Appendix A.3, Figure A.3). In conclusion, addition of
GdL to a dilute suspension of CNF allows a transition from a viscous fluid
to an elastic gel.

31
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Figure 5.1: Frequency sweeps of 5% GdL, 0.5% GdL and 0.1% CNF measured
at 20 ◦C with a constant oscillatory shear of 0.1 Pa.
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5.2 Effect of the amount of glucono-δ-lactone

on cellulose nanofiber gelation

CNF gels prepared from reaction mixtures with different gel activator
concentrations exhibited increased storage moduli upon increasing weight
fraction of GdL; Table 5.1, Figure 5.2(a). The measured data was completely
reproducible and the error bars were calculated from three independent gel

measurements. The ratio of storage modulus to loss modulus ( G
′

G′′ ) for all the
gels were in the range of 15-25 which shows relatively strong gelation.

The storage moduli vs the GdL can be associated to changes in the
physical cross-link density of the three-dimensional network structure. The
hydrolysis of GdL occurs at different rates depending on its starting
concentration. GdL reacts with water to produce stoichiometric amounts of
gluconic acid, which protonates the carboxylic salt groups in CNFs (section
2.8). This reduces the surface charge density on the CNF fibrils and allows
formation of carboxylic acids which, in turn, can form hydrogen bonded
dimers. Having this in mind one can think that the balance between
dispersibility and precipitation of the gelator is governed by the rate at
which this ongoing chemical neutralisation occurs. Hence, the key factors
shaping the mechanical properties of the network like structure, i.e. degree of
cross-linking, nature of crosslinking sites and microstructure, are determined
by the initial concentration of gel activator.
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(a)

(b)

Figure 5.2: (a) Plot of GdL concentration Vs storage modulus at 1 Hz for
0.1% TEMPO-CNF gels measured at 20◦C at a constant oscillatory stress
of 0.1 Pa (b) Gelation Time plotted as a function of GdL concentration
determined by vial inversion experiments
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The synergistic effect between intermolecular hydrogen bonding
interactions and hydrophobic associations produced changes on mechanical
properties of CNF gels. The CNF association degree determines the strength
of the network and is determined by the rate of protonation of carboxylic
acids.

The mechanical properties of the CNF gels show three distinct regimes;
Figure 5.2(a). For ≤ 1% of gel activator, one can observe a linear increase
in G

′
as a fuction of concentration of gel activator. This behaviour can

be attributed to the initiation of networks as explained earlier. Between
1% and 3% of gel activator, a plateau in modulus is observed. Above 3%
of gel activator concentration, one can see a linear increase of G

′
. This

behaviour can be attributed to new hydrophobic interactions introduced by
excess gluconic acid.

Table 5.1 shows also the gelation times, determined using the vial
inversion tests. In fact, in rheology the gelation time is defined as the time
at which the storage modulus G

′
vs frequency crosses with loss modulus G

′′

vs frequency [98]. The gelling behaviour of CNF is strongly dependent on
the pH [99]. In the present case, the gelation at the highest GdL fraction
was so rapid that the rheological determination of the gelation time was not
possible, taken the time of the rheological measurement. Hence, the gelation
times of the gels with different concentrations of GdL were measured by
performing vial inversion tests (Figure 5.2(b)). The observed gelation times
become shorter when the concentration of GdL is increased. This shows
that the gelation times can be controlled in the range of hours to seconds
depending on the concentration of GdL added initially.

GdL(wt%) G
′
(Pa) Gel time (minutes)

0.5 113.53 150
1 178.53 100

1.5 170.8 90
2 182.53 60

2.5 208.1 40
3 205.2 25
4 289.4 20
5 309 15

Table 5.1: Mechanical and gelation properties of CNF gels precipitated from
0.1% TEMPO-CNF. Elastic modulus measured for gels measured at 1 Hz,
constant oscillatory stress of 0.1 Pa and 20 ◦C. Gelation Gel time determined
by vial inversion experiments.
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We next explored whether the chemical programming by adding GdL
(and its slow conversion to gluconic acid) leads to different gel properties
than the direct addition of gluconic acid. Therefore gluconic acid was
added drop-wise onto the TEMPO CNF dispersion, corresponding to 2%
of GdL. The dispersion was subjected to vortexing for a minute and the
vial inversion test indicated that the CNF gel forms almost instantaneously
after mixing. The rheological measurements were performed after 24 h. The
frequency sweep revealed that the mechanical properties of gels that are
chemically programmed by GdL exhibited higher modulus than that of the
gels prepared directly with gluconic acid; Figure 5.3. Moreover, the gluconic
acid gels were quite fragile and difficult to handle when compared to the
chemically programmed gels. The observed mechanical behaviour indicates
that the self-assembly driven by controlled hydrolysis of GdL is a key factor
for obtaining gels with better handleability and mechanical properties.

Figure 5.3: Frequency sweeps of 2% Gluconic Acid and 2% GdL recorded at
20◦C at a constant oscillatory stress of 0.1 Pa.
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5.3 Effect of cellulose nanofiber

concentration

The effect of CNF concentration on the mechanical properties of the gels
were measured by frequency sweeps using two CNF concentrations, i.e. 0.1%
and 0.2%. The gels with higher CNF content exhibited considerably higher
storage moduli; Figure 5.4. This can be attributed to larger number of
crosslinks between CNFs, resulting in stronger network like structures. The
storage modulus exhibited by 0.2% TEMPO-CNF and 3% GdL was found to
close to modulus exhibited by TEMPO-CNF hydrogels prepared using HCl
[48].

Figure 5.4: Comparison of 0.1% and 0.2% TEMPO-CNF concentration. The
storage modulus at 1 Hz from frequency sweep was plotted against different
GdL concentrations.



CHAPTER 5. RESULTS AND DISCUSSION 38

5.4 Effect of temperature on cellulose

nanofiber gels

The effect of temperature on the gels was studied, as explained in section
4.6. The gelation time becomes shortened at higher temperatures; Table 5.2.
This is attributed to the temperature-dependent hydrolysis of GdL which
increases with increase in temperature [100]. Therefore, temperature-driven
GdL hydrolysis leads to increase of probability of crosslinking between the
CNFs resulting in lower gelation time.

Temperature(◦C) Gelation Time(minutes)

20 60
50 25
60 20

Table 5.2: Effect of temperature on 0.1% TEMPO-CNF and 1.5wt% of GdL

There is an enhancement of storage modulus when the temperature
is increased; Figure 5.5. This results in the increase of cross-linking
densities of the hydrogels which affects the mesh size of the gels [101]. The
observed increase in mechanical properties may be ascribed to the increase
of crosslinking densities due to temperature [102].
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Figure 5.5: Storage modulus of CNF gels prepared in the presence of gel
activator at different room temperatures: 20 and 60◦C. CNF gels were
prepared from 0.2% colloidal suspensions in the presence of different GdL
concentrations: 0.5, 1.0, 1.5 and 2.0%. The rheological measurements were
made after keeping the gels at corresponding temperatures in oven until it
gelates and then equilibrating for 24 hours at 20◦C.
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5.5 Determination of degree of protonation

of the gels

The degree of protonation of the carboxyl groups in the gels can be
characterized by FTIR. Figure 5.6 shows the FTIR of TEMPO-CNF aerogels
produced by freeze drying of CNF hydrogels prepared with different gel
activator concentrations. The C=O carbonyl stretch of carboxylic acid
groups can be identified between wavenumbers 1690 and 1750 cm−1.

Figure 5.6: FTIR for different GdL concentrations of 0.1% TEMPO-CNF.
The as-formed TEMPO-CNF gels were kept in freezer at -20◦C. The frozen
gels were subjected to vacuum drying to form aerogels and subjected to FTIR
characterization.

From Figure 5.6, it can be observed that the changes in the carbonyl
stretch can be attributed to the protonation of CNF. For 0.1% TEMPO-CNF
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dispersion the peak observed around 1602 cm−1 indicates the presence of
carboxylic group existing as COO−Na+ [96]. In the case of 0.25 wt% GdL,
the peak observed at 1728 cm−1 shows that the carboxyl groups become
protonated and a shoulder peak at 1602 cm−1 indicates that still some of
them exists as COO−Na+. For 0.75 wt% GdL, the intensity at 1728 cm−1

intensifies and the shoulder at 1602 cm−1 starts to diminish. The shoulder
observed around 1602 cm−1 is due to the C=O shift to lower energy. At a
concentration of 1.5 wt% of GdL, it is evident from the FTIR that the peak
corresponding to COO−Na+ vanishes and the peak around 1728 cm−1 shows
a further increase in intensity. This can be inferred that at this concentration
the TEMPO-CNFs are completely protonated. The broadening of peaks
observed around 3300 cm−1 shows that the hydrogen bonding interactions
increases as the concentration of gel activator is increased; Figure 5.7. This
can be attributed to the larger degree of hydrogen bonding interactions
between the CNF fibrils [103].

Figure 5.7: FTIR indicating the broadening of O-H stretch due to hydrogen
bonding.
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5.6 Protonation of carboxyl groups and its

effect on mechanical properties

The degree of protonation observed with respect to GdL concentration in
the FTIR has close correspondence to the observed mechanical properties
of the gels. From Figure 5.2(a) and the ensuing discussion on section
5.2, it can be seen that till concentration of 1 wt% of GdL, there was a
linear increase in storage modulus with increasing concentration. This is
a direct consequence of increase in protonation of carboxyl groups with
increase in GdL concentration. A small increase in storage modulus
with increasing concentration behaviour was observed with concentrations
between 1 wt% and 3 wt%. This can be attributed to the effect of
protonation and interactions between gluconic acid and formed molecular
gel like network. An increase in storage modulus with concentration was
observed for concentrations above 3 wt%. This can be attributed to the
effect coming from the excess gluconic acid which interacts effects with the
completely protonated network. The interactions also increase on further
increasing the concentration of GdL.

5.7 UV spectroscopy for monitoring of

cellulose surface interactions

The interaction between negatively charged cellulose surfaces and cationic
dye was monitored by UV-Vis-NIR. The cationic dye used in this work
is toluidine blue (TB) which is used as a biological staining agent for
the cells [104]. CNFs were coated with TB by simple mixing of both
components. The interaction of TB molecules with negative charged surfaces
produces a characteristic shift in wavelength depending on its aggregation
and interaction properties, the so-called metachromasia [105]. TB molecules
forms different kinds of aggregates depending on the concentration [106]. The
mechanism behind aggregation is the formation of a new intermolecular bond
between adjacent dyes [107].

The UV-Vis-NIR of TB molecules in water showed two peaks: one at
640 nm and the other at 600 nm; Figure 5.8(a). The peaks correspond
to intermediate aggregation forms of TB molecules which depends on
concentration [106]. Figure 5.8(b) shows the spectra of hydrolysis of GdL
after 24 hours. The spectra do not contain any new peaks indicating that
the observed TB peaks are independent of change of pH.

The UV-Vis-NIR spectra showed three distinct peaks for the system
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(a) (b)

Figure 5.8: (a) UV-Vis spectra of aqueous solution of TB (0.001%) (b) after
24 h of reaction with GdL of 2% GdL

with TB and TEMPO-CNF. A peak at 540 nm which corresponds to
the aggregation of TB molecules due to electrostatic interactions between
cationic TB molecules and anionic TEMPO-CNF fibrils. The peak is
attributed to the polymeric structure of dye molecules and the formation
of vertical stacking of dyes called as H-aggregates [105, 106]. A second peak
was observed around 595 nm and a third at 640 nm which corresponds to
intermediate aggregate forms of TB molecules [108]. As time proceeds, the
peak corresponding to electrostatic interactions starts to decrease and the
peaks corresponding to intermediate aggregations increases. This behaviour
is depicted in Figure 5.9(c).
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(a) (b)

(c) (d)

Figure 5.9: (a) Structure of TB. (b) Different aggregates of TB [106] (c)
The spectra show electrostatic interactions of TB with TEMPO-CNF and
GdL at different times. The rationale behind the electrostatic interactions
are depicted in the scheme. (d) Observed colour transition after gelation.
Lavendar colour indicates colloidal suspension and blue colour indicates the
gel. The spectra were recorded with 0.1% TEMPO-CNF, 2% GdL and
0.001% TB
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The peaks observed around 540, 640 and 600 nm were plotted against
time to evaluate the changes in intermolecular interactions that occurs
during gelation. To describe this, two cases were taken: fully and partially
protonated CNF confirmed by FTIR measurements (section 5.5). The cases
were taken to evaluate the effect of protonation on the observed behaviour.

The observed change of intensity ratios for the peaks is produced by the
changes in the electrostatic binding between CNFs and TB molecules as the
protonation proceeds along time. As soon as the GdL hydrolysis starts to
supply H+ ions, the TEMPO-CNFs start to protonate. The protonation
of TEMPO-CNFs gives rise to new hydrophobic interactions between them.
These interactions disrupt the stacking of TB molecules over the CNFs along
time.

For samples prepared above 1.5 wt% GdL (Figure 5.10(a)), the
intensities observed after the gelation time showed that the peaks caused by
intermediate aggregates is greater than the electrostatic binding interactions
between CNF fibrils and TB molecules. This is attributed to the full
protonation of the carboxylic groups in the CNF leading to less bound TB
molecules. In contrast for samples prepared with less than 1.5 wt% of GdL
(Figure 5.10(b)), the final intensities indicated that the electrostatic binding
interactions are greater than the intermediate aggregates. The observed
behaviour is in validation with the presence of unprotonated carboxylic
groups. Hence this method shows a way of monitoring binding interactions
along time.
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(a)

(b)

Figure 5.10: Measured UV absorbance for peaks observed at 540, 600 and
640 nm along the chemically programmed gel formation process. (a) 0.1%
TEMPO-CNF 2% GdL. (b) 0.1% TEMPO-CNF 0.5% GdL.
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In the case of fully protonated CNF, the time at which the
electrostatic binding peaks crosses with intermediate aggregate peaks gives an
approximate gelation time. The observed gelation times using UV-Vis-NIR
was found to be close to the gelation times determined using vial inversion
tests; Figure 5.11.

Figure 5.11: Comparison of gelation times determined using vial inversion
and UV-Vis-NIR. Vial inversion tests were carried out using a 500 µL solution
in a microcentrifuge tube.

TEM characterization was made to confirm the coating of CNF fibrils
with TB molecules after 24h of stabilization. The TEM shows TB aggregates
with CNF fibrils (Appendix A.11, Figure A.11), but it is hard to confirm if
the CNFs are getting coated with TB.
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5.8 Chemical programming of cellulose

nanofiber-based gels with electroactive

properties

The GdL hydrolysis-driven gel formation produces CNF networks with
tunable molecular interactions, i.e. hydrophobic and hydrogen bonding
interactions. Moreover, the dynamic kinetic control over surface molecular
interactions of CNFs unlocks the possibility of controlling molecular
associations between different components. Here we study the GdL
hydrolysis-driven hybrid gel formation consisting of different components.

5.8.1 Monitoring of assembly of
tetra(aniline)-cellulose nanofiber system

To make conducting hydrogels based on CNF/TANI mixtures, it becomes
necessary to control the pH to tune the electrostatic interactions, as a sudden
drop of pH would lead to phase segregation. In acidic conditions, TANI is
known to precipitate resulting in the formation of anisotropic structures[109].
The observed anisotropic structures are a result of a combination of hydrogen
bonding and electrostatic interactions (section 2.10). GdL hydrolysis reaction
produces pH rate control which could enable control over the intermolecular
interactions between positively charged TANI molecules. This also lead to
the thought, whether the method enables the possibility to produce coating
of positively TANI molecules over negatively charged CNF fibrils driven by
chemically programmed electrostatic interactions.

To achieve such a coating, the concentration of GdL was chosen such that
the hydrolysis rate does not induce precipitation of TANI. TANI hydrogels
produced by different hydrolysis rates were analysed using SEM. The
experiment conducted with fast hydrolysis rate resulted in phase segregation
which is confirmed by presence of crystals of TANI under SEM (Appendix
A.8, Figure A.8). Hydrogels formed with slow hydrolysis rate of GdL exhibit
no phase segregation (Appendix A.9, Figure A.9). The observed material
structure can be attributed to slow formation of cationic TANI species
without precipitation which interact with anionic TEMPO-CNF to form
electrostatic assembly. The presence of anionic binding sites on CNF can
be ensured by the use of initial GdL concentrations below 1.0 wt%.
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5.8.2 Acid doping properties of tetra(aniline)
hydrogels

The as-prepared TANI hydrogel retains its acid doping properties. A TANI
ES film was prepared by complete evaporation of water at room temperature.
The film was exposed to concentrated ammonium hydroxide vapours. UV-Vis
was taken for the TANI ES film exhibited characteristic peaks around 440
and 800 nm; Figure 5.12. The film exposed to base exhibited a peak around
600 nm and no presence of doping peaks. This switch of properties is an
indication that the CNF does not affect the acid doping properties of TANI.

Figure 5.12: EB and ES states in the UV-Vis-NIR. The spectrum was taken
for the prepared TANI hydrogel indicated as ES. The hydrogel was then
made into a film by room temperature evaporation of water. The prepared
film was then exposed to ammonium hydroxide vapours and spectrum was
taken, indicated as EB. The artifact observed in the EB plot is due to the
lamp change in the spectrometer which happens between 900 and 1000 nm.
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5.8.3 Mechanism of cellulose nanofiber-tetra(aniline)
hybrid gels

The possible mechanism for the formation of gels with TANI is illustrated in
Figure 5.13. Initially, GdL hydrolysis product, i.e. gluconic acid, protonates
TANI to form charged doped species [83]. This doping process occurs
in competition to the protonation-driven gelation process undergone by
CNF. The gelation process continues whilst cationic TANI species interacts
electrostatically with anionically charged CNF fibrils.

Figure 5.13: Scheme for coating of TANI over CNF fibres. Doping of TANI
occurs first due to pKa which makes them positively charged and is held to
negatively charged CNF fibers due to electrostatic interactions.

The acid doping process of TANI in presence of CNF was followed by
UV-Vis spectroscopy; Figure 5.14. It revealed peaks around 300 nm, 440
nm, 600 nm, 800 nm and 1150 nm during the initial stages of the reaction.
The peaks close to 440 nm and above 800 nm are associated to acid doping
of TANI [110]. The peaks observed close to 600 nm is due to presence of
TANI in EB state [83]. The presence of peaks associated to both doped and
undoped peaks may be explained by the presence of different cationic TANI
species. Although, there is no clear explanation for the stabilization of TANI
species under the performed experimental conditions. A possible explanation
may be the presence of gluconic acid influencing the solubility of protonation
driven TANI species.

As the hydrogel formation proceeds with time, the doping peaks start
to increase while the undoping peak decreases. The intermediate states of
doping may be confirmed by the presence of doping and undoping peaks
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Figure 5.14: UV-Vis-NIR spectra of the acid doping process of TANI inside
the hydrogel. The spectra were taken at every two minutes. The purple
colour inidicates the initial EB state and the green colour spectra indicates
the transformed ES state. The artifact observed in the EB plot is due to the
lamp change in the spectrometer which happens between 900 and 1000 nm.

during the early stages of the reaction. This gives an indication that the
doping process of TANI inside the hydrogel can be controlled. After the gel
was completely formed, the UV-Vis confirmed the complete acid doping of
TANI (green colour hydrogel).

Hence, one can conclude that the aforementioned method is an in-situ
bottom up approach for producing electroactive hydrogels.

The preparation method discussed has potential for producing gels
in which the interaction between CNF and the conducting polymer is
dominated by different intermolecular interactions. For example, the
dominant interaction in CNT hydrogels is hydrogen bonding interactions;
Figure 5.15(a). The method also enabled incorporation of conducting
polymers with intrinsic charge such as poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT: PSS); Figure 5.15(b). In addition to this,
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the method enabled production of stacked gels consisting of a CNF hydrogel
stacked over a TANI hydrogel; Figure 5.15(c).

(a) (b) (c)

Figure 5.15: Photographs of different electroactive hydrogels. (a) CNT
hydrogel (b) PEDOT: PSS hydrogel (c) stacked gels
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5.9 Electrical properties of hydrogels

Impedance spectroscopy was used to measure the electrical properties of
conductive hydrogels. EIS analyser was used for fitting the obtained
impedance spectra. Randles circuit was used as the equivalent circuit model
for characterizing the electrical properties of the gels [111]. Figure 5.16 shows
the randles circuit. The randles circuit consists of series bulk resistance (R1),
a constant phase element (CPE1) for the double layer capacitance, a Warburg
element (W1) for the diffusion and a charge transfer resistance (R2). W1 was
replaced by CPE at low frequencies as it resulted in a better fit.

Figure 5.16: Randles Circuit. R1-series bulk resistance, R2-charge transfer
resistance, CPE1- constant phase element, W1-warburg element.

The series resistance value was then converted to ionic conductivity by
using the formula [112]:

σ = t
R.A

where σ is the ionic conductivity, R is the bulk resistance to ions flow, t
is the thickness of the gel that is in contact with the electrodes, A is the area
of the gel in contact with electrodes.

5.9.1 Effect of cellulose nanofiber concentration

The ionic conductivity of gels with different TEMPO-CNF concentrations
were measured; Figure 5.17. For all the measured samples, the impedance
spectra showed a semicircle at high frequency region and an inclined straight
line at lower frequencies. The small diameter of semicircle indicates that the
charge transfer resistance is low in the gels [75].

The results indicate that on increasing the CNF concentration the ionic
conductivity decreases; Table 5.3.

The observed results can be attributed to the conduction mechanism in
the hydrogels. In hydrogen bonded systems, the conduction of protons occurs
by a process called as Grotthus mechanism [113]. In this mechanism, the
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Figure 5.17: Impedance Spectra of hydrogels with different TEMPO-CNF
concentrations. Samples were gelated with 2% GdL

CNF(wt%) Ionic Conductivity(mS/cm)

0.05 0.16
0.1 0.17
0.2 0.144
0.3 0.082

Table 5.3: Results of fitting impedance spectra using Randles circuit where
Warburg is replaced by CPE

protons get diffused through the network by successive hopping along bonds
with neighbouring chains. This mechanism of transport of ions is opposed
by the segmental motion of the polymer chains resulting in the reduction of
conductivity as the concentration of CNF is increased. A similar behaviour
was observed for blend gel electrolytes consisting of poly(vinyl alcohol) and
poly(acrylic acid) [114]. Table 5.3 shows the results of obtained conductivities
for different CNF concentrations.
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5.9.2 Effect of glucono-δ-lactone concentration

The electrical properties of gels prepared with different GdL concentrations
were measured with impedance spectroscopy. The spectra showed a
semicircle at high frequency region and a straight line at lower frequencies
(Figure 5.18). The results indicated that the value of ionic conductivity
increases as the concentration of GdL was increased. Table 5.4 shows the
results of the obtained conductivity.

Figure 5.18: Impedance spectra of gels for different GdL concentrations
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For increased concentration of GdL, the ionic conductivity values
increased. This may be attributed to the increase of free gluconic species
inside the gels produced.

CNF(wt%) Ionic Conductivity(mS/cm)

0.25 0.0954
0.75 0.126
1.5 0.191
3.0 0.252

Table 5.4: Results of fitting impedance spectra using Randles circuit where
Warburg is replaced by CPE

5.10 Electroactive hydrogels

Electroactive hydrogels were prepared with TANI and CNTs. Hydrogels with
concentration of 0.4 wt% CNT was analysed using impedance spectroscopy.
The CNT gels showed enhanced ionic conductivity in the perpendicular
direction than in parallel direction which means that the material shows
anisotropy.

Hydrogels of TANI were prepared with 0.05 wt% of TANI and electrical
measurements were performed on the gels. The TANI gels showed
conductivity of 0.038 mS/cm in both directions indicating no anisotropy.
The reason for the non-observance of anisotropy is unknown and need to
be further studied for drawing conclusions. The results obtained were
summarized in Table 5.5.

Material Conductivity(mS/cm) Circuit

TANI 0.0038 Randle’s Warburg impedance
replaced by CPE at low frequencies

FWCNT 0.8 in parallel direction and
2.3 in perpendicular direction

Randles
circuit

Table 5.5: Conductive properties of TANI and FWCNT gels

The addition of electroactive materials to CNF hydrogels introduces
differences in the conductivity. Hydrogels without electroactive materials
showed conductivity of 0.091 mS/cm. CNT and TANI hydrogels exhibited
conductivities of 2.3 and 0.038 mS/cm respectively. Clearly there is an
enhanced conductivity for the CNT case although lower conductivity values
were recorded for TANI gels.
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5.11 Electrochemical studies on hydrogels

The electrochemical studies of CNF and CNF/TANI hydrogels were made
using cyclic voltammetry. The CV of 0.2 wt% CNF hydrogels prepared with
0.5 wt% GdL is shown in Figure 5.19.

Figure 5.19: CV of 0.2% CNF and 0.5% GdL. Scan rate 100 mV/s.

The result showed no distinct peaks in the CV indicating that no redox
reactions are occurring in the CNF hydrogels. For the case of CNF/TANI
hydrogels, the gels were prepared such that the ratio of CNF to TANI is 3:1.
Three cycles of CV were performed (Figure 5.20) with the voltage range and
scan rate specified in section 4.12.

On comparing with CNF hydrogels, the TANI hydrogels showed distinct
peaks around 0.43 V and 0.25 V in the CV which can be ascribed to the
occurrence of oxidation and reduction reactions in the hydrogel which needs
to be characterized further in order to derive conclusions. These results
indicate that there is potential for developing electroactive devices with
switchable conductive states.
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Figure 5.20: CV measurements of hydrogels prepared with a total volume of
15 mL of 3 parts of 0.2% CNF one part of 0.2% TAN with 0.5% GdL. Scan
rate 100 mV/s.
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Conclusions

Hydrogels were prepared from CNF colloidal suspensions by a timing,
based on chemical programming. It was implemented by controlling the
GdL hydrolysis rate which depends on its aqueous concentration. The
rheological measurements indicated that the storage modulus increases as
a function of increased GdL concentration, leading to the protonation of
the TEMPO-oxidized CNF to the carboxylic acid states from the initial
sodium-salt state. This increase of hydrophobic interactions and hydrogen
bonds beyween CNFs to produce gels. The GdL amount allows also to control
the kinetics of the gelation.

The protonation state of CNF was detected spectroscopically. It also
allowed to detect the time evolution.

The chemical programming enabled to introduce conjugated units in the
hydrogels in a solution based approach, which allowed a processing window to
prepare composite hydrogels with controlled compositions. Hydrogels were
produced with different electroactive components such as CNT and TANI.
The hydrogels prepared with CNT showed anisotropy.

The chemical programming has potential to construct even more complex
networks. We suggest the use of two colloidal building blocks with different
responses, for example, acidities (pKa). The differences in pKa of the
components will lead to sequential formation of networks at different times.
The final aim is to produce two independent self-sorted networks based on
the differences in pKa avoiding phase segregation. For example, double gels
are foreseen, depicted in the literature as a way of producing anisotropic
materials with excellent mechanical properties [115, 116].

Monitoring of gelation was made possible with the help of organic dyes.
It would be interesting to see the effect of such dyes on the self-assembly of
fibrils in combination with organic semiconductors such as TANI.

The chemical programming of gels with CNF gels has potential for

59
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producing components at different length scales. This can be implemented
in combination with new fabrication methods which requires control over the
viscosity of the materials. Hydrogels of different geometries in combination
with organic semiconductors finds applications in stretchable electronics such
as electrodes and batteries [117, 118].

The produced hydrogels enabled the in-situ electrochemical
characterizations of conductive materials. The preliminary electrochemical
results indicate that CNF hydrogels can be used as electrochemical medium
for carrying out redox reactions. This could allow in-situ chemical reaction,
for example, reduction of FWCNTs to further enhance the conductivity.

The conductivity exhibited by the hydrogels includes both electronic
and ionic components. It would be interesting to segregate both the
components to find the ionic conductivity of the gels with better impedance
models. Finally, the produced hydrogels have potential for developing various
iontronic devices such as diodes and transistors [119, 120]. One can also
envision complex circuits consisting of redox sensitive polymers to fabricate
electrochromic devices [121].
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Novembre, Stéphane Lenfant, Kamal Lmimouni, Christian Gamrat,
and Dominique Vuillaume. An organic nanoparticle transistor behaving
as a biological spiking synapse. Advanced Functional Materials,
20(2):330–337, 2010.

[7] Gang Liu, Cheng Wang, Wenbin Zhang, Liang Pan, Chaochao
Zhang, Xi Yang, Fei Fan, Yu Chen, and Run-Wei Li. Organic
biomimicking memristor for information storage and processing
applications. Advanced Electronic Materials, 2(2), 2016.

[8] Peng Lin and Feng Yan. Organic thin-film transistors for chemical and
biological sensing. Advanced Materials, 24(1):34–51, 2012.

[9] Kezheng Gao, Ziqiang Shao, Jia Li, Xi Wang, Xiaoqing Peng, Wenjun
Wang, and Feijun Wang. Cellulose nanofiberâgraphene all solid-state
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Appendix A

Appendix

A.1 Stress sweep measurements for

determining linear viscoelastic limit

Figure A.1: Stress Sweep of 0.1% TEMPO-CNF gel with 2% GdL at constant
angular frequency of 1 rad s−1.
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A.2 Mechanical properties of cellulose

nanofiber hydrogels

Figure A.2: Storage modulus and loss modulus of 0.1% TEMPO-CNF gels
with different GdL concentrations concentrations
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A.3 Time sweep measurement of cellulose

nanofiber hydrogels

Figure A.3: Time sweep of 0.1% TEMPO CNF at 0.1 Pa oscillatory stress
with different GdL concentrations
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A.4 Determination of carboxyl content in

TEMPO oxidized cellulose nanofiber

dispersion

Figure A.4: Conductometric Titration of 0.1% TEMPO-CNF against
0.0285M standardized HCl.
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A.5 pH change during glucono-δ-lactone

hydrolysis and gelation

(a) (b)

Figure A.5: (a) Change of pH with time for hydrolysis of 0.75% GdL. (b)
Change of pH with time for 0.1% TEMPO-CNF and 0.75% GdL.
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A.6 Conductivity measurements during

gelation

Figure A.6: Conductivity measurements for 0.1% CNF and 0.75% GdL
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A.7 Scanning electron microscope of

cellulose nanofiber hydrogels

Figure A.7: SEM of 0.25% GdL and 0.1% TEMPO-CNF. The SEM
measurements were performed after freeze drying
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A.8 Scanning electron microscope of

cellulose nanofiber/tetra(aniline)

hydrogel with crystals of tetra(aniline)

Figure A.8: SEM of 0.2% TEMPO-CNF 0.2% TANI and 2% GdL. The
observed big crystals denotes TANI
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A.9 Scanning electron microscope of

cellulose nanofiber/tetra(aniline)

hydrogels

Figure A.9: SEM of 0.2% TEMPO-CNF 0.2% TANI and 0.5% GdL. The gel
consists of 25% TANI and 75% CNF
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A.10 Transmission electron microscope of

cellulose nanofiber dispersion

Figure A.10: TEM of 0.1% TEMPO-CNF dispersion. The images were taken
after drying the dispersion for two days.
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A.11 Transmission electron microscope of

cellulose nanofiber gels with toluidine

blue

Figure A.11: TEM of 0.1% CNF 2% GdL and 0.0001% TB. The images
were taken after drying the gels for two days.
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