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ABSTRACT

Cellulose is one of the most abundant biopolymers found in nature. Cellulose based derivatives
have a number of advantages including recyclability, reproducibility, biocompatibility,
biodegradability, cost effectiveness and availability in a wide variety of forms. Due to the
benefits of cellulose based systems, this research study was aimed at developing novel
cellulosic nanoparticles with potential pharmaceutical and personal care applications. Two
different cellulosic systems were evaluated, each with its own benefits and proposed

applications.

The first project involves the synthesis and characterization of polyampholyte nanoparticles
composed of chitosan and carboxymethyl cellulose (CMC), a cellulosic ether. EDC
carbodiimide chemistry and inverse microemulsion technique was used to produce crosslinked
nanoparticles. Chitosan and carboxymethyl cellulose provide amine and carboxylic acid
functionality to the nanoparticles thereby making them pH responsive. Chitosan and
carboxymethyl cellulose also make the nanoparticles biodegradable and biocompatible, making
them suitable candidates for pharmaceutical applications. The synthesis was then extended to
chitosan and modified methyl cellulose microgel system. The prime reason for using methyl
cellulose was to introduce thermo-responsive characteristics to the microgel system. Methyl
cellulose was modified by carboxymethylation to introduce carboxylic acid functionality, and
the chitosan-modified methyl cellulose microgel system was found to be pH as well as

temperature responsive.



Several techniques were used to characterize the two microgel systems, for e.g. potentiometric
and conductometric titrations, dynamic light scattering and zeta potential measurements. FTIR
along with potentiometric and conductometric titration was used to confirm the
carboxymethylation of methyl cellulose. For both systems, polyampholytic behaviour was
observed in a pH range of 4-9. The microgels showed swelling at low and high pH values and
deswelling at isoelectric point (IEP). Zeta potential values confirmed the presence of positive
charges on the microgel at low pH, negative charges at high pH and neutral charge at the IEP.
For chitosan-modified methyl cellulose microgel system, temperature dependent behaviour was

observed with dynamic light scattering.

The second research project involved the study of binding interaction between nanocrystalline
cellulose (NCC) and an oppositely charged surfactant tetradecyl trimethyl ammonium bromide
(TTAB). NCC is a crystalline form of cellulose obtained from natural sources like wood,
cotton or animal sources. These rodlike nanocrystals prepared by acid hydrolysis of native
cellulose possess negatively charged surface. The interaction between negatively charged NCC
and cationic TTAB surfactant was examined and it was observed that in the presence of TTAB,
aqueous suspensions of NCC became unstable and phase separated. A study of this kind is
imperative since NCC suspensions are proposed to be used in personal care applications (such
as shampoos and conditioners) which also consist of surfactant formulations. Therefore, NCC
suspensions would not be useful for applications that employ an oppositely charged surfactant.
In order to prevent destabilization, poly (ethylene glycol) methacrylate (PEGMA) chains were
grafted on the NCC surface to prevent the phase separation in presence of a cationic surfactant.

Grafting was carried out using the free radical approach.
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The NCC-TTAB polymer surfactant interactions were studied via isothermal titration
calorimetry (ITC), surface tensiometry, conductivity measurements, phase separation and zeta
potential measurements. The major forces involve in these systems are electrostatic and
hydrophobic interactions. ITC and surface tension results confirmed two kinds of interactions:
(1) electrostatically driven NCC-TTAB complexes formed in the bulk and at the interface and
(i1) hydrophobically driven TTAB micellization on the NCC rods. Conductivity and surface
tension results confirmed that the critical micelle concentration of TTAB (CMC+rag) shifted to
higher values in the presence of NCC. Phase separation measurements allowed us to identify
the formation of large aggregates or hydrophobic flocs depending on the TTAB concentration.
Formation of NCC-TTAB complexes in aqueous solutions was confirmed by a charge reversal
from negative to positive charge on the NCC rods. The effect of electrolyte in shielding the
negative charges on the NCC was observed from ITC, surface tensiometry and phase
separation experiments. Several mechanisms have been proposed to explain the above results.
Grafting of PEGMA on the NCC surface was confirmed using FTIR and ITC experiments. In
phase separation experiments NCC-g-PEGMA samples showed greater stability in the presence
of TTAB compared to unmodified NCC. By comparing ITC and phase separation results, an

optimum grafting ratio (PEGMA : NCC) for steric stabilization was also proposed.
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CHAPTER 1

INTRODUCTION

1.1 CELLULOSE

One of the most abundant organic polymers known to mankind is cellulose, a biopolymer and a
primary constituent of cell walls in plants. While cellulose can be obtained from wood, cotton
and other plant fibres, wood pulp is the most common source for cellulose processing. The
molecular structure of cellulose is shown in Figure 1.1. As seen from the structure, cellulose is a
carbohydrate polymer made up of repeating p-d-glucopyranose and consists of three hydroxyl

groups per anhydroglucose unit (AGU) giving the cellulose molecule high functionality. ™

OH
O

HO OH

Figure 1.1 Structure of Cellulose ™

The degree of polymerization (DP) of cellulose varies depending on the source and the kind of
treatment rendered to the cellulose. For instance, DP of wood pulp is around 300-1700 and that
of cotton is around 800-10000. Acid treatment of cellulose leads to DP values of 150-300

1



producing microcrystalline cellulose (MCC). The molecular structure of cellulose is of prime
importance as it explains the characteristic properties of cellulose like hydrophilicity,
chirality, biodegradability and high functionality. The hydroxyl groups of cellulose introduce
partially crystalline (high order) regions interspersed with amorphous regions (low order); this is
because of the extensive network of hydrogen bonds between the hydroxyl groups on the
cellulosic chains. The morphology of cellulose can be described by three distinct fibre structures:
elementary fibrils, microfibrils and microfibrillar bands. The lengths are of the order of a few
hundred nanometres and the diameters are in the range of 1.5-3.5 nm, 10-30 nm and around 100
nm respectively. Cellulose also exhibits different properties in solution state depending upon the

degree of substitution, concentration, solvent type and chain length distribution. !

Since it is derived from natural sources, cellulose and its derivatives have a number of
advantages over their inorganic or synthetic counterparts, some of which are: 2

= renewable in nature

= wide variety of cellulose forms available depending on the origin

= high functionality due to high surface coverage of hydroxyl groups

= biodegradable

= cheap and readily available



1.2 MOTIVATION AND RESEARCH OBJECTIVES

Due to the beneficial properties of cellulose, the focus of this thesis is the study of novel
cellulosic structures at the nano-scale. The research work aims to study the properties of different
cellulosic systems for their potential applications in cosmetic and pharmaceutical industry. This
thesis explores two different cellulose based systems: polyampholyte microgels and

nanocrystalline cellulose.

1.2.1. Polyampholyte Microgels

Polyampholyte microgels are crosslinked systems and are typically based on synthetic polymers.
In this work, cellulosic derivatives such as carboxymethyl cellulose (CMC) and methyl cellulose
(MC) were used to synthesize polyampholyte microgels which would be biodegradable and

biocompatible in nature thereby making them suitable for potential drug delivery applications.

1.2.2. Nanocrystalline Cellulose

Nanocrystalline cellulose (NCC) is a rod-like crystalline product obtained from cellulosic
sources. Due to its benign properties, this unique product has many potential applications in
personal care (cosmetics) and pharmaceutical industries. In order to utilize NCC in personal care
applications like conditioners, this work studies the interaction of NCC with an oppositely
charged surfactant. Furthermore, NCC was also chemically modified by grafting in order to

explore their potential in personal care applications.



1.3 PROJECT 1: POLYAMPHOLYTE MICROGELS

1.3.1 POLYAMPHOLYTES

Polyampholytes are defined as polymers capable of possessing both positive and negative

charges on their backbones. The properties of polyampholytes are dependent on intra-chain

electrostatic interactions since both charges are present on the same backbone. Thus, the

polyampholyte chain conformation would depend on two effects:

(1) polyampholyte effect which tends to attract the unlike charges on the same chain thereby
causing chain compression

(2) polyelectrolyte effect which tends to repel the like charges on the same chain thereby causing

chain elongation E!

1.3.2 POLYAMPHOLYTE MICROGELS

Polyampholytes differ from polyelectrolytes in the sense that polyelectrolytes may possess either
positive or negative charges on their backbones unlike polyampholytes which possess both
charges on the same backbone. Microgels on the other hand are crosslinked polymer particles
with sizes ranging from 100 nm to 1 pm that exhibit swelling in a good solvent. One of the most
widely studied microgel systems is poly (N-isopropylacrylamide) or PNIPAM microgels which
swell and de-swell in a solvent medium according to their LCST (lower critical solution
temperature). ! Microgels are extremely functional systems and depending on the constituent
polymers, microgels exhibit a different stimuli responsive behaviour (swelling/de-swelling) in

4



response to different stimulus like pH, temperature, ionic strength, solvent and an external

magnetic field (Figure 1.2). I

Change in

—_—
e

pH
Temperature
lonic strength
Solvent
Electric Field

Figure 1.2 Microgel responsiveness (swelling/deswelling) in response to different

external stimuli ©!

Thus, by combining the properties of ‘polyampholyte’ and ‘microgel’ we obtain ‘polyampholyte
microgels’ which are crosslinked polymer particles such that the constituent polymers are
capable of possessing positive and negative charges on their backbones. Typically, the positive
and negative charges come from pH-responsive functional groups like amino and carboxylic acid
groups. At low pH, amino groups become protonated and exhibit positive charges while at high

pH, carboxylic acid groups become deprotonated and exhibit negative charges.

1.3.3 pH-RESPOSNIVE BEHAVIOUR OF POLYAMPHOLYTE MICROGELS

At low pH, the amino groups in the polyampholyte microgel become protonated making the
microgel chains positively charged. The positively charged chains within the microgel repel each
other electrostatically which swells the microgels. The swelling of polyampholyte microgels at

low pH is also explained by Ho et al.; the authors explain that due to trapping of counterions in

5



the microgel network, an increase in the osmotic pressure inside the microgel causes the
microgel to swell in size. © Similarly, at high pH, the carboxylic acid groups in the
polyampholyte microgel become deprotonated thereby imparting negative charges to the
microgel. The negatively charged chains within the microgels repel each other, which causes the
microgel particles to swell. However, in the neutral pH range, the microgel has an equal number
of positive and negative charges resulting in an overall neutral environment within the microgel.
Hence, the microgel particles tend to flocculate in neutral pH ranges and the pH at which this
phenomenon occurs is called the isoelectric point (IEP). Grafting the microgel particles with a

steric stabilizer prevents flocculation in neutral pH ranges. [

Figure 1.3 shows the pH-responsive behaviour of polyampholyte microgels composed of
poly(methacrylic acid) (PMAA) and poly(2-(diethylamino)ethyl methacrylate) (PDEA)
polymers. [} Thus, polyampholyte microgels consisting of carboxylic acid and amino groups
would typically show pH responsive behaviour i.e. swelling at high and low pH and deswelling

at neutral pH.

Grafted stabiliser

OH” OH
_ —_
-~ ,\—H " -\—H+

o _ Cross-linked, sterically stabilized
Swollen l.:a.Lllfﬁmt :l'm.crc:rgl.‘l ifl MAA-DEA microgel Swollen anif}n[c microgel in
acidic solution basic solution

Figure 1.3 pH responsiveness of polyampholyte microgels '}




1.3.4 SCOPE OF POLYAMPHOLYTE MICROGELS PROJECT

Due to the pH-responsive character of polyampholyte microgels, they have potential drug and
protein delivery applications. ! In this research project, polyampholyte microgels composed of
biodegradable polymers like chitosan, carboxymethyl cellulose and methyl cellulose were
synthesized. Chitosan (CS) is obtained by deacetylation of chitin !, carboxymethyl cellulose
(CMC) from carboxymethylation of cellulose ' and methyl cellulose (MC) from methylation of

alkali cellulose [,

The advantages of using these biodegradable polymers in place of synthetic monomers for
microgel synthesis are as follows:
[11] [8] [12]

1. The polymers are biodegradable and biocompatible

2. They are non toxic and non allergenic 1!

3. They are readily available as they are obtained from natural sources hence they are
recyclable and cost effective @

4. Using polymers as starting material instead of synthetic monomers would ensure that
there are no toxic initiators after microgel synthesis, making them suitable for biomedical

and pharmacological applications 3[4

Two different polyampholytic systems were synthesized: chitosan-carboxymethyl cellulose
(CS-CMC) and chitosan-modified methyl cellulose (CS-ModMC). These systems were
synthesized using inverse microemulsion technique and EDC carbodiimide chemistry (for

crosslinking). For the first system, chitosan and carboxymethyl cellulose were chosen as they
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would provide amine and carboxylic acid functionality to the microgels. As a further extension
of the first system, chitosan-modified methyl cellulose system was also synthesized, wherein the
methyl cellulose was modified by carboxymethylation ! to incorporate the carboxylic acid
functionality. Also, methyl cellulose contains methoxide groups which initiate hydrophobic
interactions between the methyl cellulose chains causing them to aggregate at LCST. 2 Thus,
combining the pH-responsive character of chitosan and the thermo-responsive character of
methyl cellulose, a dually responsive system was synthesized from biodegradable and

biocompatible polymers.

1.4 PROJECT 2: NANOCRYSTALLINE CELLULOSE

1.4.1 BACKGROUND ON NANOCRYSTALLINE CELLULOSE

Nanocrystalline cellulose (NCC) refers to rigid rod-like crystals produced by sulphuric acid
treatment of native cellulose. The rod-like crystals have the following typical dimensions:
diameter in the range of 10-20 nm and lengths in the range of a few hundred nanometres
(Figure 1.4). Depending on the origin of the cellulose and the hydrolysis conditions, NCC
possesses different morphologies, for e.g. crystallites from tunicates and green algae have
lengths in the range of a few micrometers while crystallites from wood and cotton have lengths

of the order of a few hundred nanometres. [*61[17]



Figure 1.4 TEM micrographs of nanocrystals obtained from various sources (a) cotton (b) avicel

(c-e) tunicate [*®

As was mentioned earlier, native cellulose consists of amorphous and crystalline regions. When
native cellulose is subjected to harsh sulphuric acid treatment, the hydronium ions migrate to the
amorphous regions since they have lower density compared to the crystalline regions. The
hydronium ions cleave the glycosidic linkages hydrolytically thereby releasing the individual
crystallites (Figure 1.5). Acid hydrolysis is dependent on different parameters, such as acid
concentration, time of reaction, temperature of reaction and the specific acid used for the
treatment. Another important characteristic of NCC is that the individual crystallites have
negative charges on their surface due to the formation of sulphate ester groups during acid
treatment. The negatively charged NCC forms stable aqueous suspensions due to the electrostatic

repulsion between the individual crystallites. [



Amorphous region
Native cellulose P s

Crystalline regions Acid hydrolysis

Individual nanocrystals

— —— Individual cellulose polymer

Figure 1.5 Sulphuric acid treatment of native cellulose 2

1.4.2 SCOPE OF NANOCRYSTALLINE CELLULOSE PROJECT

Obtained from native cellulose (wood, cotton or plant fibres), nanocrystalline cellulose (NCC)
possesses a number of advantages, such as biodegradability, recyclability, availability,
non-toxicity etc. NCC can be used for various applications such as security paper, coloured
pigments or as a filler material for nanocomposites. '’ Due to its polyelectrolyte characteristics,
NCC can potentially be used in personal care applications such as conditioners. Personal care
applications often employ surfactant formulations and studying the effect of surfactants on NCC
suspensions would be imperative if NCC is to be used in personal care and cosmetics industry.
Therefore, this research project involves the study of polymer-surfactant interactions between

NCC and a cationic surfactant. The presence of a cationic surfactant would disrupt the
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electrostatic repulsion between the NCC rods thereby destabilizing aqueous NCC suspensions
(causing phase separation) and making NCC a poor candidate for cosmetic applications.
Furthermore, the presence of electrolytes would shield the negative charges on the NCC, which
introduces another parameter in the study of polymer-surfactant interactions. Consequently,
poly (ethylene glycol) methacrylate (PEGMA) was grafted onto the NCC surface in order to
prevent the destabilization of NCC suspensions in the presence of a cationic surfactant.
Therefore, the scope of this research project is to understand the nature of binding and types of
interactions between NCC and a cationic surfactant. This work also aims to study the effect of
PEGylation (grafting PEGMA on the NCC surface) on the polymer-surfactant interactions and

its effectiveness in preventing destabilization.

1.5 OVERVIEW OF THESIS

This thesis covers both research projects comprehensively. Chapter 2 discusses previously
published literature on polyampholyte microgels and nanocrystalline cellulose. This chapter is
divided into two subsections:

2.1 Polyampholyte microgels

2.2 Nanocrystalline cellulose (NCC)

Chapter 3 gives a brief theoretical background on various characterization techniques used to
study the properties of polyampholyte microgels and the NCC system. In this thesis, the
experimental results and discussions are collated into three chapters. Chapter 4 discusses the
project on “Biodegradable and biocompatible polyampholyte microgels from chitosan,
carboxymethyl cellulose and modified methyl cellulose”. Chapters 5 and 6 focus on two different
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NCC systems: NCC-TTAB and NCC-PEGMA.. These chapters discuss two interrelated projects:
“Interaction of nanocrystalline cellulose with an oppositely charged surfactant in an aqueous

medium” and “Steric stabilization of nanocrystalline cellulose in the presence of an oppositely
charged surfactant”

Chapter 7 lists the important inferences and conclusions drawn from experimental studies on
polyampholyte microgels and nanocrystalline cellulose. Furthermore, this chapter also offers
recommendations for future studies in both research projects. Chapter 7 is further divided into
two subsections:

7.1 Project 1: Polyampholyte microgels

7.2 Project 2: Nanocrystalline cellulose

12



CHAPTER 2

LITERATURE REVIEW

2.1 POLYAMPHOLYTE MICROGELS

Numerous papers have been published on chitosan, carboxymethyl cellulose and methyl
cellulose; researchers have also investigated various systems which are a combination of the
three polymers. The literature review discussed below is divided into the following subsections

sections:

2.1.1 Chitosan

2.1.2 Carboxymethyl Cellulose
2.1.3 Methyl Cellulose

2.1.4 Microgel synthesis techniques

2.1.5 Combined systems from CS, CMC and MC polymers

13



2.1.1 CHITOSAN

Chitosan is a derivative of chitin, a natural polysaccharide obtained from exoskeletons of
arthropods or from cell walls of yeast and fungi. Partial deacetylation of chitin in solid state
under alkaline conditions or enzymatic hydrolysis of chitin using chitin deacetylase produces
chitosan. After about 50% deacetylation of chitin, the final product called chitosan solubilises in
an acidic medium. Chitosan dissolves in an acidic agueous medium due to the protonation of
amino groups in the presence of H" ions. A number of papers state that chitosan is soluble below
pH~6 and can be easily dissolved in 1% acetic acid. The chitosan solubility is a complex
function of degree of deacetylation, pH and ionic strength of medium, the type of acid used,
acetyl group distribution, intra-molecular hydrogen bonds between hydroxyl groups and final
drying conditions for chitosan preparation. Chitosan exists in semicrystalline state when in a

solid form while complete deacetylation produces single crystals of chitosan. ™!

OH OH OH

0] o) /

HO
/" HO ni, O NH, NH,

Figure 2.1 Structure of chitosan (CS)

Due to its polyelectrolyte nature at low pH, it has potential applications in aqueous solutions,

films, hydrogels, sponges and fibres. Chitosan is used in a number of pharmaceutical and

14



biological applications due to its biodegradability, hydrophilicity and its anti-bacterial properties.

In a comprehensive review M Rinaudo summarized the properties and applications of chitosan.

Potential Biomedical Applications Principal characteristics of Chitosan
Surgical sutures Biocompatible
Dental implants Biodegradable
Artificial skin Renewable
Rebuilding of bone Film-forming
Corneal contact lenses Hydrating agent
Time release drugs for animals and humans Non-toxic, biological tolerance
Hydrolyzed by lysozyme, wound healing
Encapsulating material properties,efficient against bacteria, viruses,
fungi

Table 2.1 Properties and biomedical applications of chitosan 1]

Apart from complexing with copper and Fe™ metal ions, chitosan also complexes
electrostatically with anionic surfactants, such as sodium dodecyl sulphate (SDS). These
interactions are said to be co-operative and surface tension curves (Figure 2.2) for chitosan-SDS
clearly show CAC (critical aggregation concentration) and CMC (critical micelle concentration)
transition points. Due to its cationic charge, chitosan also forms polyelectrolyte complexes with a
number of oppositely charged anionic polyelectrolytes, such as polyacrylic acid, carboxymethyl
cellulose, Xanthan, carrageenan, alginates, pectin, heparin hyaluronan, sulphated celluloses,

dextran sulphate and chondroitin sulphate. %!
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Figure 2.2 Surface tension curves for chitosan (o) SDS (1)) and SDS into chitosan in

acetate buffer(m)!*®

Khor and Lim have also reported on the biocompatibility and biodegradability of chitosan for
implantable applications. They summarize the laboratory results from various researchers who
have previously shown that chitosan is degradable in vivo by lysozyme and that at least 50%
deacetylated chitosan is easily degraded with no bioaccumulation. In some studies the
researchers found that chitosan has an effect on cell proliferation and cell growth. Studies have

also shown that chitosan facilitates cell migration for wound healing applications. ™!

2.1.2 CARBOXYMETHYL CELLULOSE

Carboxymethyl cellulose, popularly known as CMC, is a carboxymethyl ether of cellulose.
Carboxymethylation is initiated using an alkali to activate the cellulosic chains and then reacted

with monochloroacetic acid (or its sodium salt) to yield carboxymethyl groups through
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Williamson ether synthesis. CMC is widely available in a number of grades for specific
applications in the industry. For instance, extra pure CMC grade is used in food products,
pharmaceuticals and toothpastes while semi purified and technical grades may be used for oil

drilling muds, paper coatings, textile sizing, mining operations, detergents etc. !

OCH,COOH
HO OH (o) HO OH
o HO OH o)
OCH,COOH OCH,COOH

Figure 2.3 Structure of carboxymethyl cellulose (CMC)

One of the simplest methods of determining the number of carboxymethyl groups on
carboxymethyl cellulose is the conductometric titration. % In this method, 0.1wt% of the CMC
sample is typically used and the sample pH is increased to pH 11. This is done to ensure that the
CMC is completely in its protonated form. Next the conductivity of the sample is measured
while it is titrated with 0.1M HCI. Typical conductometric titration curve for sodium salt of
CMC is shown below in Figure 2.4. The two transition points denote the initiation and
completion of protonation of -OCH,COOQO" groups on CMC. By calculating the volume of HCI
reacted with the CMC (i.e. V,-V1), we can calculate the no. of milli equivalents of acid reacted.
Finally dividing the no. of milli equivalents of HCI reacted by the wt. of CMC in the sample
gives us the no. of milli equivalents of -COOH groups present per gram of the CMC sample

(units: meq/g).
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Figure 2.4 Conductometric titration of CMC-Na 2%

Commercial production of CMC involves swelling wood pulp or cotton linters in aqueous NaOH
and then reacting the resulting alkali cellulose with monochloroacetic acid or its sodium salt. By
manipulating the degree of polymerization of the starting materials, one can control the viscosity
of the resulting CMC. Experimental studies have shown that carboxymethylation follows a
nucleophilic mechanism; the reaction rate increases with temperature but decreases with
increased substitution on the cellulosic chains. The maximum degree of substitution (DS)
achievable from this slurry method is ~1.3-1.5. However, using multi-step carboxymethylation
leads to higher DS values of ~2.3-2.6. Multistep carboxymethylation involves isolation of CMC
and subsequent carboxymethylation to yield higher DS values. Some important derivatives of
CMC have also been obtained by further derivatization. For e.g. partial hydrophobization
produces polymeric surfactants from CMC and etherification with diethylaminoethyl (DEAE)

produces a polyampholyte. ! Formic acid is a derivatizing solvent for CMC such that CMC
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formyl esters are soluble in dipolar aprotic solvents and can be regenerated to CMC-Na by
reaction with NaOH. It has also been reported in literature that biodegradable CMC gels were

formed using ferric ions as crosslinker. !
2.1.3 METHYL CELLULOSE

Due to strong intermolecular hydrogen bonding between the hydroxyl groups on the cellulosic
chains, unmodified cellulose is insoluble in water. However, methylation of cellulose introduces
hydrophobic groups on the cellulosic chains producing methyl cellulose which can be easily

dissolved in cold water. %

OH OCH, OH

(0] 0 /

HO
/" Ho ocH, MO OCH, OCH,

Figure 2.5 Structure of methyl cellulose (MC)

Mansour et al. have studied the effect of different variables on methylation reaction of cellulose.
The methylation reactions are described as follows:

a. Production of alkali cellulose 2!

Cell-OH + NaOH — Cell-ONa + H,O

alkali cellulose I or 11
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b. Methylation of alkali cellulose to produce methyl cellulose (MC) &

Cell-ONa + (CH3)QSO4—> CE”-(OCHg)z + Na,SOq,

alkali cellulose I or 11

Experimental results confirmed how different variables affect the methylation of cellulose and
they are described as follows: %%

1. Effect of NaOH concentration: Increasing the NaOH concentration beyond 25% lead to

the formation of alkali cellulose Il, which is more suitable for methylation than alkali
cellulose 1. Degree of substitution (DS) increased as the concentration of NaOH was
increased up to 50%, primarily due to the formation of alkali cellulose Il structures
(beyond 25% NaOH) aiding methylation.

2. Effect of Methylating agent: Increasing the amount of methylating agent (DMS-dimethyl

sulphate) decreased the DS values when all the other reaction conditions were kept
constant.

3. Effect of liguor ratio: At 50% NaOH concentration and with the cellulose to DMS ratio

set at 3, a liquor ratio (cellulose : alkali) of 1:5 was found to be optimum and gave higher
DS values (up to 0.8) as the reaction time was increased. At higher liquor ratios, the DS
decreased as reaction time was increased due to the formation of impenetrable gel
networks; these gel networks make the active hydroxyl groups inaccessible to

methylation.
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Due to the presence of methoxide groups on their chains, methyl cellulose exhibits
thermoreversible association and gelation on increasing temperature. There are three different
forces acting in aqueous methyl cellulose solutions:

1. H-bonds between hydroxyl groups on the MC chains

2. H-bonds between hydroxyl groups on MC and the surrounding water molecules

3. Hydrophobic interactions between the methoxide groups on MC
At low temperatures, MC is soluble in water since the hydrogen bonding between MC and water
molecules dominates all other interactions. Conversely, at elevated temperatures (~ 50-75°C), the

hydrophobic interactions between methoxide groups dominate causing thermal gelation. %

Figure 2.6 shows heating and cooling curves for an agueous MC solution. ? At low
temperatures, the water molecules surround the MC chains and form cage-like structures around
thereby making MC soluble in water. As temperature is increased, the cage-like structure made
by water molecules is broken down exposing the hydrophobic methoxide groups which begin to
interact through intermolecular hydrophobic association. As temperature is further increased,
hydrophobic associations take place throughout the solution and a sol-gel transition is observed.
Figure 2.6 clearly shows that the cooling curve does not follow the heating curve and exhibits a
peak at a much lower temperature with the appearance of a shoulder. This behaviour was
explained by a delay in the gel-to-sol transition as the dissociation of MC gel takes place in two
steps: disruption of intermolecular hydrophobic interactions and the formation of ordered cage-

like water structures around the MC chains. 122
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Figure 2.6 Calorimetric thermograms of MC for heating and cooling cycles at 1°C/min

Li et al. also explained that molecular weight of MC does not have an effect on the shape of the
thermograms or the peak positions. However, the amount of heat required for breaking the cage-
like structures of water molecules was found to be greater for a higher M.W. MC than a lower
M.W. MC sample. This is explained from the fact that a higher M.W. MC sample has lower
solubility in water; hence more water molecules would be required to solubilize the chains.
Additionally, a higher M.W. MC sample contains more flexible chains resulting in a larger
fraction of intra-molecular coiled structures that require more water molecules to solubilize the
chains. Experiments have also shown that addition of CI ions decreases the sol-gel transition
temperature and promotes the gelling behaviour in aqueous MC solutions. ClI ions are highly
hydrated in water thereby breaking up the cage-like water structures surrounding MC chains.
Since they compete with MC chains for water molecules, CI" ions make it harder for the MC
chains to solubilise and easier to associate hydrophobically. On the other hand, I" ions increase

the sol-gel transition temperature and suppress the gelling behaviour. This is because I ions are
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weakly hydrated and act as extra solvent molecules in the system thereby making it harder for

the MC chains to associate hydrophobically. %2

2.1.4 MICROGEL SYNTHESIS TECHNIQUES

Microgels/nanogels can be considered as micron/nano sized hydrogels with a number of
advantages !, such as high surface area for surface functionalization (high surface to volume
ratio), porous network for incorporation of drugs, tunable/controlled size and water retention
capability. Recently, a number of methods have been used to synthesize micro/nano gel systems

and they are described as follows:

1. Photolithography technigues: For producing microgel particles, “Particle Replication In
Nonwetting Templates” (PRINT) approach is used. A silicon master template is patterned
using electron beam lithography; next, dimethyl acrylate functionalized oligomers of
perfluoropolyether (PFPE) and a photoinitiator are poured on the master template and
photocured to produce replica molds which are later used for microgel synthesis. 2°
Figure 2.7 shows the difference between a PRINT process and a traditional lithography
technique. While the lithography technique uses a wetting substrate for producing
embossed films, a PRINT process uses non-wetting substrates for producing isolated

microgel particles.
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Figure 2.7 PRINT process for microgel synthesis [

2. Microfluidics: Microfluidic reactors (made from PDMS or polyurethane) are used to
synthesize microgels. These reactors consist of microchannels for allowing flow of
reactants to a tapered nozzle to produce droplets which can be either photo-crosslinked or
chemically crosslinked. Figure 2.8 shows a schematic for producing alginate microgels

by ionic gelation in a microfluidic reactor. [?°!

3. Inverse miniemulsion technigue: In this technique a water-in-oil (W/QO) inverse emulsion

is formed using water soluble polymers in aqueous droplets and an organic solvent, such
as hexane as the continuous organic phase. Span 80 and Aerosol OT are used as oil-

soluble surfactants to emulsify the aqueous and oil phases. !
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Figure 2.8 Production of alginate microgels using (a) internal gelation (b) external gelation "]

4. Reverse micellar method: This approach is similar to that of the mini-inverse emulsion

technique but it requires large amount of oil-soluble surfactants like Span 65, Span 80
and Tween 80 to produce thermodynamically stable inverse emulsions. 1 A
water-soluble crosslinker can be used to crosslink the aqueous polymer droplets

(see Figure 2.9).

5. Membrane emulsification: This method involves the use of Shirasu porous glass (SPG)
membranes with uniform pore sizes (0.1-18um) to produce different microgel
morphologies like microspheres, hollow spheres, core-shell particles etc. The technique
involves two steps: membrane emulsification and redispersion of formed droplets in a

continuous phase to produce W/O, O/W, O/W/O or W/O/W (see Figure 2.10). %!
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Figure 2.10 Chitosan microspheres from membrane emulsification !

Dispersion polymerization: In this method, all the reactants including monomers and

initiators are dissolved in a continuous organic phase. When the polymerization begins,

the polymers partition from the organic phase and form dispersed droplets in the organic

phase stabilized by polymeric stabilizers. Precipitation polymerization is also similar to

dispersion method where a crosslinker is used to form the microgel particles to

precipitate them from an initially homogeneous solution.
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7. Inverse micro emulsion polymerization (IMEP): While inverse mini emulsions in that

mini emulsions are kinetically stable below, near or above the CMC, micro emulsions are
thermodynamically stable only upon the addition of large amounts of surfactants. !
Inverse microemulsion method is especially useful for water-soluble polymers that
polymerize in bulk instead of forming microgel particles. [ Ho et al. have synthesized
polyampholyte microgels using a mixture of non ionic surfactants Brij 92 and Brij 96.
Mixing non-ionic surfactants in different ratios produces different hydrophile-lipophile
balance (HLB) values. HLB values in turn tune the phase inversion temperature (PIT)
values for an inverse emulsion. Thus, non-ionic surfactants mixed in a certain ratio can be
used to produce a W/O inverse emulsion when the temperature is increased beyond their
PIT value. ® After the phase inversion, water droplets contain the water soluble
polymers and the water soluble crosslinker thereby producing crosslinked microgel

particles.

2.1.5 COMBINED SYSTEMS FROM CS, CMC AND MC POLYMERS

This section describes other novel systems developed using chitosan (CS), carboxymethyl

cellulose (CMC), methyl cellulose (MC) or combinations of them. A brief description of

chitosan-carboxymethyl cellulose systems and chitosan-methyl cellulose systems is provided.
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Chitosan-carboxymethyl cellulose systems

Chitosan-carboxymethyl cellulose microspheres were prepared using emulsion phase separation
method and bovine serum albumin (BSA) was encapsulated in the microspheres to study their
release kinetics. The microspheres were formed by the hydrogen bonding between the two
polymers to produce insoluble polyelectrolyte complexes. BSA encapsulation efficiency was
calculated around 75% and its release was controlled by the amount of chitosan in the
microspheres (i.e. on account of more compact structure). It was also observed that at low pH
(gastric juices), the microspheres had a lower swelling degree and lower BSA release as
compared to pH 7.2 (intestinal fluids). The authors explained that at lower pH, chitosan is highly
protonated and forms very compact/dense microspheres due to strong electrostatic interactions

with the carboxylic acid groups on CMC. B!

Enzymatic hydrolysates of chitosan and CMC have been used to produce biocompatible
nanoparticles. Chitosanase and cellulase were used to enzymatically hydrolyze chitosan and
CMC. The enzymatic hydrolysates were mixed at intermediate pH of 5.6 so that nanoparticles
would form due to the electrostatic interaction between negatively charged carboxylic acid
groups on CMC and positively charged amino groups on chitosan. It was shown that without
subjecting the polymers to enzymatic hydrolysis, the molecular weight of the polymers was too
high for nanoparticle formation. Upon hydrolysis, it was observed that increase in hydrolysis
time reduced the M.W of chitosan and the nanoparticles became smaller in size. The
nanoparticles also showed high stability under a variety of conditions, such as low pH (~3), high
ionic strength (1M NaCl) and low temperature (4°C). B!
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The same research group also studied the entrapment and release of various compounds from the
nanoparticles. Negatively charged compounds like Texas Red and DNA fragments, amphoteric
molecules like OVA, and positively charged compounds like trypsin inhibitor could be easily
entrapped due to formation of electrostatic complexes with the nanoparticles. However, non-
ionic FITC-dextran could not be trapped as hydrophobic interactions with chitosan hydrolysates
could not drive entrapment. In a 3 hour study, OVA and trypsin inhibitor showed a 50% release
while Texas Red and DNA fragments showed less than 1% release since they interact very
strongly with the nanoparticles. Addition of lysozyme to nanoparticles trapped with Texas Red

and DNA fragments released most of the compounds within a day.

Chitosan-methyl cellulose systems

Chitosan-methyl cellulose polymeric complexes have been prepared by loshchenko et al. by
mixing the polymer solutions in a certain ratio and casting a film on a glass substrate; this was
then followed by vacuum evaporation of the solvent. Various chitosan polymeric complexes
were also shown to decontaminate water by removal of metal ions, petroleum products and
phenols. The polymer complexes showed stability when examined under thin-layer
chromatography and the polymers associated to form macromolecular cavities with dimension of
~ 130 nm. For CS-MC complex, the degree of decontamination of water to remove petroleum
products was 42.1% and for removal of phenol the efficiency was 23.6%. Also, CS-MC complex
showed high retention for Cu®* and Cd** and moderate-to-low retention for Fe**, Zn?*, Ni*" ions.
Due to the presence of hydrophilic groups on methyl cellulose, CS-MC film also showed a large

degree of swelling in water. %!
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Lagaron et al. have studied the biodegradability properties of nanofilled films of chitosan and
methyl cellulose. Digital photographic evidence showed that addition of nanofillers
montmorillonite and mica did not decrease biodegradation of the films and all films degraded
within a 60 day period (see Figure 2.11). The authors observed that in general chitosan films

degraded faster than methyl cellulose films. 4
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Figure 2.11 Biodegradation of chitosan (CS) & methyl cellulose (MC) films with nanofillers B4
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2.2 NANOCRYSTALLINE CELLULOSE

A review of recent literature indicates that there has been a rise in the number of publications
related to the NCC system. NCC is a relatively new system and a number of research groups are
involved in different aspects of NCC research. This literature review is divided into the

following four sections:

2.2.1 NCC Synthesis
2.2.2 NCC Properties
2.2.3 NCC Characterization

2.2.4 NCC Modification

2.2.1 NCC SYNTHESIS

Acid treatment (acid hydrolysis) of native cellulose from a variety of sources like wood pulp,
cotton, tunicate cellulose, bacterial cellulose, microcrystalline cellulose (MCC) produces
nanocrystalline cellulose. The final properties of NCC depend on various factors like the
cellulose source, reaction time and the type of acid used in the hydrolysis. Nanocrystals from
tunicate and algae sources are several micrometers in length since the cellulose microfibrils in
tunicate and algae sources are highly crystalline. Nanocrystals from bacterial cellulose also have
dimensions similar to those obtained from tunicate and algal sources, while nanocrystals of
smaller dimensions are obtained from cotton and wood microfibrils. When acid treatment is
continued for a longer time period, shorter nanocrystals are produced. Moreover, acid hydrolysis
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with sulphuric acid produces sulphate ester groups on the NCC surface due to the esterification
of hydroxyl groups. These negatively charged sulphate ester groups produce very stable agueous
NCC suspensions due to electrostatic repulsion between the individual NCC crystallites. On the
other hand, acid hydrolysis with hydrochloric acid does not produce as many negative surface

charges on nanocrystalline cellulose, resulting in less stable NCC suspensions. !

Gray and co-workers synthesized and investigated the properties of wood cellulose nanocrystals
produced from two wood sources: softwood (black spruce) and hardwood (eucalyptus). Keeping
the reaction time, reaction temperature and acid-to-pulp ratio constant, the authors observed that
the two wood cellulose suspensions possessed similar dimensions and surface charge. The
critical concentration required to form anisotropic liquid phases was similar for both kinds of
suspensions. Furthermore, it was observed that in the production of softwood suspensions, longer
reaction times resulted in nanocrystals with shorter lengths, smaller diameters and lower
polydispersity in the length of the nanocrystals. Larger acid-to-pulp ratio also produced shorter
crystal length in the softwood suspensions with smaller PDIs. Combining both effects, higher
acid-to-pulp ratio and longer reaction time, produced shorter length nanocrystals with narrow
PDIs and increased critical concentration to form an anisotropic phase (confirmed by Onsager’s
phase separation theory). The authors also observed that surface charge and sulphur content of
the nanocrystals can be decreased by the application of heat which de-esterifies the sulphate

groups. ¥

Roman and Winter studied the thermal degradation and thermal stability of cellulose

nanocrystals obtained from bacterial cellulose using thermal gravimetric analysis. With
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increasing applications of NCC as fillers in nanocomposites, a study of this kind is important
since processing temperatures in various composite applications is greater than 200°C. The
authors observed that in the hydrolysis of bacterial cellulose, the number of sulphate groups on
the nanocrystals produced could be increased by increasing the reaction time, reaction
temperature, acid concentration and acid-to-pulp ratio. Increasing sulphate groups led to
degradation at lower temperatures and a broader temperature range was observed as compared to
unhydrolyzed samples. Also increasing the number of sulphate groups on nanocrystals increased

the amount of charred residue indicating that sulphate groups are flame-retardant in nature. B¢

The authors of [36] describe the degradation as a two step process: low temperature process and
high temperature process. The low temperature process involves the degradation of most
accessible amorphous regions which are also highly sulphated. The high temperature process
involves the degradation of less accessible interior crystalline regions that are less sulphated in
comparison. For highly sulphated samples, an extra step involves the degradation of sulphated
ends of crystalline regions. Using the Broido method, the authors calculated the activation
energies of both degradation processes and concluded that more sulphate groups led to lower
activation energies for degradation. It is also suggested that sulphuric acid may be instrumental
in catalyzing the degradation process; direct catalysis by the acidic molecules could be a possible
mechanism. Therefore, the authors concluded that using sulphuric acid produces sulphated
nanocrystals which are susceptible to thermal degradation. At the cost of NCC aggregation,
sulphation of nanocrystals can be reduced using shorter reaction times, lower acid-to-pulp ratio

and lower acid concentrations. It is also suggested that hydrochloric acid be used for hydrolysis
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since there is minimum sulphation during hydrolysis; however, such nanocrystals have higher

aggregation tendencies without sufficient negative surface charges. *°!

Cellulose nanocrystals have also been produced from recycled pulp using microwave assisted
enzymatic hydrolysis. Filson et al. synthesized cellulose nanocrystals using endoglucanase, a
constituent of cellulases enzyme. Endoglucanase was used to selectively hydrolyze the
amorphous regions in the recycled pulp and ultrasonication was further used to separate the
individual crystallites. The authors observed that microwave heating produced NCC with greater
yield compared to conventional heating since microwave heating is more selective and also
reduces reaction time. After varying the reaction times, temperature, enzyme-to-pulp ratio and
mode of heating, microwave-assisted reaction at 50°C was suggested as an optimum condition

for enzymatic hydrolysis of recycled pulp. "

Capadona et al. synthesized nanocrystals from microcrystalline cellulose (MCC) for use in
nanocomposites applications. Partial hydrolysis of cellulosic sources with mineral acids
produced microcrystalline cellulose particles with lengths in the range of 10-100 pm. ¥
Cellulose nanocrystals were produced by the ultrasonication of commercially available MCC to
produce dimensions similar to those obtained for cotton/wood cellulose nanocrystals . In a
slightly different approach, Bondeson et al. optimized the reaction conditions for sulphuric acid
hydrolysis of MCC (Figure 2.12) to produce high yields of NCC with a short reaction time. The
authors have considered five important parameters for optimizing the reaction conditions:
starting concentration of MCC, concentration of sulphuric acid, reaction time, reaction
temperature and sonication time. B
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Figure 2.12 SEM image of MCC particles &%

Response surface methodology was used to determine the effect of the five parameters in order
to maximize yield and minimize reaction time. The model predicted that an increase in sulphuric
acid concentration, reaction time and reaction temperature would decrease the size of MCC but
not the NCC vyield significantly. Neither the starting concentrations nor the sonication times have
any significant effect on the MCC size or the NCC yield. However, the model predicted that
sulphuric acid concentration and reaction time work synergistically in increasing the NCC yields.
The optimum reaction conditions suggested by the model are as follows: sulphuric acid
concentration - 63.5% (w/w); reaction time - 130.3 min; reaction temperature - 44-C; MCC
starting concentration - 10.29/100mL,; duration of sonication - 29.6 min. These optimal reaction
conditions predicted by the model produced a low experimental yield of 30% which is attributed

to the degradation of amorphous and crystalline regions during hydrolysis. %

Furthermore, NCC with a narrow size distribution was produced from MCC using differential

centrifugation technique. MCC was hydrolyzed with sulphuric acid to produce NCC suspensions
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which were further subjected to centrifugal treatment. Six different NCC fractions were
produced by using differential angular velocities i.e. by creating relative centrifugal force (RCF)
for each fraction at a constant centrifugation time. Initially the NCC suspension was subjected to
500 rpm for 10 minutes followed by rejection of the precipitate. Next the suspension left from
the first centrifugation was subjected to 1000 rpm for 10 minutes. The precipitate obtained was
identified as the 1% fraction. Next the suspension from 100 rpm centrifugation was subjected to
1500 rpm for 10 minutes. The precipitate obtained was identified as 2™ fraction. Again the
resulting suspension was further subjected to centrifugation and the whole process was continued
till six different fractions with different NCC yields were obtained. The authors also derived an

inverse relation between the volume of NCC and the RCF applied as shown in Equation 2.1:

Log(V) = Log(Av) - Log(RCF)

Equation 2.1 Relation between vol. of NCC and RCF applied

Volume V is proportional to settling velocity v if the RCF is kept constant i.e. a larger NCC
particle with more volume would settle with higher velocity as compared to a smaller NCC
particle with lower volume. Considering one NCC particle, the settling velocity is proportional to
RCF i.e. as the RCF is increased for an NCC particle, its settling velocity increases as well. Thus,
the above equation indicates that increasing the RCF in multiple steps would separate NCC of
different volumes if the centrifugation time is kept constant. On studying the volume and length
distributions for all NCC fractions, the authors concluded that as RCF was increased the volume

of the individual NCC fractions became smaller, the volume range was narrower, the lengths of
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NCC particles in a certain fraction were smaller and the length distributions became narrower as

well. 140

Recently, Hirota et al. synthesized two types of cellulose nanocrystal samples: The first was
TEMPO-mediated oxidation of mercerized cellulose and the second was TEMPO-mediated
oxidation of acid hydrolyzed cellulose and mercerized cellulose. On comparing the light
transmittance and rheological properties of both kinds of nanocrystals, the authors concluded that
cellulose nanocrystals obtained from mercerized cellulose and TEMPO-mediated oxidation
revealed greater water-dispersibility due to incorporation of highest number of carboxylate
groups (during oxidation of C6 hydroxyl groups on the crystallite structures of mercerized
cellulose). This sample also exhibited highest transmittance, shear stress and viscosity values as
compared to the acid hydrolyzed sample due to higher carboxylate content on the nanocrystals

thereby producing higher dispersibility and lesser number of bundles in water. (!

It has been observed by several authors, that cellulose nanocrystals from tunicin and bacterial
cellulose are larger in dimension compared to those obtained from wood and cotton. % This is
because tunicin and bacterial cellulose are highly crystalline. Recently, Yun et al. synthesized
cellulose nanocrystals by sulphuric acid hydrolysis of bacterial cellulose by varying the
hydrolysis times. Bacterial cellulose produced by Acetobacter xylinum has a twisted ribbon-like
cellulose structure. The authors conducted the acid hydrolysis with 65 wt% sulphuric acid at
70°C and various hydrolysis times i.e. 1, 2 and 3 hours. Increasing the hydrolysis time decreased
the aspect ratio of the resulting rods (since the rod length decreased and the width remained
unaffected). Also, the sulphur content of the rods increased with increasing hydrolysis time. The
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authors suggested that since bacterial cellulose is highly crystalline, the hydrolysis occurs due to
surface reaction mechanism and the reduction in length after hydrolysis is not very drastic. [

Apart from the sources discussed earlier, cellulose nanocrystals have also been produced from
other miscellaneous sources, such as mulberry 3!, Syngonanthus nitens (a polycarpic herb) 1!

and coconut husk !,

2.2.2 NCC PROPERTIES

Cellulose nanocrystals are cellulosic systems with unique properties. A number of research
groups have synthesized and characterized cellulose nanocrystals in order to thoroughly study
their unique properties and potential applications. The various properties of cellulose

nanocrystals are described as follows:

Dispersibility of NCC in different media

Researchers have produced homogeneous dispersions of tunicate cellulose nanocrystals in an
organic medium. Otto et al. produced tunicate cellulose nanocrystals with and without surface
charge by hydrolyzing the tunicate with sulphuric acid and hydrochloric acid respectively. This
is because hydrochloric acid does not impart any negative surface charge on the nanocrystals
unlike sulphuric acid. The two samples prepared were identified as HCL-TW and SO,-TW and
were dispersed in a number of polar protic and aprotic solvents. Next, the authors conducted
dispersibility studies of the prepared tunicate nanocrystals in various polar solvents such as
water, N,N-dimethyl formamide (DMF), dimethyl sulfoxide (DMSO), N-methyl pyrrolidone (NMP),
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formic acid and m-cresol. Freeze dried SO4-TW re-dispersed easily in water, formic acid and m-
cresol; while re-dispersion in DMF and DMSO took rigorous ultrasonication at 60°C. As shown
by FTIR, the use of formic acid led to the esterification of some hydroxyl groups thereby
limiting the stability of SO4,-TW dispersions in formic acid. Moreover, the oxidative stability of
m-cresol also places a limit on the stability of SO,-TW dispersions in m-cresol. On the other
hand, due to the absence of surface charge groups on HCL-TW sample, neither water nor aprotic
solvents were able to produce homogeneous dispersions of HCL-TW sample. Thus, the
HCL-TW samples tend to aggregate on account of strong hydrogen bonds and the absence of
electrostatic repulsion between the crystallites. However, formic acid and m-cresol successfully
re-dispersed the HCL-TW sample on account of their ability to break the hydrogen bonds

between the crystallites. 1°!

Viet et al. synthesized cellulose nanocrystals from cotton and studied their dispersibility in polar
aprotic solvents like DMF, DMSO and formamide without the use of surfactants or chemical
modification. The dispersibility was studied using crossed polarizers and shear birefringence
was observed in samples that were re-dispersed in all three solvents. Moreover, the re-dispersed
samples were stable in their respective solvents for months. However, DLS data suggested that
some aggregation did occur in DMF and DMSO compared to water since the hydrodynamic
radius measured in DMF and DMSO were higher. The authors also noted that addition of small
amounts of water (0.2% wi/v) was essential in dispersing the samples in polar aprotic solvents

otherwise a gelatinous white precipitate was obtained. [*”

39



Chiral nematic behaviour of NCC suspensions

When the concentration of rod-like particles reaches a certain critical concentration, they form
liquid crystalline phases like nematic, smectic or chiral nematic phases, depending on the type of
rods and their external environment. Cellulose nanocrystals are negatively charged rods and
expectantly, they show chiral nematic character beyond a critical concentration i.e. NCC
suspensions transform from an isotropic phase to an anisotropic chiral nematic liquid crystal

phase. [*8]

According to Onsager’s theory for perfect neutral rods, the critical concentration for formation of
ordered phases depends on the aspect ratio L/D. Stroobants, Lekkerkerker, and Odijk (SLO)
modified Onsager’s theory for charged polyelectrolyte rods by including the effect of
electrostatic repulsion on the phase separation. This is explained using two factors: increase in

effective diameter and the twisting of rods due to the preferential perpendicular orientation. [*®!

(
(

Figure 2.13 Phase separation of NCC at 8.78, 7.75, 6.85 and 5.78 wt % (left to right) ¢
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Figure 2.14 Anisotropic chiral nematic structure of NCC 8

As explained by the SLO and Onsager’s theories, cellulose nanocrystals exhibit phase separation
from isotropic to anisotropic phase on increasing the concentration (typically above 5 wt %) and
show chiral nematic character in their anisotropic phases (shown in Figure 2.13 and 2.14). 8
Apart from the visual observations, Dong et al. also plotted the volume fraction of the
anisotropic phase (¢) vs. the total concentration for suspensions prepared in water and at a
constant pH (Figure 2.15). The reason for considering constant pH was to maintain constant
ionic strength. The phase diagrams clearly show the concentrations at which an
isotropic — biphasic and biphasic — anisotropic transitions occur. Moreover, as the total
concentrations of the suspensions increased, the coexisting concentrations of the anisotropic and

isotropic phases also increased. [*®!
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Figure 2.15 Volume fraction of anisotropic phase vs. total concentration for suspensions in water

(top) and at pH = 1.61(bottom) ¥

The effect of added electrolyte on the phase separation was also studied. Figure 2.16 shows how
the addition of electrolytes like HCI, NaCl and KCI decrease the volume fraction of the

anisotropic phase (@) significantly, indicating that addition of electrolytes decreases the
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anisotropic phase for a constant total concentration of suspension. Moreover, it was observed
that the critical concentration required for isotropic — biphasic transition increased with the
addition of salt (Figure 2.17). The extent of chiral interactions in the ordered phase of the NCC
suspensions was measured using the chiral nematic pitch. The chiral nematic pitch decreases on
increasing the concentration of the NCC suspensions, indicating stronger interactions at higher
concentrations. In addition, the presence of electrolytes also decreases the chiral nematic pitch
suggesting stronger chiral interactions when electrolytes suppress the electrical double layer of

the NCC molecules. [*8
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Figure 2.16 Effect of added electrolyte on volume fraction of anisotropic phase [“®!
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Dong and Gray have also studied the effect of counter ions on the phase separation behaviour
and stability of NCC suspensions. The counter-ions were divided into three groups: inorganic
counter-ions, weakly basic organic counter-ions and highly basic organic tetraalkylammonium
salts. It was observed that the type of counter ion had a significant effect on phase separation
behavior of NCC suspensions. 1!

1. Inorganic counter-ions

For a given concentration of NCC suspension, the acid-form suspensions had the highest volume
fraction of anisotropic phase (¢) and comparatively lower critical concentrations indicating that
the acid-form of the suspensions have a higher tendency to form ordered phases in comparison to
salt-form suspensions. The tendency to form ordered phases is expressed as:

S-H > S-Na > S-K > S-Cs (H30", sodium, potassium, cesium)

As the inorganic cations condense on the NCC surface, they decrease the hydrodynamic size of

the crystallites thereby making it more difficult for the suspension to form ordered phases.
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Increasing the atomic number decreases the size of the counter-ions and increases their mobility
thereby making it harder for the counter-ion to reduce the hydrodynamic size of the crystallites.

2. Weakly basic organic counter-ions

Similar results were obtained with the acid-form suspensions having greater tendency to form
ordered phases. The tendency to form ordered phases is expressed as:
S-NH4 > S-Tri-MA > S-Tri-EA (ammonium, trimethylamine, triethylamine)

2. Strongly basic organic counter-ions

It was observed that as the length of the alkyl chains on the counter-ions increased, the tendency
to form ordered phase decreased. The tendency to form ordered phases is expressed as:

S-TMA > S-TEA = S-TBA > S-TPA (tetramethylammonium, tetraethylammonium, tetra-n-
butylammonium, tetrapropylammonium)

As the organic counter-ions have alkyl chains, the authors suggest that there are two opposing forces, i.e.

attractive hydrophobic interaction and repulsive steric interaction that control their behavior. As the size
of the organic counter-ion increases for (S-NH4 > S-Tri-MA > S-Tri-EA) series and (S-TMA >
S-TEA > S-TPA) series, the hydrophobic interactions exceed the repulsive interactions, making
it harder to form ordered phases thereby increasing the critical concentrations.
For S-TBA counter-ion, the increase in alkyl chain length produces a balance between steric
repulsion and hydrophobic attraction that results in a lower critical concentrations needed for the

transition. 1

Recently, Pan and co-workers studied various factors affecting the chiral nematic properties of
NCC films. The authors observed that the inverse of chiral nematic pitch is proportional to the
inverse of temperature according to the relation 1/P = C (Tn/T — 1), where C is a constant
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dependent upon solution concentration and M.W. of the polymer and Ty is the temperature at
which pitch becomes infinite. Previous studies ° have also shown that NCC suspensions show
negative diamagnetic susceptibility anisotropy as they dry under the influence of a magnetic field
i.e. the crystallites align along their long-axes (perpendicular to the direction of the magnetic
field) with their chiral nematic axis parallel to the applied magnetic field. The authors observed
that for NCC films, the presence of magnetic field did not facilitate the formation of chiral
nematic phase but only increased the chiral nematic pitch of the suspensions. An increase in
magnetic field strength and increase in exposure time led to an increase in the chiral nematic
pitch. These properties are probably due to alignment of NCC in magnetic fields, anisotropic

shapes and non-zero magnetic susceptibilities of NCC rods. !

The effect of AC electric field on the alignment and orientation of NCC was investigated by
Habibi et al. It was observed that application of an AC electric field to NCC suspensions
deposited in between two metallic electrodes resulted in homogeneous alignment of NCC
molecules. This behaviour is ascribed to the formation of an induced dipole moment on the NCC
molecules in the presence of an electric field. Also, the presence of sulphate charges on the NCC
surface allows the electric field to distort the counter-ion cloud thereby increasing the
polarizability of the NCC molecules. Therefore, from the equation I' = LT X ]_Erthe field induced
torque for particles with anisotropic geometry (like NCC) is non-zero. It is this torque that aligns
the NCC molecules in the direction of the applied electric field. The authors also observed that
for tunicate whiskers alignment occurred after 2500 V/cm field was applied. The orientation was
also highly sensitive to applied frequency of the electric field i.e. in the frequency range of
10*Hz < v < 10°Hz, a maximum orientation was observed. It is suggested that for frequencies
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below 10* Hz, NCC molecules show a tendency to aggregate while for frequencies above 10° Hz,

the NCC molecules are attracted towards the electrodes. %

Rheological behaviour of NCC suspensions

A number of researchers have also focussed on alignment of NCC rods on application of shear.

Lima and Borsali 7

studied the rheological characteristics of NCC suspensions from cotton
linter source. The authors measured viscosity vs. shear rate values for different NCC

concentrations (Figure 2.18) and the different regimes are explained as follows:

1. Regime 1: At low shear rates, shear thinning occurs due to the initial alignment of the NCC
crystalline domains

2. Regime 2: At intermediate shear rates, a plateau occurs in the curve indicating the alignment
of the NCC crystalline domains in the direction of flow

3. Regime 3: At high shear rates, another shear thinning region is observed; this occurs due to
the breakup of the existing NCC crystalline domains into individual crystals which start to align

under shear [*"]
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Similar results were obtained by Orts et al. using SANS experiments. ©*! As mentioned
previously, after a certain critical concentration, NCC suspensions phase separate into an
isotropic and an anisotropic phase. Based on this fact, Bercea and Navard ¥ studied and
reported on the rheological properties of isotropic and anisotropic phases of NCC suspensions.
For the isotropic-at-rest (0-0.8 wt%), the authors explained that the two regimes were observed

for solutions below a concentration of 0.4 wt% and an isotropic — nematic transition occurred at
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0.85 wt%. For isotropic-at-rest (below 0.4 wt%), two plateaus are observed at low and high shear
rates. At low shear rates, the rods are randomly oriented due to which no change in viscosity is
observed at low shear rates. At high shear rates, the rods become well oriented due to which
viscosity becomes independent of shear rate (See Figure 2.19). This viscosity vs. shear rate
relation at different shear rates is clarified further in Figure 2.20. On the other hand, for
anisotropic-at-rest (1-3.5 wt%) a typical curve for liquid polymer solutions was observed, i.e.
two shear thinning regions surrounding a plateau region. Shear thinning at low shear rates is
attributed to defects in the texture and shear thinning at high shear rates is attributed to flow

alignment of the suspensions.

Alignment of cellulose whiskers under the influence of shear was studied using SANS
experiments. Ebeling et al. studied the rheological properties of 6.9 wt% suspensions composed
of cotton microcrystals (aspect ratio ~ 10). ®® The experiments were conducted in two stages:
radial scattering and tangential scattering patterns. Schematic of experimental setup is shown in
Figure 2.21. The 2D scattering patterns obtained are shown in Figure 2.22. At low shear rates
(0.05s) the radial and tangential patterns possess isotropic rings and anisotropic peaks
respectively, indicating that cellulose whiskers align themselves preferentially in the vertical
direction. At high shear rates (500s™) the radial pattern shows anisotropic rings while the
tangential pattern shows an isotropic ring, indicating that the cellulose whiskers change

alignment from vertical direction to the direction of shear.
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Figure 2.22 Two dimensional scattering patters at different shear rates ©°

Phase separation behaviour of NCC suspensions in the presence of macromolecules

Based on their concentrations, NCC suspensions exhibit three phases: isotropic phase,
anisotropic phase and biphasic region, where the isotropic and the anisotropic phases coexist.
Thus, addition of high-molecular weight dextrans to these solutions would lead to preferential
partitioning of dextran into one or the other phase (Figure 2.23). ®  The authors observed that
dextran was absorbed into the isotropic phase and the dextran absorption increased with
increasing cellulose concentration. On the other hand, dextran absorbance for the anisotropic
phase was considerably lower due to the mutual exclusion of the NCC ordered domains and
dextran molecules. A separation into dextran-rich and NCC-rod-rich phase was observed. Also,

addition of dextran induced distortions in the liquid crystal structure of anisotropic NCC
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suspensions. Similar results were obtained for the biphasic region; due to mutual exclusion
dextran molecules migrate into the isotropic phase thereby increasing the osmotic pressure. The
NCC rods move into the anisotropic phase (chiral nematic) in order to balance the osmotic

pressure. This preferential migration in turn increases the width of the biphasic region.

Dye induced phase separation in anisotropic NCC suspensions were also studied by the Beck-
Candanedo and co-workers using three different kinds of dyes: anionic, cationic and neutral. "]
Here phase separation refers to the separation of an anisotropic suspension into a biphasic region
where both isotropic and chiral nematic phases coexist or increasing the critical NCC
concentration to form anisotropic phase. It was observed that cationic dyes did not induce phase
separation in anisotropic NCC suspensions since they interact with the negative surface charges
on the NCC surface. Neutral dyes could not induce phase separation as well since they were
incapable of changing the ionic strength of the NCC suspensions. However, direct dyes like
Congo Red were unable to induce phase separation as they bind strongly to the NCC molecules
therefore they are unable to compress the electrical double layer around the NCC and induce
phase separation. One the other hand, anionic dyes were able to induce separation of the
anisotropic NCC suspension into an isotropic and chiral nematic phase. The authors deduced that
ionic strength or effect of size were not the cause for induced phase separation. Rather, it is
explained that charge distribution, hydration radii and/or polyvalence of the anionic dyes

themselves may be causing the phase separation.
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Figure 2.23 Preferential adsorption of blue dextran in the upper isotropic phase

Beck-Candanedo et al. ¥ have further studied the effect of molecular weight and dye content of
blue dextrans on induced phase separation in highly anisotropic NCC suspensions (13.8 wt%).
Cibacron blue 3G-A is used as the dye molecule and when it is conjugated with dextran, then the
dextran-dye conjugate is referred to as ligand. By using blue dextrans of increasing number
density (keeping the dye content constant) and increasing molecular weights, the authors
observed that there was no appreciable effect on the phase separation suggesting that depletion
attraction alone is not responsible for the induced phase separation. However on increasing the
ligand density (i.e. increasing the dye-dextran conjugate), induced phase separation was
observed; the authors suggested that the ionic strength of the suspensions arising from the ionic
dye components in dextran contribute significantly to the induced phase separation behavior. The
authors observed that the addition of the dye alone also induced phase separation while the
addition of equivalent ionic strength of electrolyte was not able to induce phase separation. The

phase separation of anisotropic NCC suspensions was attributed to ionic dye ligands, which may
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screen out the electrostatic interactions between the NCC rods thereby facilitating depletion

attraction.

In conclusion, induced phase separation in the presence of blue dextran is due to two factors: (i)
increase in critical cellulose concentration (for formation of a completely anisotropic phase) and
(ii) screening effect of the dye-ligands on the NCC. At low ligand concentrations, the increase in
critical cellulose concentration comes into play while at high ligand concentrations increased
depletion attraction due to the screening of ionic dyes. The same research group also studied the
partitioning of neutral and charged dextrans in biphasic NCC suspensions ° and the triphase

equilibrium in mixtures of blue dextrans, un-dyed dextrans and NCC suspensions ©°!.

2.2.3 NCC CHARACTERIZATION

AFM studies

Apart from using the conventional bright field TEM imaging and field emission SEM, Kvien et
al. also conducted AFM (atomic force microscopy) studies on NCC suspensions obtained from
acid hydrolysis of MCC. Figure 2.24 shows the TEM images of the NCC on a porous carbon
film and NCC with uranyl acetate as a continuous stained background respectively. Although the
TEM analysis showed a little parallel agglomeration of NCC particles, the size of the NCC

sample was determined as follows: length L = 210+75 nm and diameter D = 5+2 nm. %
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Figure 2.24 TEM images of the NCC on a porous carbon film (a) and NCC with uranyl acetate

as a continuous stained background (b) 4

Heavy element staining was used to characterize the NCC rods using backscattered electrons in
field emission SEM imaging technique. It is clear from the backscattered images (Figure 2.25)
that the identification of NCC particles was difficult with poor image resolution. Therefore, SEM
analysis gave L = 475+285 nm indicating that SEM was able to identify the dimensions of NCC

agglomerates better than individual NCC rods.
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Figure 2.25 Back scattered image NCC on porous carbon film (top) and an image at

higher magnification (bottom) 64

In comparison to TEM and SEM, the authors observed that AFM images were not plagued by
image resolution or contrast issues; however, the AFM images of NCC rods appeared broader
and more rounded at the ends compared to images obtained from TEM (see Figure 2.26). This
broadening effect is attributed to the finite shape and size of the AFM probe. The authors explain
that when the AFM tip encounters certain features on the surface, which have a size similar to
that of the AFM probe, then the probe shape and geometry contribute to the final image of the
surface thereby broadening the image of NCC rods. Similar to the length obtained from

SEM, AFM analysis gave a length, L of 420+190 nm. By measuring the difference in height
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between the NCC and the mica surface, the diameter of the NCC particles was obtained as

D = 10~15 nm. [

Figure 2.26 AFM image of NCC on mica (top) and broadened AFM image (bottom) 64

Lahiji et al. used the AFM technique to characterize the material properties of NCC with regard
to topography, adhesion and stiffness. Since NCC is widely used as reinforcing filler in

nanocomposites, the authors studied two important mechanical characteristics of NCC applicable
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to nanocomposites: the transverse elastic modulus (Et) and the AFM manipulation of NCC to

determine flexibility of the individual NCC rods.

1. AFM manipulation of NCC

Firstly, dynamic mode AFM was used to locate an individual NCC rod, subsequently
followed by contact mode AFM to apply a normal force to a specific NCC rod. Next
dynamic mode AM-AFM imaging was used to determine whether the NCC rod
slipped/rolled on the mica surface or was deformed/bent permanently on application of
force. Bending was observed on application of 8-10 nN normal force. Bending of NCC
rods without any fracture/failure is either due to the strong intermolecular hydrogen
bonds which increase stiffness of the sample or aggregation of smaller NCC rods into a

stiffer NCC crystallite. (%2

2. Transverse elastic modulus (Er)

The transverse elastic modulus (Et) of NCC is determined from the force-indentation
F(d) curves. The indentation values or F(3) curves were obtained by calculating the
z-distance between the F(z) curves for NCC and mica surface. By using 5 different
locations on a certain NCC rod, a range of Er values was obtained as 18-50GPa. The
wide range of Er values was attributed to uncertainty in indentation, location of

indentation, tip roughness and dimension of each indentation. ¢
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White arrows (solid
lines) indicate the

bending of NCC on
application of force

Figure 2.27 AFM Nanomanipulation (bending) of NCC on application of force [6%

Raman spectroscopy studies

Raman spectroscopy has been used to determine the stiffness of NCC nanowhiskers dispersed in
an epoxy resin. Rusli and Eichhorn suggested that due to the method of sample preparation, the
nanowhiskers in the sample are 2D and the stiffness was calculated to be 57GPa (2D).
Figure 2.28 shows a typical Raman spectrum of the cotton nanowhiskers, clearly showing the
carbonyl stretching band (C-O) at 1095cm™. Application of tensile or compressive stress shifted
the value of C-O wave-number position to a lower or higher position respectively. The amount of

shift indicated the amount of deformation at the molecular scale and the amount of stress transfer
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from the epoxy matrix to the NCC reinforcement. From Figure 2.29a, the slope of the loading
data (under tension) gives the amount of stress transfer from the matrix to the reinforcement and
a plateau in the data indicates a breakdown of the matrix-reinforcement interface. Therefore, the
Unloadl and the Load2 data points fail to correspond to the Loadl data indicating some sort of
deformation (under tension) at the molecular scale. From Figure 2.29b, the variation in slope of
the loading data (under compression) indicates buckling of the NCC reinforcements under

compressive forces. %
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Figure 2.28 Typical Raman spectrum of cotton whiskers and orientation (of whiskers) as

function of specimen angle w.r.t polarization axis (inset)
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SANS studies

Small-angle neutron scattering experiments have been conducted by Terech et al. for NCC
suspensions obtained from tunicate. Six samples at different concentrations were used i.e. 1.37,
0.91, 0.71, 0.35, 0.18 and 0.071 wt%. Figure 2.30a shows the neutron scattering data for all the
concentrations and reveals that the scattering curves are independent of NCC concentration i.e.

absence of aggregation on increasing NCC concentration. Scattering curves obtained also show
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the characteristics of long rod-like particles with high aspect-ratio. The radius of the particles

(R,) was also calculated from the In(Ql) vs. Q?curve (see Figure 2.30b) using Equation 2.2:

QI(Q) = (QN)o exp(- Q°R,*/2) (Gaussian decay)

Equation 2.2 Gaussian decay for calculating R,

The weight per unit length of rods (M;) was calculated from (QIl)o values. The average R, and
M; values obtained were: 84+1 A and 1.45 x 10?% g/A. On extrapolation of M; value, R, was
calculated as 54+2 A. In order to explain this discrepancy, the authors used Porod analysis for a
circular cross-section and the R, value was calculated as 59 A. However, the theoretical curve
for 0.91 wt% sample did not exactly correspond to the calculated scattering curve. This made the
authors consider a two-population model with radii 44 and 83 A giving a better fit to the
experimental data. This two-population model fitting further suggested that curve fitting using a
single population model was possible by considering anisometric rectangular cross sectional for
the NCC particles. Considering a rectangular cross-section (2a = 88 A and 2b = 182 A), the
theoretical scattering curve showed an excellent fit with the experimental scattering curve for the
0.91 wt% sample. On considering effective area as = 88 X 182 = 16016 A? the radius of the

particle (Ro) was calculated as 71 A. 64
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Bonini and co-workers have also studied the dimensions of NCC suspensions coated with
poly(ethylene oxide) nonyl phenyl (PEPNP) surfactant in an apolar organic medium using small
angle neutron scattering experiments. The scattering experiments were conducted in water (0.45
wt%) and in toluene (1.5 wt%) as the organic solvent. PEPNP was used to study the effect of
surfactants on NCC dimensions. Figure 2.31 shows QI vs. Q scattering curves for NCC particles
in water and toluene; the sharper decay and the extra scattering observed for the toluene curve
indicates that the surfactant has an effect on the NCC structure and dimensions. Next the authors

modified equation(2) into equation(3) using a rectangular cross-section for analysis.

QI(Q) = (Ql)o exp(- Q*r:*/2) (Gaussian decay)

r. = cross-sectional radius of gyration

Equation 2.3 Modification of Equation 2.2 to include the r. term

Using In(QI) vs. Q* (Figure 2.32), the slopes of the linear portions were used to calculate r
according to Equation (2). The r. values were calculated as 59A for the NCC whiskers in water
and 69 +1 A in the presence of surfactants in toluene. The increase in cross-sectional radius of
gyration indicates that the surfactants modify the NCC surface and increase the lateral
dimensions of individual NCC whiskers. Using the theoretical expression of form factor for rods
with rectangular cross-section, the calculated lateral dimensions of the NCC whiskers increased
from 88 X 182 A? (in water) to 120 X 210 A? (in toluene) in the presence of surfactants. The
calculations also confirmed that surfactants formed a shell of 15A thickness around the NCC
whiskers; since the extended length of the PEPNP surfactant is about 42 A, the authors also
deduced that the surfactant is adsorbed on the NCC surface in closed/folded conformation rather

than an extended conformation. [
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Light scattering studies

A review of literature on NCC reveals that there are a few publications on light scattering studies
with agueous NCC suspensions. Some research groups have studied NCC dimensions using light
scattering, a very versatile technique for measuring dimensions and structure of nanosized
particles. Static and dynamic light scattering experiments on NCC whiskers have been conducted
by Lima and Borsali using NCC whiskers obtained from tunicate; the samples for this light
scattering study were fractionated by ultracentrifugation aided by a saccharose gradient. Figure
2.33 shows the NCC samples before and after ultracentrifugation. As seen in the picture, before
ultracentrifugation two phases exist (tube a): a clear phase representing NCC whiskers
accumulated on the sucrose gradient and a black phase representing the NCC whiskers which did
not accumulate on the sucrose gradient. After ultracentrifugation, the sample was fractioned into
different bands (tube b) and TEM analysis (See Figure 2.34) on each fraction confirmed that the

fractionated samples had narrow polydispersity and reduced whisker aggregation. ©°!

(@) (b)

Figure 2.33Tunicate NCC whiskers before (tube a) & after ultracentrifugation (tube b) [
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Figure 2.34 TEM images of NCC whiskers before (a) and after ultracentrifugation () ¢

For static light scattering studies, the authors measured reduced elastic scattering
1(q)/kC vs. wave vector g and plotted them in a normalized form to obtain normalized scattering
curves at different concentrations. Normalized scattering curves in the absence of salt
(Figure 2.35) showed the presence of angular scattering peaks at gmax depending on the
concentration of NCC suspensions. On conducting the same experiment before NCC
fractionation (Figure 2.36), the peaks disappear due to formation of NCC aggregates and
[66]

increased polydispersity.
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It is a well known fact that for spherical particles, the scattered intensity I(q) can be correlated

with structure factor S(q) and form factor P(q) by the relation:

1(q) =3S(q) P(a)

Equation 2.4 Relation between structure factor and form factor

The above relation maybe valid for rod-like particles under two conditions:
1) When the concentration of the rods is sufficiently high the contributions from larger
aggregates supersedes the contribution from smaller/pair aggregates.
2) When most rods are aligned perpendicular to the scattering vector q, these perpendicular
rods have the maximum contribution to scattering making gqL>>1. Therefore, P(q)
becomes more-or-less constant and the above relation can be used to calculate the

structure factor of rod-like particles.

For the tunicate system used, since gL is >>1, the above relation in combination with the
equation for form factor of rigid rod-like particles, the structure factor S(q) was derived. The
broad scattering peaks of S(q) (see Figure 2.37) with second and third maxima peaks indicate the
presence of strong and long-range electrostatic interactions between the NCC rods. Figure 2.38
illustrates that in the presence of salt the scattering peaks disappear as salt screens out the

electrostatic interactions between the NCC rods. ¢!
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The authors also observed that the gmax peaks for S(q) varied with concentration (Figure 2.39) as

follows: first maxima: C0.49+0.01; second maxima: C0.42+0.01; third maxima: C0.41+0.01
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Figure 2.39 L0gqmax vs. LogC for (o) first maxima () second maxima (¢) third maxima [*®

Lima et al. "1 have also studied the translational and rotational dynamics of NCC whiskers using
cotton and tunicate whiskers. For cylindrical rods, the translational and rotational diffusion
coefficients can be determined from polarized I\ and depolarized lyy scattering intensities using

Equations 2.5 and 2.6:

w(g,t) = <N>aiso” exp(-g°Dt) + 4/45 <N>azniso> eXp[-(q°D+60)t]

Equation 2.5 Polarized scattering intensities
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Ivh(g,t) = 1/15<N>0Lani502 eXp[-(q2D+66)t]

Equation 2.6 Depolarized scattering intensities

<N> : avg. no. of particles in the scattering volume
aiso - 1SOtropic polarizability tensor

aaniso - Molecular optical anisotropy

Figure 2.40 shows the autocorrelation functions obtained at different angles for cotton whiskers
at 0.1 wt% concentration for polarized scattered light (lyv). When the frequency I' was plotted
against the square of scattering wave-vector g, the authors observed slow and fast relaxation
modes for both cotton and tunicate whiskers with the slower mode contributing 90% of the
scattered intensity. Moreover, frequency I varies with q? (Figure 2.41), hence all relaxation
modes are said to be diffusive. Next, the values of translational (D) and diffusion (0) coefficients
were deduced from the slopes of ' vs. q2 curves (Figure 2.42, 2.43) from Iy and lyy
measurements. Finally, the D and 6 values obtained from DLS experiments were used in
Broersma’s equations (described below) to obtain the dimensions of cotton and tunicate

whiskers. 67

73



Translational diffusion coefficient Rotational diffusion coefficient

§ = In(2L/d)

D = (Ko T/3nnL)[3-(1/2)(y| + yL)] 0 = (3kp T/nnL3)(8-€)

£ =1.14+0.2/6+16/5°-63/6°+62/5*

y| = 0.807+0.15/8+13.5/8°-37/5°+22/5"

y1=-0.193+0.15/5+8.1/5%-18/3%+9/5*

Equations 2.7 Broersma’s eqns for calculating translational and rotational diffusion coeff. (']
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2.24 NCC MODIFICATION

Nanocrystalline cellulose has a highly functional surface due to the presence of large number of
surface hydroxyl groups. Therefore, the NCC surface can be easily functionalized by simple
reactions with the hydroxyl groups. These functionalized NCC can be tailored to specific
applications like cosmetics, pharmaceuticals or nanocomposites. In 2001, Araki et al.
synthesized NCC polymer brushes using HCI-hydrolyzed NCC as the starting material. Firstly,
the HCI-hydrolyzed NCC was carboxylated using TEMPO catalyzed NaClO oxidation. Next the
carboxylated NCC was grafted with an amino-terminated PEG (PEG-NH, M.W = 1000 Da) to
produce NCC polymer brush-like structure. EDC/NHS carbodiimide chemistry was used to

conduct a room temperature reaction between the -COOH groups of the carboxylated NCC and
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the -NH; groups of the PEG-NH,. Figure 2.44 shows a schematic of the synthesis of PEG-grafted

NCC. 68

Evidence of PEG-grafting on NCC was provided by thermogravimetric analysis (see Figure
2.45). The decomposition temperature of carboxylated NCC whiskers was around 200°C and the
decomposition of PEG-NH, was around 340-360°C; combining both results, the decomposition
curve of PEG-grafted NCC showed a two-step profile, one corresponding to the decomposition

of carboxylated NCC and the other corresponding to the decomposition of the grafted PEG.

77



the unoxydized microcrystals

cellulose microcrystal OH m+n

TEMPO
pH = 10-11

, NaBr, NaCIO at room temperature
for 4 hours

Q==+

the carboxylated microcrystals

co 008 COOH CH,OH

See—r o o
= OH YO OH YO

=]

OH OH
negative surface charge m

EDC
N=osNTTNT pH = 7.5-8.0
at room temperature

NHS .
DJ\} o  PEG-NH, overnight
OH

the PEG-grafted microcrystals
— 0O - - -

N-PEG | | Gy on
0 (0]
f 0

H 9]
OH \ O \

grafted PEG chains OH m OH N

Figure 2.44 Schematic showing the synthesis of PEG-grafted NCC 68
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The X-ray diffraction profiles for carboxylated NCC and PEG grafted NCC are very similar;
however, they fail to show the characteristic diffraction peaks for pure PEG most probably due to
the inability of the grafted PEG chains to mobilize and crystallize. Also TEM images showed
that carboxylated NCC whiskers and PEG grafted NCC whiskers were less aggregated and more
disperse compared to the starting material (HCI-hydrolyzed NCC whiskers). Figure 2.46 clearly
shows the characteristics peaks for free and salt forms of -COOH groups (1708 and 1640 cm™) in
carboxylated NCC sample (b) while the PEG grafted NCC sample (a) showed amide | and amide
I absorptions (1657 and 1544 cm™). Figure 2.47 shows that the PEG grafted NCC suspensions
were stable and showed flow birefringence at low (left-0.5M) and high (right-2M) concentrations
of salt. Also, 0.2% (w/v) freeze-dried and chloroform redispersed samples showed stability and
flow birefringence (see Figure 24b). Figure 2.48 shows the fingerprint texture of carboxylated
NCC whiskers (a) and PEG grafted NCC whiskers (b). The authors observed a decrease in
fingerprint spacing in the PEG grafted NCC sample probably due to a decrease in the surface
negative charge. Also the authors suggest that since the fingerprint textures of H,SO,4 hydrolyzed
NCC, carboxylated NCC and PEG grafted NCC show similar chiral nematic phases, the twisting
of NCC whiskers along with the charged envelopes is the most probable mechanism of formation

of liquid crystalline phases. %
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Hasani and co-workers have also functionalized the surface of NCC whiskers produced from
sulphuric acid hydrolysis. Epoxypropyltrimethylammonium chloride (EPTMAC) was used to
produce cationic NCC functionalized with hydroxypropyltrimethylammonium chloride
(HPTMAC) groups. Figure 2.49 shows the reaction scheme where the reaction between NCC

(from sulphuric acid hydrolysis of cotton) and EPTMAC proceeded in the presence of 7% wi/v
81



NaOH at 65°C for 5 hours. The no. of trimethylammonium groups per AGU unit were measured
using conductometric titration with 0.01M AgNOs. Zeta potential measurements also confirmed
that the surface charge of the functionalized NCC converted to +30+5 mV from -39+3 mV for
unfunctionalized NCC. The authors also observed shear birefringence through crossed polarizers
for 1.9 wt% HPTMAC-NCC suspensions in water. However, for higher concentration of 3.5
wt%, isotropic gels were formed instead of the expected chiral nematic phases. Figure 2.51
shows the threadlike texture of the chiral nematic phase formed near the drying edge of the

solidifying sample. [*

/;l “ NaOH

CNC-0OH + + ———= CNC—O
% /N \‘/?,N{\/cr
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Figure 2.49 Reaction scheme to produce HPTMAC functionalized NCC 6%
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Figure 2.50 Conductometric titration of 1wt% HPTMAC-NCC with 0.01M AgNO5*
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Figure 2.51 Threadlike texture of the chiral nematic phase formed near the drying edge

1000
DCI
1[]!3:. 0,;,
= o
L]
[ ] o
- 104 ‘e [}o
» 8
g °
E L] OD
1 s O
.-EO
“E!i .ii
0.1 4 iii‘l‘
l““‘
0.01 T T {
0.1 1 -Hs*‘l, 10 100
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The authors observed thixotropic behaviour for HPTMAC-NCC suspensions through visual

observations for a 4.9 wt% gel, which exhibited shear thinning on agitation. Oscillatory shear
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tests on HPTMAC-NCC suspensions show that dynamic viscosity decreased with increasing
angular frequency while the storage and elastic modulus increased with increasing concentration.
Also on increasing concentration, the HPFTMAC-NCC suspensions transforms from a viscous
fluid to an elastic gel. Measuring viscosity as a function increasing and decreasing shear rates
resulted in a thixotropic loop behaviour. This thixotropic hysteresis as shown in Figure 2.52
behaviour was attributed to the decrease in the magnitude of surface charge due to cationic

functionalization of the NCC surface. [6%

According to Habibi et al. the sulphate ester groups introduced during sulphuric acid hydrolysis
are labile and susceptible to removal under mildly alkaline conditions. Hence, they proposed to
use TEMPO-mediated oxidation of NCC whiskers to introduce carboxylic functional groups
which are not as labile as compared to the sulphate ester groups. Selective TEMPO-mediated
oxidation was used on tunicate NCC whiskers so as to maintain the crystalline integrity of the
whisker core. The reaction was conducted at room temperature at pH 10 using
TEMPO/NaBr/NaOCI. Figure 2.53 shows a schematic of the NCC whiskers and how the surface
hydroxyl groups get oxidized to carboxylic functional groups using TEMPO-mediated oxidation.
Also the FTIR spectra of oxidized NCC whiskers show the characteristic C=0 stretching peak at

1730 cm™®. "9
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Figure 2.53 Schematic of the NCC whiskers before and after TEMPO-mediated oxidation !

Figure 2.54 shows the X-ray powder diffraction patterns before (a) and after (b) oxidation; both
patterns exhibit the same sharpness and intensity of diffraction rings indicating that TEMPO-
mediated oxidation did not induce any changes in the crystalline structure of the whisker cores.
Figure 2.55 shows images of unoxidized (a) and oxidized (b) NCC whiskers observed under
crossed polarizers. Where unoxidized NCC whiskers flocculate at 0.53% (w/v), oxidized NCC
whiskers show shear birefringence at the same concentration without any flocculation or phase
separation. From Figure 2.55b the authors deduce that even though birefringent domains are
present but there is no further ordering into chiral nematic phase thus explaining the absence of
characteristic fingerprint texture. Probable causes could be high viscosity of suspension or high

PDI of tunicate whisker lengths. '’
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Figure 2.54 X-ray powder diffraction patterns before (a) and after (b) oxidation '

Figure 2.55 Images of unoxidized (a) and oxidized (b) NCC through crossed polarizers [
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The first successful attempt at producing stable suspensions of NCC whiskers in non-polar
solvents was undertaken by Heux et al.; NCC whiskers from cotton and tunicate were mixed
with BNA surfactant (a phosphoric ester of polyoxyethylene nonylphenyl ether) at high pH and
then freeze dried and redispersed in toluene and cyclohexane. Tunicate whiskers were produced
at 0.3 wt% and cotton whiskers at 1 wt% for dilute solutions in cyclohexane and toluene. All the
prepared solutions showed flow birefringence i.e. NCC whiskers acquire parallel orientation in
the direction of flow indicating a quality of dispersion similar to NCC whiskers dispersed in
water due to electrostatic repulsion. Next a higher concentration (36 wt%) was prepared in
cyclohexane and observed between crossed polars. This concentrated solution showed an
isotropic and an anisotropic phase and an optical micrograph of anisotropic phase showed the
characteristic fingerprint pattern of chiral nematic phases. This observation made the authors
conclude that the chiral nematic phases were formed in spite of a layer of surfactants around the
NCC whiskers. They also proposed that this conclusion supports the idea proposed by Orts et al.
[11 that chiral character is observed due to the shape of the NCC rods and not due to the chiral

character of the cellulosic backbone. [

Apart from using surfactants to disperse NCC whiskers in organic solvents, Gousse et al. have
utilized silylating agents to graft onto the NCC surface to produce less labile and chemically
stable silylated NCC (see Figure 2.56). The authors observed experimentally that initially
silylation was rapid but the reaction rate decreased thereafter reaching a constant after a few
hours. Hence, the authors adopted a partial silylating methodology to maintain the structure
integrity of the whisker core and redisperse the whiskers in low polarity organic solvents. TEM

images of silylated whiskers (see Figure 2.57) show convoluted wavy contours indicating
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aggregation in certain regions. Moreover, the partially silylated whiskers were found to be more
swollen as compared to the needle-like images of unmodified whiskers, indicating slight
silylation of the core as well. On complete silylation or using longer reaction times the structural
morphology of the whiskers was completely destroyed. Figure 2.58 shows different X-ray
powder diffraction patterns for untreated NCC and silylated NCC whiskers with increasing
degree of substitution (DS) from (b) to (d); for the sample with highest degree of substitution (d)

complete destruction of crystalline structure is observed. [®

CH, CH,

|
Cell - OH+ Cl -5i -R — Cell - 0 -5i -R + HCI
|
CH, CH,

R: Jl-cgl"l;, ﬂ-Cqu. nCH., n'c'nsHa.s

Figure 2.56 Silylation of NCC whiskers [

Figure 2.57 TEM image-Silylated NCC whiskers [™*!
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Figure 2.58 X-ray powder diffraction patterns for untreated NCC (a) and silylated NCC

whiskers with increasing degree of substitution (b) DS=0.6 (c) DS=0.99 (c) DS =1.76 [

These partially silylated whiskers were readily redispersed in medium polarity organic solvents
like acetone and THF but not in low polarity solvents like toluene and hexane. For e.g. in THF
solvent, the suspension flocculated at DS =0.4 but formed a cloudy stable suspension at DS=0.6.
Essentially four silylating agents were chosen and a model was developed to explain why the
fibres lost their structural integrity on excessive silylation and why the partially/moderately
silylated NCC whiskers dissolved in THF but not in solvents of lower polarity. Figure 2.59a
shows NCC whisker with low DS but is still hydrophilic in nature as it keeps its structure
integrity and flocculates in THF. Figure 2.59b shows NCC whisker with moderate DS rendering
the surface hydrophobic. Here some chains are derivatized and some ends are soluble thus
stabilizing the whiskers in organic solvents of low polarity. Figure 2.59¢ shows highly silylated
whiskers such that the surface chains are solubilised in the reaction medium and the inner core is

exposed to more silylation thereby compromising its structure integrity and crystalline nature. ["*!
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Figure 2.59 Schematic model explaining silylation of NCC whiskers [’

Hydrophobically modified NCC whiskers were prepared by surface acylation using alkyenyl
succinic anhydride (ASA). Two ASA agents were used: iso-octadecenyl succinic anhydride (iso-
ODSA) and n-tetradecenyl succinic anhydride (n-TDSA) (see Figure 2.60 for structures).
Aqueous dispersions of the ASA agents were formed in water and then mixed with NCC
suspensions. Next the NCC whiskers were completely dried using freeze drying and then heating
to 105°C to complete the acylation modification. TEM analysis showed that the acylated
whiskers did not show any aggregation in 1,4-dioxane and X-ray diffraction patterns of the
acylated whiskers did not exhibit any changes from the original whiskers, indicating that
crystallinity of the NCC whiskers was unaffected by acylation. The acylated whiskers showed
good dispersibility in low/medium polarity solvents. Table 2.2 summarizes some results of

dispersibility tests conducted on acylated NCC whiskers. ['4
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Figure 2.60 Structures of (a) iso-ODSA (b) n-TDSA 4

dispersion
relative iso-0ODSA
solvent permittivity (25 °C) onginal modified
water 78.54 a C
formic acid 585 (16 °C) a c
dimethyl sulfoxide 46.45 a b
N, N-dimethylacetamide 3778 a a
methanol 32.66 b a
ethanol 24.55 C a
acetone 20.56 c a
1-butanol 17.51 d a
dichloroethane 10.37 d a
dichloromathane 8.93 d a
tetrahydrofuran 7.58 d a
chloroform 4 806 (20 °C) d a
toluene 237 d a
1,4-dioxane 2209 d a
cyclohexane 202 d b
hexane 1.8799 d C
3 Good dispersion. ® Incomplete dispersion. ¢MNo dispersion. @ Not tested.

Table 2.2 Dispersibility tests on acylated whiskers [

Surface acetylation of NCC whiskers (obtained from MCC) was undertaken by reacting it with

vinyl acetate in the presence of potassium carbonate as catalyst. By progressively increasing
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reaction times, it was observed that crystalline structure of the NCC whiskers was destroyed.
Figure 2.61 shows WAXD spectra of acetylated samples with different reaction times. Clearly
the peaks at 20=22" decrease in intensity suggesting that as the reaction time increased, the
degree of acetylation increased and the inner crystalline structure of NCC whiskers was
disrupted. 1 wt% acetylated whiskers dispersed easily in THF and were stable for more than 8
hours (see Figure 2.62). However, this was true for only acetylated whiskers with reaction time
greater than 2 hours since reaction times lower than 2 hours resulted in partial acetylation of the

NCC whisker surface. [
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Figure 2.61 WAXD spectra of acetylated samples with different reaction times [
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Figure 2.62 1wt% acetylated whiskers in THF ["*!

Recently, Siqueira et al. grafted long chain isocyanate on NCC whiskers by using two new novel

methods of in situ solvent exchange in order to prevent dispersion problems in the reaction

medium.

[76]
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Figure 2.63 In situ solvent exchange process for grafting isocyanate on NCC whiskers ["!

Most techniques for surface modification of NCC whiskers involve the grafting to approach

where a polymer chain is grafted onto the NCC surface. Recently, grafting from approach using
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ATRP has been used to grow polymer chains from the NCC surface. ATRP stands for atom
transfer radical polymerization which gives very precise control over grafting and produces well
defined monodisperse particles. Surface initiated ATRP was used to graft polystyrene chains on
the NCC surface. It was observed experimentally that polystyrene chains increased the
absorption/adsorption of NCC-g-PS towards 1,2,4-Trichlorobenzene, an environmental organic
pollutant. [ Similar to their work, Xu et al. have synthesized NCC whiskers grafted with
azobenzene polymers producing a novel amphotropic hairy rod system. This amphotropic system
exhibited thermotropic and lyotropic liquid crystalline properties. Figure 2.64 shows a schematic
for synthesis of NCC whisker grafted with Poly{6-[4-(4-methoxyphenylazo)phenoxy] hexyl
methacrylate}(PMMAZO), a side chain liquid crystalline polymer. A direct evidence of
successful grafting was formation of homogeneous dispersions in organic solvents like THF and
other solvents for PMMAZO. Interestingly, the hairy rods form a lyotropic nematic phase in
chlorobenzene above a critical concentration of 5.1 wt%; different LC transitions are also
observed at different temperatures: smectic-to-nematic at 95°C, nematic-to-isotropic at 135°C

and analogous lyotropic phase above 135°C. ["®]
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Figure 2.64 Synthesis of NCC whisker grafted with PMMAZO 8

In an attempt to avoid complex surface functionalization routes, recently Braun et al. have
combined the synthesis and functionalization of NCC in a single step (Figure 2.65). By utilizing
a mixture of acetic acid, HCI and organic acids, NCC whiskers were synthesized and
functionalized using Fischer esterification. Presence of acetate and butyrate groups affects the
hydrophilicity of the NCC whiskers making their aqueous solutions unstable but exhibiting better

dispersibility in ethyl acetate and toluene. !
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CHAPTER 3

CHARACTERIZATION TECHNIQUES

3.1ZETAPOTENTIAL MEASUREMENTS

As shown in Figure 3.1, for a charged particle suspended in an aqueous medium zeta potential is
not the charge at the particle surface but it’s the charge present at the slipping plane. For
measuring zeta potential, the aqueous samples are subjected to an electric field making the
charged particles move towards an oppositely charged electrode. The velocity with which the
charged particles move is directly proportional to the amount of charge on the particle. The
movement of charged particles towards an oppositely charged electrode causes a
phase/frequency shift in the incoming laser beam. This effect is known as Laser Doppler
Electrophoresis (LDE). The velocity of charged particles is determined as mobility; the particle

mobility in turn is converted into zeta potential value using Smoluchowski and Huckel theories.

3.2 SURFACE TENSIOMETRY

Surface tension measurements were conducted in Dynamic Contact Angle Tensiometer (DCAT)
shown in Figure 3.2. The DCAT software can take a single surface tension measurement or
forward/reverse CMC measurements. The software also calculates the excess concentration and
the surface area occupied per molecule at the interface. Surface tension measurements can be

made using either the du Nouy ring method or the Wilhelmy plate method.
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Figure 3.1 Schematic of zeta potential on a charged particle [??

Figure 3.2 DCAT equipment for surface tension measurements 2

98



3.3FTIR

Fourier Transform Infra Red spectroscopy (FTIR) is used to determine the composition of
unknown samples. When an unknown sample is irradiated with IR, the resulting FTIR spectra
consists of absorbance and transmittance peaks. These characteristic peaks correspond to specific
bonds within the unknown sample. An optical device called an interferometer allows FTIR
machines to simultaneously measure all IR frequencies. Figure 3.3 shows the arrangement of

sample and instrumentation in an FTIR machine.
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Figure 3.3 Basic FTIR set-up %

3.4DLS

DLS stands for dynamic light scattering and is also commonly known as Photon Correlation
spectroscopy (PCS) or Quasi-Elastic Light Scattering. DLS works on the principle of Brownian

motion which is correlated to the size of the particles. Larger particles undergo lesser Brownian
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motion as compared to smaller molecules which can diffuse faster. Stokes-Einstein equation is
used to determine the size of the particles since this equation directly relates the hydrodynamic

diameter of the particle with its diffusion coefficient. [?°]

d(H) =KkT/3mmD (Stokes-Einstein equation)

Equation 3.1 Stokes-Einstein equation for determination of hydrodynamic diameter

d(H): hydrodynamic diameter

D: translational diffusion coefficient
k: Boltzmann’s constant

T: absolute temperature

n: viscosity

351TC

Isothermal Titration Calorimetry (ITC) is used to measure very minute heat changes when
precise quantities of reactants are mixed together. As shown in Figure 3.4, the ligand is filled up
in the syringe while the sample cell is filled with the polymer solutions. When the ligand is
titrated into the sample cell, heat is either evolved (exothermic reaction) or absorbed
(endothermic reaction). The amount of heat evolved or absorbed is directly proportional to the
degree of binding between the ligand and the sample. The temperature difference between the
sample cell and the reference cell is measured and converted into units of power; this physical

temperature difference is called differential power (DP) and is defined as the power required to
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maintain the sample and reference cells at the same temperature. Integrating the DP peaks with

respect to time yields the AH value for the interactions.
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Figure 3.4 Basic set-up in a microcalorimeter 2!

3.6 DSC

Differential scanning calorimetry (DSC) can precisely measure exothermic or endothermic heat
changes in the sample cell. In this sensitive technique, the sample to be studied is placed in the
sample cell and then it is subjected to either a heating or a cooling cycle. Similar to ITC, the heat
changes in the sample cell are correlated to the temperature difference between the sample and

the reference cell, which is then calibrated to differential power (DP). *2"]
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CHAPTER 4

BIODEGRADABLE AND BIOCOMPATIBLE POLYAMPHOLYTE
MICROGELS FROM CHITOSAN, CARBOXYMETHYL CELLULOSE

AND MODIFIED METHYL CELLULOSE

4.1 Introduction

As mentioned in section 1.3.2, combination of the properties of ‘polyampholyte’ and ‘microgel’
results in the formation of ‘polyampholyte microgels’ which are crosslinked polymer particles

such that the constituent polymers possess positive and negative charges on their backbones.

The primary reason for synthesizing polyampholyte microgels is that their pH responsive
behaviour will be attractive for drug and protein delivery applications. Ho et al. have synthesized
polyampholyte  microgels using poly(methacrylic acid) (PMAA) and poly(2-
(dimethylamino)ethyl methacrylate) (PDMA). © Inverse microemulsion polymerization
technique was used to polymerize MAA and DMA in the presence of a cross-linker (allyl
methacrylate) to produce an amphoteric microgel system. The microgels exhibited swelling at
low and high pH while they deswelled at neutral pH. Figure 4.1 shows the
pH-responsive behaviour of polyampholyte microgels composed of PMAA and PDEA polymers.
At low and high pH, the microgel particles acquire positive and negative charges respectively
and the particles begin to swell due to the repulsion from like charges within the microgel

particles. This allows counterions to enter the porous microgels resulting in increased swelling.
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Conversely, as the solution approaches a neutral pH, equal number of positive and negative
charges on the microgel particles results in a smaller hydrodynamic radii as the counterions leave
the microgel particles causing them to deswell. Due to the overall charge neutralization on the
surface of the microgel, the particles tend to flocculate at neutral pH ranges; the pH at which this
phenomenon occurs is called the isoelectric point (IEP). In order to prevent flocculation of
microgel particles at neutral pH ranges, a steric stabilizer such as poly (ethylene glycol)

methacrylate (PEGMA) is grafted on the microgels. ©

Steric stabilization is important !

Microgel Swelling Microgel Deswelling Microgel Swelling

R
— - =
Low pH Neutral pH High pH

Figure 4.1 pH responsiveness of polyampholyte microgels (adapted from reference) [

Recently, many different polyampholyte microgel systems have also been explored. %% Due to
their potential applications and stimuli responsive characteristics of polyampholyte microgel
systems, this project was aimed at synthesizing polyampholyte microgels using biopolymers as
starting materials, instead of using synthetic monomers and initiators. Water soluble polymers

are dispersed in a continuous organic phase together with a water soluble crosslinker, such as 1-
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ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) to produce crosslinked microgels. Simple
EDC carbodiimide chemistry is used to crosslink the amino and carboxylic acid groups through

amide linkages. !

Two different polyampholytic systems were synthesized: chitosan-carboxymethyl cellulose
(CS-CMC) and chitosan-modified methyl cellulose (CS-ModMC). For the first system, chitosan
and carboxymethyl cellulose were chosen since they would provide amine and carboxylic acid
functionalities to the microgels. As a further extension of the CS-CMC system, we have also
synthesized chitosan-modified methyl cellulose system where the methyl cellulose was modified
by carboxymethylation ! to incorporate carboxylic acid functionality to the microgels. Methyl
cellulose contains methoxide groups which induce hydrophobic interaction between the methyl
cellulose chains causing them to aggregate at the lower critical solution temperature (LCST).
[*1Thus, by combining the pH responsive characteristics of chitosan and the thermo-responsive
behaviour of methyl cellulose, we have synthesized a dual responsive system from biodegradable

and biocompatible polymers.

The advantages of using these biodegradable polymers in place of synthetic monomers for
microgel synthesis are as follows:

The polymers are biodegradable and biocompatible ! 81 [12]
= They are non toxic and non allergenic *

= They are readily available as they are obtained from natural sources, hence they are

recyclable and cost effective %

104



= Using polymers as starting material instead of using synthetic monomers would ensure
that no toxic initiators are present after the microgels are synthesized, making them

suitable for biomedical and pharmacological applications !4

4.2 Experimental Section

4.2.1 Materials

Chitosan (M.W. 50000-190000, D.S ~75% - 80%) was purchased from Aldrich. Sodium salt of
carboxymethyl cellulose (CMC-Na M.W. 250000, D.S - 1.2) was purchased from Acros
Organics. Methyl cellulose (water soluble gum) was purchased from Fischer Scientific.
Monochloroacetic acid (solid flakes, 99%) was purchased from Acros and used for
carboxymethylation of methyl cellulose. Crosslinkers EDC (1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide, commercial grade) and NHS (N-Hydroxysuccinimide, 98%-+) were purchased
from Sigma and Acros Organics respectively. MES (2-(N-morpholino) ethanesulfonic acid,
>99%) was used as buffer for the EDC crosslinking reaction and was purchased from Aldrich.
Non-ionic surfactants Brij 92V and Brij 96V were purchased from Aldrich and Fluka
respectively and were used as received. For steric stabilization, poly (ethylene glycol)
methacrylate (PEGMA M.W. 300, inhibitors removed using basic alumina) was purchased from
Sigma and tert-butyl hydroperoxide initiator (TBHP, 70% solution in water, N, flushed) was
purchased from Acros Organics. Millipore deionized water was used for all experiments and

sample preparations.
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4.2.2 Synthesis of chitosan-carboxymethyl cellulose microgels

Inverse microemulsions are thermodynamically stable water-in-oil (W/O) emulsions formed on
the addition of large amounts of surfactants. [*! Inverse microemulsion technique is especially
useful for water soluble polymers which tend to polymerize in the bulk aqueous phase. ® The
water droplets in a W/O inverse microemulsion, act as nanoreactors and water soluble polymers
can be easily encapsulated and crosslinked in the water droplets. For instance, Ho et al. have
synthesized polyampholyte microgels from MAA and DMA monomers using inverse

microemulsion technique. !

Non-ionic surfactants are necessary for producing inverse microemulsions because of their
unique phase-inversion property. Non-ionic surfactants can transform an oil-in-water (O/W)
emulsion at room temperature to water-in-oil (W/O) emulsion at higher temperatures. The
temperature, at which phase-inversion occurs from O/W emulsion to W/O emulsion, is called the
phase inversion temperature (PIT). Furthermore, non-ionic surfactants exhibit a unique
hydrophile-lipophile balance (HLB) value. HLB gives the ratio of hydrophilic (water-loving) to
lipophilic (oil-loving) segments on a surfactant. Mixing two non-ionic surfactants with different
HLB values produces a desired HLB value for the surfactant system. Experiments have also
shown that the HLB values for a mixture of non-ionic surfactants can change the phase inversion
temperature. *° Therefore, by mixing two non-ionic surfactants in a certain ratio produces an

HLB value which corresponds to a desired phase inversion temperature.
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For the synthesis of CS-CMC microgels, first a surfactant mixture was prepared by mixing 30 ml
of hexane with 0.552 g of Brij 96 (HLB ~ 12.4) and 1.848g of Brij 92 (HLB ~ 4.9) surfactants.
The combined HLB of this system was ~ 6.625 corresponding to a phase inversion temperature
of around 70°C. ¥ This surfactant mixture was added to a 100 ml (three necked) round bottomed
reaction vessel and the temperature was raised to 70°C. 0.05g chitosan was dissolved in 10 ml of
1% acetic acid solution and 0.03g of CMC-Na (sodium salt of carboxymethyl cellulose) was
dissolved in 10 ml of DI water. The pH of both polymer solutions were adjusted to around pH 5
since EDC crosslinker works effectively in the pH range of 4-6. ¥ 0.1 wt% MES buffer was
added to each polymer solution to maintain the pH at a constant value. 0.016g of EDC and 0.01g
of NHS was added to the chitosan solution. The EDC/NHS loaded chitosan solution and CMC-
Na solution were added simultaneously to the surfactant mixture in the reaction vessel. As soon
as the polymers were added to the reaction vessel, the solution turned turbid. The reaction was
allowed to proceed for another four hours. Free radical grafting method was used to graft steric
stabilizers on the surface of the microgels. 0.1 ml of 1% TBHP solution and 0.2g of PEGMA-
300 was added to the reaction vessel under N, purge. The grafting reaction was allowed to
continue for another hour. In order to remove the hexane, the hot reaction mixture was poured
into a rotary evaporator and hexane was removed under vacuum. The resulting thick microgel
sample was diluted with DI water and dialyzed (M.W cut off: 10,000 Da) for about a week to
remove the surfactants, initiator, unreacted polymers and any homopolymers of PEGMA which
may have formed during the grafting reaction. We observed that the microgels were not stable
over time and flocculated after approximately one week as shown in Figure 4.2a. However, after

ultrasonicating for 5 minutes, the microgels seemed to form a stable dispersion again as shown in
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Figure 4.2b. This may be due to the M.W. of PEGMA used for steric stabilization. Using

PEGMA with 2000 M.W. might produce a more stable microgel sample.

Flocculation Stable

after standing dispersion
for about a formed after
week sonication

Figure 4.2 Reaction mixture of CS-CMC microgel system

4.2.3 Modification of methyl cellulose

In order to incorporate carboxylic acid groups on the methyl cellulose chains (Figure 4.3),
carboxymethylation was used for chemical modification. Carboxymethylation of methyl
cellulose was carried out using a standard slurry process. ®° 0.5g of methyl cellulose powder
was suspended in 15 ml of isopropanol through vigorous stirring. 1.33 ml of 15% (w/v) NaOH
solution was added drop wise into the suspension. The stirring was continued for another hour
before adding 0.6g of monochloroacetic acid. The reaction mixture was heated to 55°C for about
1.5 hours. The reaction time was controlled to prevent depolymerisation of the starting methyl

cellulose polymer. The product was recovered from the suspension, using acetone as the non-
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solvent. The powder-like product was washed with acetone and 80% (v/v) ethanol solution

several times and then dried at vacuum at 60°C.

OCH,COOH OCHj OCH,COOH
0 ) 0 y
0 0 0 0
/ 0 HO
HO OCHs H OCH, OCH

Figure 4.3 Structure of modified methyl cellulose

4.2.4 Synthesis of chitosan-modified methyl cellulose microgels

As described in section 4.2.2, the same experimental procedure was used to synthesize the
CS-ModMC microgels, incorporating modified methyl cellulose instead of carboxymethyl
cellulose. It was also observed that the modified methyl cellulose powder dissolved easily in DI
water at room temperature. This is an evidence of successful carboxymethylation since
unmodified methyl cellulose does not dissolve easily in water at room temperature. It must be
dissolved in hot water first and then subsequently cooled so that it becomes completely soluble

in water.

109



4.2.5 Characterization techniques

Potentiometric and Conductometric Titration

Simultaneous measurements of pH and conductivity were performed using the Metrohm 809
Titrando autotitrator. It is equipped with Tiamo software capable of dosing microlitre quantities
of any titrant. All measurements were conducted in a closed jacketed vessel at 25°C with
medium stirring. Initially, the pH of the microgel sample (0.1 wt%) was increased to pH 11 by
addition of NaOH. The sample was then titrated with 0.1 N HCI and pH and conductivity were
measured simultaneously till the pH of the sample approached 2. pH and conductivity values
were plotted against concentration of HCI (in mM). The pH and conductivity curves showed
different transition points confirming the presence of -OCH,COOH and -NH; functional groups

on the synthesized microgels.

Zeta Potential Measurements

Zeta Potential measurements for microgel samples at different pH values were measured using

Brookhaven ZetaPALS Analyzer. PALS stands for Phase Analysis Light Scattering which allows

measurement of zeta potential as well as electrophoretic mobility. Concentration of the samples

was maintained around ~ 0.1 wt% and the experiment was conducted at 25°C.
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Dynamic Light Scattering

Dynamic Light scattering measurements were conducted at 25°C using BI-200SM goniometer
for scattering detection at multiple angles. It is also equipped with BI9OOOAT digital correlator
and BI-DNDC for static light scattering measurements as well. Laser with a wavelength of
636 nm was used. Microgel samples at different pH values were used for measurement of
hydrodynamic radii and concentration of the samples was maintained around 0.1 wt%. In order
to eliminate the effect of dust particles a 0.45 pum filter was used to filter the samples before

measurement.

Surface Tension Measurements

Unmodified methyl cellulose (MC) and modified MC samples seemed to show some surface
activity when the solutions were shaken or stirred. Hence, surface tension measurements were
conducted for unmodified methyl cellulose and modified methyl cellulose samples. Since
modified MC samples consist of carboxylic acid groups, it was expected that the surface activity
of the modified samples would be affected by pH. So, surface tension measurements for
modified MC samples were conducted at different pH values. Measurements were conducted in
DCAT 11 (Dataphysics) at 25°C. It is equipped with a state-of-art software package and two
liquid dispensing units (LDU) capable of dosing microlitre volumes of titrant. Wilhelmy plate
method was used to measure dynamic surface tension values of the samples. Concentration of
methyl cellulose and modified methyl cellulose samples were fixed at 2 g/L and the polymers

were titrated into 50 ml of DI water in 30 volumetric increments.
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Differential scanning calorimetry

Microcal VP-DSC instrument was used to determine the thermoresponsive properties of
unmodified and modified methyl cellulose samples. Degassed 0.5 wt% samples were used in the
sample cell along with DI water as the reference liquid. The experiments were conducted at
constant pressure of ~ 27 psi. All upscan runs (from low to high temperature) were recorded.
However, the downscan runs (high to low temperatures) were noisy hence, they have not been

reported.

FTIR

Bio-Rad (Excalibur series) FTIR spectrometer was used to analyze the modified and unmodified
methyl cellulose samples. The wavelength range considered is 400-4000 cm™. KBr powder was
mixed with the powder samples to make thin FTIR films by compressing them between steel

platens.

4.3 Results and Discussion

4.3.1 Chitosan-Carboxymethyl Cellulose microgels (CS-CMC)

Figure 4.4 shows the potentiometric and conductometric titration curve for 0.1 wt% CS-CMC
microgel solution. At the start of the experiment, the sample was adjusted to pH 11 and then
titrated with 0.1 N HCI. Different transition points on the pH and conductivity curves confirmed
the presence of amino and carboxylic acid groups on the microgels. Transition points at the
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conductivity curve were determined by the change in slope (inflexion points) and the intersection
of vertical dashed lines with the pH curve is described as a transition point on the pH curve. For
this system, the transition points on the pH curve were observed at pH of 9.4, 4.2 and 3.2. The
titration curve exhibits four distinct regions: the first region (starting from left) corresponds to
the neutralization of excess base. The second region (pH 9.4 to 4.2) corresponds to the
protonation of -OCH,COO™ groups on the carboxymethyl cellulose (CMC) chains on the
microgels. The third region (pH 4.2 to 3.2) corresponds to the protonation of -NH, groups on the
chitosan (CS) chains in the microgels and finally the fourth region corresponds to excess acid

present in the solution.

In terms of transition points on the pH curve, the first transition point at pH of 9.4 represents the
start of protonation of -OCH,COQO" groups to -OCH,COOQOH. This protonation ends at second
transition point, pH of 4.2. This point also corresponds to the start of protonation of -NH; groups
to -NH3". At the third transition point, pH of 3.2, the protonation of -NH, groups is complete. By
measuring the moles of HCI reacted for each functional group (second and third transition
regions), the amount of -OCH,COOH and -NH; groups was determined as 1.5 and 1.1 meq/g of

microgel.
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Fiqure 4.4 pH and conductivity titration curve for 0.1 wt% CS-CMC microgels

Figure 4.5a, 4.5b and 4.5c show the hydrodynamic radius and zeta potential values measured for
0.1 wt% microgel samples at different pH values. As shown in Figure 4.5a, for intermediate pH
ranges between pH 4 to 9, a typical U-shaped profile was obtained for the hydrodynamic radius
curve. At low pH, the -NH; groups on CS chains in the microgel are positively charged due to
protonation of the amine groups. Because of repulsion between -NH3" groups on CS chains, the
microgel swells, and increases in size. Similarly, at high pH, the -OCH,COOQOH groups on CMC
chains are negatively charged due to deprotonation of the carboxylic groups. Therefore, the

repulsion between -OCH,COO" groups on CMC chains induces the swelling of the microgel. At
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neutral pH, the microgel exhibits an overall neutral charge and the microgel deswells and shrinks

in size.
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Figure 4.5a Hydrodynamic radius and Zeta potential vs. intermediate pH range (4-9) for 0.1 wt%

CS-CMC microgel sample

As shown in Figure 4.5b and c, at extreme pH values (pH < 4 and pH > 10), the size of the
microgels shows an appreciable reduction; so this observation cannot be attributed to charge
shielding alone. One possible explanation could be the acid and base catalyzed hydrolysis of
amide linkages within the microgel. Once the amide crosslinks are hydrolyzed at extreme pH

values, the CS and CMC chains are expelled from the microgels, hence the microgel size
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reduces. Several papers have reported the hydrolysis of an amide bond under acidic, basic and
neutral conditions; [ (71 8] jt \was observed that the rate of amide hydrolysis was higher at
extreme pH values (i.e. pH < 4 and pH > 10) than in a neutral pH range, where the amide

hydrolysis was slower.

The zeta potential values (Figure 4.5c) also corroborate the above results. In the pH range of 4 to
9, the surface charge on the particles decreases from +10 mV to -40 mV as the microgels possess
-NH3" and -OCH,COO" groups at low and high pH respectively. However, at pH < 4 and
pH > 10, the charge on the microgel particle reduces, suggesting the expulsion of CS and CMC

chains due to acid and base catalyzed amide bond hydrolysis.

Another important observation was made from zeta potential values in Figure 4.5c. While the
maximum negative charge on the microgels is -40 mV, the maximum positive charge on the
microgels is only +10 mV. This might seem contradictory since the amount of -NH, groups in
the microgels (1.1meq/g) is comparable to the amount of -OCH,COOH groups in the microgels
(1.5meq/g). Zeta potential analyzer measures only the surface charge on a particle and some of
the surface -NH; groups are involved in PEGMA grafting; thereby lower positive zeta potential
values are observed in experiments. Conversely, Figure 4.5b shows equivalent swelling in acidic
and basic regions which can be explained from the fact that the number of -OCH,COOH and -
NH, groups in the microgel are comparable. Furthermore, Figure 4.5b shows an iso-electric point
(IEP) around pH 6 (where lowest hydrodynamic radius is observed) while Figure 4.5¢ shows an
IEP around pH 5.5 (where zero zeta potential is observed). This may be attributed to

experimental error during light scattering and zeta potential measurements.
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0.1 wt% CS-CMC microgels

4.3.2 Modified Methyl Cellulose (Mod-MC)

Figure 4.6 shows the FTIR spectra of unmodified (a) and modified methyl cellulose (b). The
spectra for modified MC shows the characteristic C=O frequency at 1750 cm™ confirming the
presence of carboxymethyl groups on the MC chains.
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Figure 4.6 FTIR of unmodified methyl cellulose (a) and modified methyl cellulose (b)

Figure 4.7 shows the zeta potential results for modified MC samples at different pH values. As
expected, the zeta potential values become more negative at higher pH values due to the
deprotonation of carboxymethyl groups on the modified MC chains. Figure 4.8 shows the
potentiometric and conductometric titration curve for 0.1 wt% modified MC sample. Intersection
of vertical dashed lines with the pH curve is described as a transition point on the pH curve. The
first region (starting from left) corresponds to excess OH" ions in the sample. The second region
corresponds to the protonation of -OCH,COQO" groups to -OCH,COOH (pH 9 to 3). The third
region corresponds to the excess acid in the solution. By measuring the moles of HCI reacted in
the second transition region, the no. of -OCH,COOH groups was determined to be 2.6 meqg/g of

the sample.
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We observed that unmodified and modified MC solutions exhibited surface activity when they
were subjected to stirring/shaking. Figure 4.9a shows the surface tension results for unmodified
MC and modified MC samples. The inset shows a magnification of the higher concentration

region of surface tension of modified MC samples.
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Figure 4.9a Surface tension curves for unmodified MC & modified MC at low,

neutral pH & high pH

According to Figure 4.9a, the surface tension of unmodified MC sample decreased as the

concentration of the polymer was increased suggesting that the unmodified MC samples are
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surface active. We hypothesize that unmodified MC chains conform at the at air-water interface
in a manner such that the hydrophobic methoxide groups preferentially orient themselves into the
non-aqueous air phase. Figure 4.9b shows a schematic of orientation of hydrophobic methoxide
groups at the air-water interface. When the polymer concentration was increased, a higher
proportion of hydrophobic methoxide groups induced the aggregation of MC chains at the
interface causing the surface tension values to decrease further. Unmodified MC sample contains
significantly high proportion of hydrophobic methoxide groups (-OCHs) such that they
preferentially partition to the air-water interface making unmodified MC surface active in nature.
Since, unmodified MC shows surface activity similar to a surfactant, we expected to observe a
CMC (critical micelle concentration), which is the concentration at which the surface tension
values become constant. However, no CMC point was observed for unmodified MC sample i.e.
no steady/constant value of surface tension was observed. Therefore, while unmodified MC is
surface active like a surfactant, it does not possess other properties of a surfactant such as a

CMC.

OCH
OCH; OCH; €O ocH, o ocH, | AR
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ORIENTATION OF -OCH3; GROUPS INTO THE AIR PHASE

Figure 4.9b Unmodified MC chains at air-water interface

While unmodified MC chains are unresponsive to varying pH of the solution, the presence of

carboxymethyl groups in modified MC chains makes them pH responsive; varying the pH affects
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the degree of deprotonation of -OCH,COOH groups on modified MC chains. This effect is
clearly seen in Figure 4.9a, where the surface tension curves for modified MC samples at
different pH values show similar trends but their absolute values are different. For all modified
MC samples at different pH values, the surface tension values decreased with increasing polymer
concentrations indicating that the modified MC samples show surface activity at low, neutral and

high pH.

For modified MC sample at low pH, the surface tension values are lower than those of
unmodified MC sample suggesting that the modified sample at low pH is more surface active
than unmodified MC. At low pH, the carboxymethyl groups in modified MC are protonated to
-OCH,COOQH. Both the hydrophobic methoxide groups (-OCHS3) and the -OCH,COOH groups
preferentially partition to the air-water interface (see Figure 4.9c) thereby decreasing surface
tension of the solution. The partitioning of -COOH groups of the linear polyelectrolytes to the
air-liquid interface was also suggested by Okubo and Kobayashi. ¥ Due to partitioning of -
OCH,COOH groups in addition to the partitioning of -OCH3 groups, modified MC sample at
low pH show greater partitioning to the air-water interface as compared to the unmodified MC
sample. Thus, modified MC sample at low pH is more surface active as compared to unmodified

MC sample.

HOOCH,CO
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OCH, 9CHs

WATER

ORIENTATION OF -OCH3; & -OCH,COOH GROUPS INTO THE AIR PHASE

Figure 4.9¢ Modified MC chains (low pH) at air-water interface
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At neutral pH, modified MC sample shows higher surface tension values as compared to the
unmodified MC sample suggesting that the surface activity is lowered for modified MC sample.
At neutral pH, a fraction of the carboxymethyl groups are deprotonated as -OCH,COO" and these
charged groups tend to remain in the aqueous phase instead of the air phase (see Figure 4.9d).
Thus, it becomes harder for the hydrophobic methoxide groups on modified MC chains to

partition to the air-water interface, thereby reducing the surface activity in this case.

OCH, OCH, AIR
OCH; WATER
~—~OCH,COO-  OCH,COO- ’—(L
OCH,COO-

ORIENTATION OF -OCH,COO" GROUPS INTO THE WATER PHASE

Figure 4.9d Modified MC chains (neutral pH) at air-water interface

Similarly at high pH, most carboxymethyl groups on modified MC chains are deprotonated as
-OCH,COQO" which preferentially orient into the bulk aqueous solution. Hence, the surface
activity of modified MC is further decreased at high pH in comparison to the unmodified MC
sample. Like the unmodified MC sample, the modified MC samples did not show any CMC

transition point for low, neutral and high pH.

123



4.3.3 Chitosan-Modified Methyl Cellulose microgels (CS-ModMC)

Figure 4.10 shows the potentiometric and titration curve for CS-ModMC microgel system. The
intersection of vertical dashed lines with the pH curve is described as a transition point on the pH
curve. As explained earlier for the CS-CMC system, the titration curve shows three transitions
points at pH of 9.5, 5.5 and 3.8. Region | shows the presence of excess base in the sample. The
second region (pH 9.5 to 5.5) corresponds to the start of the protonation of -OCH,COO" groups
to -CH,COOH on the modified MC chains in the microgel. The third region (pH 5.5 to 3.8)
corresponds to the end of protonation of -OCH,COO" groups and the start of protonation of -NH,
groups to -NH3". The fourth region corresponds to the end of protonation of -NH; groups on the
CS chains and the presence of excess acid in the sample. By measuring the moles of HCI reacted
for each functional group (second and third transition regions), the amount of -OCH,COOH and

-NH; groups were determined as 0.8 and 0.6 meq/g of the microgel, respectively.
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Figure 4.10 pH and conductivity titration curve for 0.1 wt% CS-ModMC microgels

Figs. 4.11a and b show the hydrodynamic radius and the zeta potential results for CS-ModMC
microgel samples at different pH values. As explained for the CS-CMC system, in the pH range
of 4 to 9, the microgels exhibit swelling at low and high pH and deswelling at neutral pH.
However, for pH < 4 and pH > 10, the microgel size reduces drastically probably due to acid and
base catalyzed hydrolysis of amide bonds. The zeta potential values also corroborate the above
results since the surface charge on the microgels is lowered at the extreme pH values. The

isoelectric point (IEP) from Figure 4.11a is ~ 7 while the IEP from Figure 4.11b is ~ 6.4.
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Figure 4.11a and b Hydrodynamic radius and Zeta potential vs. pH for CS-ModMC microgels

Thermoresponsive behaviour of CS-ModMC microgels

When aqueous methyl cellulose solutions were heated above a certain critical temperature called

the lower critical solution temperature (LCST), the methoxide groups (-OCHgj) in methyl

cellulose associate hydrophobically and produce a sol-to-gel transition in aqueous solutions.

Thus, unmodified methyl cellulose solutions exhibit thermoresponsive behaviour at LCST. 1%
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Since CS-ModMC microgels contain methoxide groups (-OCHg;) from modified MC chains, the
microgels were expected to exhibit thermo-responsive character as well. In order to study the
thermoresponsive behaviour of CS-ModMC microgels, the LCST of modified MC samples was
determined using microcalorimetry (see Figure 4.12) and a characteristic LCST peak was
observed at around 65°C. The hydrodynamic radii (Ry) vs. pH measurements were repeated for
CS-ModMC microgels at the LCST of 65°C. By comparing the R, vs. pH behaviours at 25°C
and 65°C (see Figure 4.13), the thermoresponsive character of CS-ModMC microgels was

established.

Figure 4.12 shows the upscan results for unmodified and modified MC samples determined using
a micro-calorimeter. Modified MC samples were studied at different pH values to analyze the
effect of carboxymethyl groups on the hydrophobic association between modified MC chains.
For unmodified MC sample, the LCST peak occurred at around 65°C. For the modified MC
sample at low pH, a similar LCST peak at 65°C was observed. However, the peak for modified
MC sample at low pH is larger (area wise) in comparison to the peak for unmodified MC sample.
At low pH values, protonation of carboxymethyl groups to -OCH,COOH groups facilitates
hydrogen bonding between -OCH,COOH and -OCHg; groups while weakening the hydrophobic
interactions between -OCHj3 groups. Therefore, a larger amount of energy is required to induce
hydrophobic interactions between the modified MC chains at low pH; so the LCST peak for the
modified MC sample is larger in comparison to that of unmodified MC sample. For modified
MC sample at neutral pH, LCST peak was again observed around 65°C. At neutral pH,
deprotonation of -CH,COOH groups to -CH,COO" reduces the hydrogen bonding between

-CH,COOH and -OCHg; groups and facilitates the hydrophobic interactions between -OCHs
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groups. Hence, lesser energy is required to induce hydrophobic interactions between the
modified MC chains at neutral pH making the LCST peak smaller in comparison to that of the
unmodified MC sample. Similarly, at high pH, most of the carboxymethyl groups on modified
MC chains are deprotonated as -CH,COO'. So, the hydrogen bonding between -CH,COOH and
-OCHj5 groups is further weakened and the hydrophobic interactions between -OCHj3 groups are
further strengthened. At high pH, we see a broad LCST peak ~ 55°C probably due to the

enhanced hydrophobic interactions and gelling phenomena in the modified MC sample.
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Figure 4.12 Upscan DSC curves for unmodified and modified MC samples
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Figure 4.13 Hydrodynamic radii vs. pH at 25°C and 65°C for CS-ModMC microgels

Figure 4.13 shows a comparison of hydrodynamic radii vs. pH measurements obtained at two
different temperatures; one at room temperature (25°C) and the other at the LCST (65°C). As
shown in Figure 4.13, the CS-ModMC microgels are polyampholytic and possess pH-responsive
behaviour at both temperatures. While the response profiles are similar at both temperatures, we
observe a difference in the values of hydrodynamic radii (Ry) obtained at the two temperatures.
At low pH values (pH < 6.5), the Ry, values at 65°C are higher in comparison to those at 25°C. At
higher pH values (pH > 6.5), the Ry, values at 65°C are lower in comparison to those at 25°C.
Similar to micro-DSC results for modified MC samples, this behaviour may be explained by the
degree of deprotonation of modified MC chains in the microgel. At low pH, the hydrogen
bonding between -CH,COOH and -OCHg; groups prevents the hydrophobic interactions between
-OCHj3 groups. So, a large number of water molecules are partitioned to the porous microgel and

surround the -OCHj3 groups. Thus, the microgel particles at 65°C swell more and show larger
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hydrodynamic radii in comparison to the microgels at 25°C. Conversely at high pH, due to
deprotonation of -CH,COOH groups to -OCH,COOQO", the hydrogen bonding between
-CH,COOH and -OCHjs; groups is weakened while the hydrophobic interaction between -OCHjs
groups is enhanced. Water molecules are no longer able to surround the -OCHs groups in the CS-
ModMC microgel and are excluded from the microgel. Therefore, microgel particles at 65°C

have smaller hydrodynamic radii in comparison to the microgels at 25°C.

Figure 4.14 shows the CS-ModMC microgel samples at three different pH values. The microgels
show lower turbidity at low and high pH values while a more opaque solution is obtained at
neutral pH. This is a visual proof that the microgels are swollen at low and high pH values and

deswollen around the IEP. Similar visual results were obtained for CS-CMC microgel samples.

Fiqure 4.14 CS-ModMC microgel samples at low, neutral and high pH
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4.4 Summary

This chapter explores the pH-responsive behaviour of two biocompatible and biodegradable
polyampholyte microgels, which were prepared using inverse microemulsion technique:
chitosan-carboxymethyl cellulose (CS-CMC) and chitosan-modified methyl cellulose
(CS-ModMC). As an extension to the chitosan and CMC system, methyl cellulose was used in
CS-ModMC microgels to develop a microgel with both pH and thermo responsive property.
Carboxymethylation was used to modify methyl cellulose in order to introduce carboxylic acid
functionality necessary for the crosslinking of the polymeric chains. The pH-responsive
behaviour of the two microgels was confirmed by dynamic light scattering, zeta potential and
potentiometric-conductometric measurements. Furthermore, surface active behaviour of
unmodified and modified methyl cellulose was studied using surface tensiometry. For
CS-CMC, the no. of -OCH,COOH and -NH, groups were determined to be 1.5 and 1.1 meqg/g of
the microgel sample, respectively. In pH range of 4-9, the zeta potential values varied from +10
mV to -40 mV, while the hydrodynamic radius varied from 160 nm in the swollen state (acidic
and basic pH) to 110 nm in the “collapse” state (neutral pH). For CS-ModMC, the no. of
-OCH,COOH and -NH; groups were determined to be 0.8 and 0.6 meq/g of the microgel sample,
respectively. In pH range of 4-9, surface charge on the microgels varied from +25 mV to -60mV,

and the hydrodynamic radii were 190 nm at low pH, 80nm at neutral pH, to 120 nm at a high pH.
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CHAPTERS

INTERACTION OF NANOCRYSTALLINE CELLULOSE WITH AN

OPPOSITELY CHARGED SURFACTANT IN AN AQUEOUS MEDIUM

5.1 Introduction

NCC is derived from native cellulose (wood, cotton or plant fibres) and it possesses a number of
advantages, such as biodegradability, recyclability, non-toxicity and high functionality due to
presence of hydroxyl groups. ' Because of its polyelectrolyte nature, NCC can be used in
personal care applications, e.g. hair conditioners and shampoos. Personal care applications often
employ surfactant formulations and understanding the effect of surfactants on NCC dispersions
is vital for the adoption of NCC in these applications. It has been observed that NCC suspensions
become unstable and phase separate in the presence of an oppositely charged surfactant. In order
to understand the polymer-surfactant interactions between NCC and an oppositely charged

surfactant, a cationic surfactant, tetradecyl trimethyl ammonium bromide (TTAB) was used.

Polymer-surfactant interaction is an important phenomenon that has attracted significant research
interest because it is commonly observed in many systems. Numerous systems have been
explored to elucidate the interaction between a charged polymer and an oppositely charged
surfactant. %% Interestingly, in addition to the commonly used techniques such as light

scattering, SANS, microcalorimetry and surface tensiometry, McLachlan and co-workers
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reported the use of 1D and 2D NMR technique to investigate the interactions between oppositely

charged polymer-surfactant systems. ]

In 2002, Wang and Tam, identified three kinds of interactions between negatively charged
poly(acrylic acid) (PAA) and dodecyltrimethylammonium bromide (DTAB), a cationic
surfactant. Initially they observed an electrostatic attraction between PAA and DTAB. After
reaching a critical concentration, DTAB micellization on PAA chains was observed. They also
observed that addition of salt screened the electrostatic interaction between PAA and DTAB and

facilitated the free micellization of DTAB in bulk. 8

Liu and Guo studied the interactions between casein and DTAB. According to their experimental
results, they observed three different interactions on adding DTAB to 2 mg/ml casein solutions:
(i) Electrostatic attraction was observed between negatively charged amino acid groups and
DTAB surfactant;
(it) further addition of DTAB led to the formation of DTAB micelles on casein chains
producing insoluble complexes;
(iii) further addition of DTAB produced free DTAB micelles and resolubilized the

DTAB/casein complexes due to an overall positive charge on the complex. !

Wang and Tam also studied the interaction of methacrylic acid/ethyl acrylate copolymers
(HASE) with DTAB surfactant and summarized the typical polymer-surfactant interactions
observed in systems with opposite charges: electrostatic binding, micellization of the

electrostatically bound micelles and resolubilization/gelation. %!
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Researchers have also studied the interaction of cationic chitosan with negatively charged
sodium dodecyl sulphate (SDS). Onésippe and Lagerge showed that grafting alkyl chains makes
the chitosan more hydrophobic and the alkylated chitosan exhibits amphiphilic behaviour at pH
4. The authors also concluded that alkyl chains facilitate the formation of chitosan complexes
with SDS. % Mata et al. studied the interaction between carboxymethyl cellulose (CMC) and a
number of cationic surfactants with varying hydrophobic chain lengths. The critical aggregation
concentration (CAC) corresponding to the onset for the formation of polymer-surfactant complex
is generally lower than the CMC. The authors observed that increasing the alkyl chain length of
the surfactants decrease the CAC values. Longer surfactant chain length and larger surfactant

head groups produce rapid complexation between CMC and surfactants. (%

Chakraborty et al. reported that the polymer-surfactant interaction simultaneously leads to
interfacial-adsorption and bulk complexation, where smaller surfactant aggregates are formed on
the polymer chains. Formation of electrostatically driven polymer-surfactant complexes
increases the hydrophobicity of the system leading to coacervation or phase separation. In a
number of polymer-surfactant systems, three critical concentrations have been identified: (i)
CAC corresponding to the onset of electrostatic interactions, (ii) Cs representing the saturation of
polymer chains with surfactant molecules and (iii) C, corresponding to the formation of free
surfactant micelles. Chakraborty and co-workers observed that the CAC and Cs values from
tensiometric and conductometric experiments were not identical and they attributed this apparent
discrepancy due to different physiochemical changes which may occur in tensiometric and
conductometric experiments. In conductometric experiments, the CAC corresponds to the
completion of surfactant adsorption whereas in tensiometric experiments, the CAC corresponds
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to the onset of interfacial adsorption of polymer surfactant complexes. In conductometric
experiments C, represents the onset of wrapping of polymer chains on the surfactant aggregates
while in tensiometric experiments, Cs corresponds to the collapse of polymer-surfactant

complexes from the air-water interface. 1%

Oppositely charged polymer-surfactant
complexation in bulk and at the interface has also been thoroughly investigated by Bain and co-
workers. The authors proposed that different types of associations may be present in oppositely
charged polymer-surfactant systems (such as interfacial layers, bulk complexation and

precipitated phases), and a delicate balance of electrostatic and hydrophobic interactions is

present for each kind of association. %!

This chapter examines the forces involved in NCC-TTAB interactions and the underlying
binding mechanism between NCC and TTAB molecules. Several physical techniques, such as
surface tensiometry, isothermal titration calorimetry, conductivity measurements and phase
separation measurements were used for this study. Since the system involves charged species,

the effect of electrolyte (NaCl) on the polymer-surfactant interaction was also examined.

5.2 Experimental Methods

5.2.1 Materials

Freeze dried nanocrystalline cellulose (NCC) sample was supplied by FP Innovations. Tetradecyl
trimethyl ammonium bromide (TTAB) (99% approx.) was purchased from Sigma. Sodium
chloride (99%) was purchased from EMD chemicals. Deionized Millipore water was used for all

sample preparations.
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5.2.2 Characterization techniques

Isothermal Titration Calorimetry

The Microcal VP-ITC instrument was used to study the NCC-TTAB interactions. The titrations
were conducted at constant temperature of 25°C. The volume of titrant (TTAB) was ~ 282 uL
and 1.4551 mL of NCC sample was loaded in the sample cell. The titrant was injected at
different volumes i.e. 2, 5 and 10 pL increments. The AH values for the dynamic interactions are
reported as kJ/mol of injectant and were plotted against the concentration of titrant in the cell.
For most measurements, the concentrations of TTAB and NCC were fixed at 10 g/L and 0.655
g/L. A TTAB concentration of 10 g/L was chosen to allow the investigation of the entire range of
NCC-TTAB interactions. NCC concentration was fixed at 0.655 g/L as this concentration clearly

showed all the four regions of interactions when TTAB was titrated to NCC in the sample cell.

Surface Tensiometry

Surface tension measurements were conducted in DCAT 11 (Dataphysics) at 25°C. It is
equipped with a state-of-art software package and a liquid dispensing unit (LDU) capable of
dosing microlitre volumes of titrant. The Wilhelmy plate method was used to measure dynamic
surface tension values at the air-water interface. TTAB surfactant was titrated into 50 ml of NCC
solution in all tensiometric measurements. The concentration of surfactant in LDU was fixed at

10 g/L and the concentration of all NCC solutions was fixed at 0.655g/L.
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Conductivity Measurements

Conductivity measurements were conducted using the Metrohm 809 Titrando. It is equipped
with Tiamo software capable of dosing microlitre quantities of any titrant. All measurements
were conducted in a jacketed vessel at 25°C with medium stirring. The NCC sample (0.655 g/L)
was titrated with 10 g/L TTAB solution and the conductivity of the NCC sample was measured

using a conductivity electrode until a discernible CMC point for TTAB was observed.

Phase separation measurements

It is known that the electrostatically driven polymer-surfactant complexes may lead to
coacervation and phase separation. This project also explored the phase separation behavior of
NCC solutions in the presence of different TTAB concentrations. Five NCC solutions were
prepared at a concentration of 0.655 g/L. TTAB was added to each NCC solution such that the
resulting concentration of TTAB in the NCC solutions would be 0.1, 0.2, 0.5, 0.8 and 1.1 g/L.
The height of the NCC flocs was quantified as a function of time, where the white turbid region

at the bottom of the tube corresponded to the phase separated NCC.

Zeta potential measurements

Zeta Potential measurements for NCC-TTAB samples at different TTAB concentrations were
measured using Brookhaven ZetaPALS Analyzer. These measurements were performed to

determine the overall surface charge on the NCC samples in the presence of different
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concentrations of TTAB. The concentration of the NCC in the samples was maintained at

0.655¢/L and the experiment was conducted at 25°C.

5.3 Results and Discussion

5.3.1 Isothermal Titration Calorimetry

NCC-TTAB binding in bulk

Figure 5.1a shows the ITC curve for the NCC-TTAB interaction and clearly shows four distinct
regions of interactions. Region | indicates the electrostatic interaction between the negatively
charged NCC and the cationic surfactant TTAB. As previously reported, [ [1001 103 the
appearance of an endothermic peak in the ITC curves corresponds to an electrostatic interaction
between the polymer and the surfactant. The initial upward slope represents electrostatic
interactions, while the highest point of the peak corresponds to the optimum condition for the
electrostatic binding of surfactant molecules to the opposite charges on the polymeric chains.
The reason we did not observe such a peak in Figure 5.1a is because at the first injection (2 pL)
of 10 g/L TTAB, the electrostatic interactions exceeded the maximum point. However, when a
lower surfactant concentration (1 g/L) was used, we observed the maximum peak for
electrostatic interactions (see Figure 5.1b) which is similar to that reported previously. Region Il
corresponds to the rearrangement of surfactant molecules on the NCC surface induced by
hydrophobic interactions of the surfactant alkyl chains. In region Ill, the adsorption of surfactant

on the charged NCC surface increases the local concentration of surfactant molecules that
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promotes the formation of micelles on the surface of NCC. Such phenomenon is commonly
referred to as polymer induced micellization and occurs at a lower concentration than the critical
micelle concentration (CMC) for the formation of surfactant micelles in bulk solution. Region 111
is also attributed to the aggregation and bridging of NCC bound micelles to form larger
aggregates containing several NCC nanorods. This phenomenon is favourable since NCC is a
rigid rod-like nanocrystal, so NCC rods are unable to wrap around the TTAB micelles.
Therefore, it is energetically favourable for two or more NCC rods to come together and share
the TTAB surfactant micelles. This phenomenon is similar to a common behaviour at specific
surfactant concentration exceeding the CAC, where the polymeric chains would wrap around the
surfactant micelles and if the polymer concentration is sufficiently high, bridging and inter-
molecular aggregation will occur. %% When the concentration of TTAB surfactant was further
increased, free surfactant micelles begin to form in the bulk; this onset is indicated by region IV.
The entire binding mechanism is shown schematically in Figure 5.2. As previously discussed by
Lapitsky et al. %! one can conclude that non-cooperative binding occurs at very low TTAB
concentrations and cooperative binding starts at the very first injection of 10 g/L TTAB. The
ITC curve in Figure5.1a also indicates three important concentrations:

C;: Onset of reorganization of adsorbed TTAB molecules

C,: Onset of polymer induced micellization and aggregation of nanorods

Cj3: Onset of free TTAB micellization
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Figure 5.2 Mechanism of NCC-TTAB binding based on ITC experiments

Effect of polymer concentration

In order to study the effect of NCC concentration on NCC-TTAB binding, ITC experiments were
conducted with different NCC concentrations in the cell, while keeping the concentration of
TTAB surfactant constant at 10 g/L. The concentrations of NCC were chosen as: 0.0655 g/L,
0.3275 g/L and 0.4912 g/L. Figure 5.3a shows the ITC curve for NCC concentration of 0.0655
g/L. We observed that the titration curve for NCC is identical to the TTAB dilution curve. This

result suggests that when the NCC concentration is very low there is no appreciable interaction
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between TTAB and NCC. Hence, the ITC curve for 0.0655 g/L NCC follows the TTAB dilution

curve and shows the CMC point for free TTAB micellization (Cy, = 1.1 g/L).
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Figure 5.3a ITC curves for TTAB titration into water and 0.0655 g/L NCC concentration

When the NCC concentration was increased to 0.3275 g¢/L, subtle changes appeared in the ITC
curve (Figure 5.3b). The ITC curve for 0.3275 g/L NCC displayed three regions of interactions:
region | corresponding to electrostatic interactions between NCC and TTAB, region Il
corresponding to reorganization of adsorbed TTAB surfactant on NCC rods and region 1V
representing the onset of free TTAB micellization. This result suggests that an NCC
concentration of 0.3275 g/L is high enough to observe electrostatic interactions between NCC
and TTAB; however, it is not sufficiently high to observe region Ill corresponding to polymer
induced micellization and aggregation of surfactant bound NCC rods, as was the case for
0.655 g¢/L sample. When the NCC concentration was further increased to 0.4912 g/L

(see Figure 5.3c), we observed all four regions of interactions as previously observed in
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0.655 g/L NCC. The observed variations in the ITC curves of the three samples with different
concentrations suggest that NCC concentration is important for the occurrence of polymer

induced micellization and aggregation of surfactant bound NCC rods.
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Figure 5.3b ITC curves for TTAB titration into water and 0.3275 g/L NCC concentration
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Effect of salt

Since the primary interaction between NCC and TTAB is electrostatic in nature, it was expected
that the addition of an electrolyte such as NaCl would shield/screen the negative charges on the
NCC surface thereby weakening the NCC-TTAB electrostatic interaction and facilitating free
micellization of TTAB molecules. Figs. 5.4a to 5.4d show the effect of addition of different salt
concentrations on the NCC-TTAB interactions. For 0.001 M NaCl (Figure 5.4a), while all the
four regions of interactions were observed, reduced electrostatic interaction in region | was
observed due to the charge shielding effect of salt. Similarly at 0.005 M NaCl (Figure 5.4b), all
four regions of interactions were present in the ITC curve. However an electrostatic peak was
observed in region I; by screening out the negative charge on NCC, salt prevents the electrostatic
interactions to exceed the maximum limit at the first dosing of 10 g/L TTAB. Figure 5.4c shows
that the ITC curves for 0.005 M NaCl and 0.01 M NaCl were similar. At even higher salt
concentrations of 0.05 M and 0.1 M (Figure 5.4d), while a low electrostatic peak was evident the
regions Il and Il (from Figure 5.1a) were absent. The high concentration of salt probably
allowed minimal electrostatic interaction between NCC and TTAB resulting in the low peaks; it
also inhibited polymer induced micellization since the number of TTAB molecules bound to
NCC is insufficient to produce micelles, resulting in the absence of Regions Il and Ill from the
ITC curves. Furthermore, the points A and B in Figure 5.4d, denote the CMC of free TTAB
micelles and are determined as 0.55 g/L and 0.35 g/L respectively. The CMC values from points
A and B are one order of magnitude less than the CMC of pure TTAB (~1.1 g/L). Based on the
observed behaviour of NCC-TTAB interactions in presence of different salt concentration, one

can infer that salt weakens the NCC-TTAB binding and facilitates free TTAB micellization.
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Thevenot and co-workers have also reported the reduction in CMC values and an increase in
micelle aggregation numbers in the presence of salt. The authors explain that addition of salt
reduces the electrostatic repulsion between polar head groups of the surfactant thereby

facilitating formation of micelles. [
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5.3.2 Surface Tensiometry

NCC-TTAB binding at the air-water interface

On comparing the surface tension curves for TTAB titrated into NCC and the surface tension
curve for TTAB dilution, we noticed that there was a reduction in surface tension in the presence
of NCC (see Figure 5.5a). This may be attributed to the formation of surface active NCC-TTAB
complexes (formed due to electrostatic attraction) which populate the air-water interface and
reduce the surface tension in the presence of NCC as compared to the TTAB dilution alone. This
drop in surface tension in the presence of a polymer has been observed by other researchers as
well. P71 [1%8] The critical micelle concentration (CMC) of TTAB was identified as Cr, and we
observed that the CMC of TTAB in the presence of NCC (C,*) was higher. C,* was determined
by the point where the TTAB-NCC curve merged with the TTAB dilution curve. In the presence
of NCC, TTAB interacts electrostatically with the NCC and micellizes on the surface of NCC
crystallites; thus more amount of surfactant is required for the formation of free micelles in an

NCC solution making C,* greater than C,, as shown in Figure 5.5a.

Figure 5.5b shows different regions of NCC-TTAB interaction at the air-water interface. The
curve clearly showed three distinct regions. The first region (I) represents a reduction in the
surface tension at the interface due to aggregation of surfactant molecules at the air-water
interface. This aggregation of surfactant was facilitated by the presence of oppositely charged
NCC rods which increased the aggregation of surfactants at the interface. A sudden drop in

surface tension was observed before onset of the second region (I1). This sudden drop in surface
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tension suggests saturation of the air-water interface with NCC-TTAB complexes. In the bulk
aqueous phase, TTAB bound NCC rods lose their hydrophilic character and become more
hydrophobic thereby necessitating the partitioning (expulsion) of TTAB hydrophobic chains at
the air-water interface. Hence, TTAB bound NCC rods formed in the bulk solution begin to
migrate and saturate the interface. Once NCC-TTAB complexes flood the entire air-water
interface, the surface tension shows a drastic drop due to coverage of NCC-TTAB aggregates at
the interface. At Cs*, the  air-water interface becomes completely saturated and region Il shows
this interfacial saturation concentration (Cs*). Region Il also represents the onset of TTAB
micellization on the NCC rods present at the interface and in the bulk. The appearance of C,* in
region Il indicates the CMC of TTAB in the presence of NCC and represents the onset of free

TTAB micellization in the bulk aqueous phase.

Figure 5.6 shows the NCC-TTAB binding mechanism at the air-water interface & in the bulk.
Region | shows the presence of NCC-TTAB electrostatic complexes at the air-water interface.
Region 11 shows the interfacial saturation point (Cs ) when NCC-TTAB complexes formed in the
bulk migrate to the interface and form a complete coverage. Region Il shows a saturated
interface and free TTAB micellization in the bulk. It is important to note that desorption of NCC-
TTAB complexes from the interface is not shown in region Ill. Since the surface tension curve
for TTAB titration into NCC does not show any appreciable change in the slope after interfacial
saturation (Cs), it is concluded that the NCC-TTAB complexes at the interface remain intact and

don’t get desorbed from the interface even as free TTAB micelles are formed in the bulk. [1097 [94]
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Effect of salt

As previously observed with the ITC results, it was expected that addition of an electrolyte like
NaCl would affect the surface tension results as well. Since salt shields the charges on NCC
surface, the NCC-TTAB electrostatic interactions are weakened and formation of NCC-TTAB
complexes is also lowered. Lower NCC-TTAB interactions in turn facilitate the formation of free
TTAB micelles. Therefore, it was anticipated that the CMC of TTAB in the presence of NCC
(Cm’) would be lowered. Figure 5.7 shows the surface tension curves for TTAB dilution and
TTAB titration into NCC for different mediums: (a) water, (b) 0.005 M NaCl and (c) 0.05 M

NaCl.

As shown in Figs. 5.7 a, b and ¢, the TTAB dilution curves were affected by the presence of salt.
Cn values corresponding to CMC+rag Were shifted to lower concentrations at 0.005 M and
0.05 M. This lowering of CMC of a surfactant in presence of salt %! has been previously
reported. As expected, Figs. 5.7b and ¢ show that the CMC of TTAB in the presence of NCC
(C') also decreased due to salt screening effect, which facilitates the formation of free TTAB
micelles. Furthermore, in the presence of salt, the surface tension drop corresponding to
interfacial saturation (with NCC-TTAB complexes) became less discernible in Figs. 5.7b and c.
As there is a decreased formation of NCC-TTAB complexes in the bulk due to the salt shielding
the negative charges on the NCC surface, interfacial saturation is not very pronounced in salt
solutions. Hence the corresponding surface tension drop is less discernible and not very

pronounced in salt solutions.
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5.3.3 Conductivity Measurements

Conductivity measurements are very useful in observing polymer-surfactant interactions. A
change in slope of the conductivity curve indicates the formation of free TTAB micelles in the
bulk. Figs. 5.8a and b show the conductivity curves of TTAB titrated into water and into 0.655
g/L NCC solution respectively. The TTAB dilution curve showed one inflexion point indicating
CMC of the surfactant (Cn,). The conductivity curve of TTAB into NCC shows two inflexion
points: the first inflexion point at 0.65 g/L TTAB concentration where the two curves seem to
bifurcate (see Figure 5.8c) and the second inflexion point (see Figure 5.8b) represents the
saturation of TTAB-NCC interaction and formation of TTAB micelles in bulk (i.e. Cm*). As
expected, Cm* > Cm (from Figure 5.8a and b, Cm* ~ 1.3 g/L Cm ~ 1.1 g/L), which is similar to
the surface tensiometry results. Similar conductivity results showing an increase in CMC of

surfactant in presence of a polymer are reported elsewhere as well. 1%
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5.3.4 Phase separation measurements

NCC solutions in water are fine suspensions which are stable for long intervals of time. The
negatively charged surface of NCC provides electrostatic repulsion thereby preventing
agglomeration and settling of aqueous NCC suspensions. In the presence of an oppositely
charged surfactant, such as TTAB, the NCC solutions tend to phase separate into a clear phase
and an insoluble turbid phase (see Figure 5.9). Figure 5.11 shows the mechanism of phase
separation in NCC-TTAB solutions. Initially NCC and TTAB interact electrostatically after
which the TTAB molecules adsorbed on the NCC surface interact hydrophobically with other
TTAB molecules from adjacent NCC rods. These hydrophobic interactions bring together all the
surfactant bound NCC rods to form large particulates or hydrophobic flocs. With time, these
hydrophobic flocs settle down due to gravity and phase separate as seen in Figure 5.9.
Additionally, at higher concentrations, the flocs may be less dense and fewer in number as the
NCC-TTAB complexes resolubilize in presence of large amount of surfactants % and there is a

greater tendency to form free TTAB micelles in the bulk.

In phase separation experiments, the normalized phase separation height was measured with
time. Figure 5.10a shows that the phase separation profiles were similar for lower TTAB
concentrations of 0.1, 0.2 and 0.5 g/L. As expected, Figure 5.10b shows that the degree of phase
separation decreased with increased TTAB concentration, especially at 1.1 g/L which is around
the CMC of TTAB. As a general trend, it was observed that at lower TTAB concentrations, more
phase separation was observed as compared to higher concentrations. As explained earlier, at

higher TTAB concentrations, there is resolubilization of NCC-TTAB complexes and a greater
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tendency by the surfactant molecules to form free TTAB micelles. Figure 5.10c shows the effect
of salt on degree of phase separation. Due to the shielding/screening effect of NaCl, a lower
degree of phase separation was observed in presence of salt in comparison to aqueous NCC
solutions. The screening out of negative charges on NCC weakens the NCC-TTAB interactions
thus lowering the formation of NCC-TTAB hydrophobic flocs and facilitating free TTAB

micellization.
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Figure 5.10a Phase separation heights in different TTAB conc. (0.1,0.2 & 0.5 g/L TTAB)
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5.3.5 Zeta potential results

Zeta potential measurements (Figure 5.12) were conducted with NCC-TTAB solutions
containing different amounts of TTAB: 0.1, 0.2, 0.5, 0.8 and 1.1 g/L. While 0.1 and 0.2 g/L
TTAB concentrations showed negative zeta potential values, 0.5, 0.8 and 1.1 g/L TTAB
concentrations showed progressively positive values which levelled off at 1.1 g/L. It is
hypothesized that at 0.1 and 0.2 g/L, the TTAB molecules are adsorbed on the NCC surface but

do not form a complete coverage. Thereafter, TTAB micelles completely cover the NCC surface
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and two or more NCC rods may come together producing higher zeta potential values at 0.5, 0.8
and 1.1 g/L. The zeta potential curve levels of around 1.1 g/L which is around the CMC of pure
TTAB surfactant. At this point, no more polymer induced micellization is observed and free
TTAB micellization occurs. This reversal of the surface charge on NCC-TTAB complexes was

expected and similar results have been reported elsewhere as well. 12081
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Figure 5.12 Zeta potential of 0.655 g/L NCC solutions at different TTAB concentrations

5.3.6 Comparison of ITC, Surface tensiometry and Zeta potential results

Figure 5.13 shows a comparison of ITC and Zeta potential results. The figure is divided into four
regions corresponding to the four regions of interaction in the ITC curve. Region | in the ITC
curve represents the electrostatic interactions between NCC and TTAB. The corresponding zeta
potential value in region | show that the NCC-TTAB complexes are negative charged. This
observation suggests that the TTAB molecules do not completely cover the NCC rods as some

surface charges may not be accessible to TTAB molecules. Region Il in the ITC curve represents
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the reorganization of bound surfactants on the NCC rods. The corresponding zeta potential value
in region Il becomes less negative as compared to the value in region I; this is because TTAB
concentration in the solution has now increased leading to increased NCC-TTAB interaction
thereby neutralizing more negative charges on NCC. Region Il in the ITC curve represents the
polymer induced micellization of TTAB on NCC rods and the aggregation of surfactant bound
NCC rods. Due to formation of TTAB micelles on the NCC rods, the corresponding zeta
potential value in region Il is positive. Finally, region IV in the ITC curve represents free TTAB
micellization in bulk. This result is corroborated by the zeta potential values in region 1V which

become progressively positive and reach steady state around CMCrrag (i.e. 1.1 g/L).

Figure 5.14 shows the surface tension curve for titration of TTAB into NCC solution. The
concentrations shown were correlated with the different regions of interaction in the ITC curve in
Figure 5.1a. We observe that up to the TTAB concentration of 0.06 g/L, the surface tension
steadily dropped due to the presence of NCC-TTAB complexes at the air-water interface. This
concentration corresponds to region | in the ITC curve when NCC-TTAB complexes are being
formed electrostatically in the bulk. Thereafter, a sharp drop in surface tension is observed
corresponding to the interfacial saturation by NCC-TTAB complexes. This drop continues until a
TTAB concentration of 0.3 g/L is reached. This concentration range of 0.06-0.3 g/L, corresponds
to region I and Il in the ITC curve. This observation suggests that while the interface is being
saturated, the hydrophobic interactions and reorganization of adsorbed TTAB molecules occurs
in the bulk. Interfacial saturation is observed to be complete at Cs ~ 0.3 g/L and thereafter TTAB
micellization on NCC begins. This region on surface tension curve corresponds to region Il in
the ITC curve (C, ~ 0.32 g/L) and represents polymer induced micellization of TTAB molecules
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on NCC. C,,, observed in Figure 5.14 also corresponds to the transition into region IV of the ITC

curve representing formation of free TTAB micelles in bulk.
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Figure 5.13 Comparison of ITC and zeta potential results
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5.4 Summary

The interaction between negatively charged nanocrystalline cellulose (NCC) and a cationic
surfactant, tetradecyl trimethyl ammonium bromide (TTAB) was examined by isothermal
titration calorimetry (ITC), conductometric and potentiometric titrations and surface tensiometry.
The interactions are controlled by two major forces, namely electrostatic and hydrophobic
interactions. ITC and surface tension results confirmed two phenomena: (i) formation of
electrostatically driven NCC-TTAB complexes in the bulk and at the interface
(i) hydrophobically driven polymer induced micellization of TTAB on NCC rods. Conductivity
and surface tension results confirmed that the CMC of TTAB shifted from 1.1 g/L to 1.3 g/L in

the presence of 0.655 g/L NCC. The settling and phase separation characteristics were quantified
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by determining the height of the NCC flocs as a function of time, where the stability of the NCC
in the presence of TTAB was correlated. Zeta potential results revealed a charge reversal from
negative to positive charge on the NCC with increasing TTAB concentration, confirming the
formation of NCC-TTAB complexes in aqueous solutions. The effect of electrolyte in shielding
the negative charge on NCC was confirmed by ITC, surface tensiometry and phase separation
experiments. Based on the corroborated data obtained from various experimental techniques, a
physical mechanism for the interaction of NCC and TTAB is proposed. Furthermore, it was
observed that using either electrolyte or high amount of TTAB, reduced the degree of phase
separation in NCC suspensions; however, this is not a very feasible solution for using NCC along
with  surfactant formulations. Hence, steric stabilization of NCC by grafting
poly (ethylene glycol) methacrylate (PEGMA) could be explored as a viable alternative in order

to prevent the destabilization of NCC suspensions in the presence of a cationic surfactant.
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CHAPTER 6

STERIC STABILIZATION OF NANOCRYSTALLINE CELLULOSE IN

THE PRESENCE OF AN OPPOSITELY CHARGED SURFACTANT

6.1 Introduction

Due to its polyelectrolyte nature, NCC can be used in personal care applications, such as
conditioners that employ polyelectrolytes in their formulations. Personal care applications often
employ surfactant formulations and studying the effect of surfactants on NCC suspensions is
imperative if NCC is to be adopted for use in personal care applications. In the previous chapter,
we observed that aqueous NCC suspensions become destabilized and phase separate in the
presence of an oppositely charged surfactant, tetradecyl trimethyl ammonium bromide (TTAB).
The main forces involved in NCC-TTAB binding were identified as: (i) electrostatic interactions
between NCC and TTAB (ii) hydrophobic interactions between the adsorbed TTAB molecules
(iii) intermolecular hydrophobic interactions between surfactant bound NCC rods inducing
bridging and aggregation of NCC rods. It was hypothesized that steric stabilization of NCC rods
would reduce the electrostatic and hydrophobic interactions between NCC and TTAB. Hence,
grafted poly (ethylene glycol) methacrylate (PEGMA) was grafted on the NCC rods using free

radical grafting to approach. The structure of PEGMA is shown in Figure 6.1.
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Figure 6.1 Structure of PEGMA

In their review on cellulose grafting and modification, Roy and co-workers ™ explain that there
are three approaches to polymer grafting:

1. Grafting-to approach: In this method, a polymer with a functional end group is reacted with
the functional groups on the cellulosic backbone.

2. Grafting-from approach: In this method, polymeric chains are grown from the cellulosic
backbone itself.

3. Grafting-through approach: In this method, a vinyl macromonomer is combined with a low
molecular weight co-monomer through co-polymerization.

The authors explain that the Grafting-to approach is limited by crowding of polymeric chains at
the cellulosic backbone that prevents the diffusion of other reactive chain ends to the substrates
thereby affecting the final grafting efficiency. Different methods of polymer grafting have been
extensively reviewed by Bhattacharya and Misra. ™3 A number of papers ™42 have also
reported the grafting of cellulosic polymers using the conventional free radical approach. The

mechanism of grafting using free radical approach is shown in Figure 6.2.
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Figure 6.2 Schematic showing free-radical grafting approach [**2

In recent years, a number of papers have reported on the modification of NCC by the grafting
approach. These papers have been discussed thoroughly in the NCC modification section in

chapter 2.

6.2 Experimental Methods

6.2.1 Materials

Freeze dried nanocrystalline cellulose (NCC) sample was supplied by FP Innovations. Tetradecyl
trimethyl ammonium bromide (TTAB) cationic surfactant (99% approx.) was purchased from
Sigma. For steric stabilization, poly (ethylene glycol) methacrylate (PEGMA M.W. 300 Da,
inhibitors removed using basic alumina) was purchased from Sigma. PEGMA 2000 (50 wt % in
water) was purchased from Aldrich and used as received. Sodium persulphate initiator (98% +)

was purchased from Acros. Millipore deionized water was used for all the sample preparations.
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6.2.2 Synthesis of NCC-g-PEGMA samples

20 g/L of unmodified NCC solution was purged with N, for half hour in order to purge dissolved
oxygen which might react with the free radicals of the initiator and affect the grafting reaction.
The initiator was also purged with N, to remove any dissolved oxygen and the desired amount of
sodium persulphate initiator was added to the NCC solution. The temperature of the reaction
mixture was then increased to 70°C in order to produce the free radicals. Finally the desired
amount of PEGMA was added and the reaction was allowed to continue for 4 hours. The
reaction mixture was dialyzed for a week in regenerated-cellulose tubing (with 12000-14000 as
M.W. cutoff). The M.W. cutoff was sufficient to remove the unreacted PEGMA, initiator and

PEGMA homopolymers.

Depending on the ratio of PEGMA to NCC used for the grafting reaction, different
NCC-g-PEGMA samples were synthesized. The grafting ratio (PEGMA : NCC) is defined as
the amount of PEGMA used with respect to 20 g/L of the NCC sample. Furthermore, two
different molecular weights of PEGMA were used: PEGMA-300 and PEGMA-2000. Keeping
these two parameters in mind, the grafting ratio and the M.W. were added as a suffix to the
sample names. Hence, the samples were designated as NCC-PEGMA-300(x2),
NCC-PEGMA-300(x6), NCC-PEGMA-300(x10) & NCC-PEGMA-300(x14) for 300 M.W.
series and NCC-PEGMA-2000(x2), NCC-PEGMA-2000(x6), NCC-PEGMA-2000(x10) and
NCC-PEGMA-2000(x14) for 2000 M.W. series. The numeral in the brackets represents the

grafting ratio used for the grafting reaction i.e. 2:1, 6:1, 10:1 and 14:1. For instance, for the 2:1
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sample, the amount of PEGMA used was twice the amount of NCC and for the 6:1 sample the

amount of PEGMA used was six times the amount of NCC used for grafting.

6.2.3 Characterization techniques

Isothermal Titration Calorimetry

Microcal VP-ITC instrument was used to study the interaction between NCC-g-PEGMA samples
and TTAB surfactant at a constant temperature of 25°C. The volume of titrant (TTAB) was
~ 282 pL and 1.4551 mL of NCC-g-PEGMA sample was loaded into the sample cell. The titrant
was injected at different volumes i.e. 2, 5 and 10 pL increments. The AH values for the dynamic
interactions were reported as kJ/mol of injectant and were plotted against the concentration of
titrant in the cell. For most measurements, the concentrations of TTAB and NCC-g-PEGMA
samples were fixed at 10 g/L and 0.655 g/L respectively. A TTAB concentration of 10 g/L was
chosen to allow investigation of the entire range of NCC-g-PEGMA and TTAB interactions.
NCC-g-PEGMA concentration was fixed at 0.655 g/L as this concentration clearly showed all

the regions of interactions when TTAB was titrated into it.

Phase separation measurements

It is known that the electrostatically driven polymer-surfactant complexes may lead to
coacervation and phase separation. We have studied the phase separation behaviour of
NCC-g-PEGMA solutions in the presence of different TTAB concentrations. NCC-g-PEGMA

solutions at a concentration of 0.655 g/L were prepared and TTAB was added to the solutions
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such that the resulting concentration of TTAB in the NCC-g-PEGMA solutions would be 0.1,
0.1, 0.5, 0.8 and 1.1 g/L. The solutions were allowed to stand and the phase separation height
was measured with time, where the white turbid region at the bottom of the tube was considered

as phase separated NCC.

FTIR

Bio-Rad (Excalibur series) FTIR spectrometer was used to analyze the PEGMA modified NCC
samples. The wavelength range considered is 400-4000 cm™. KBr powder was mixed with
unmodified NCC and freeze dried NCC-g-PEGMA samples to make thin FTIR films by

compressing them between steel platens.

6.3 Results and Discussion

6.3.1 FTIR analysis of NCC-g-PEGMA samples

The grafting of PEGMA on NCC was confirmed by the presence of C=0 group in the FTIR
spectra of NCC-g-PEGMA samples. Figure 6.3a shows the carbonyl (C=0) group on PEGMA
determined from FTIR analysis. Figure 6.3b shows the FTIR spectrum of NCC-PEGMA-300(x2)
sample. The spectrum clearly shows the characteristic C=0 frequency at 1750 cm™, confirming
the grafting of PEGMA-300 on NCC. Similar peaks at 1750 cm™ were obtained for all other
NCC-PEGMA-300 samples. Figure 6.3c shows the FTIR spectrum of NCC-PEGMA-2000(x14)

sample indicating the characteristic C=O frequency at 1750 cm™ confirming the grafting of
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PEGMA-2000 on NCC. Similarly, all other NCC-PEGMA-2000 samples showed the

characteristic C=0 peak at 1750 cm™.

- CH,

L n

Figure 6.3a Carbonyl group on PEGMA used for FTIR analysis
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Figure 6.3b FTIR spectra of unmodified NCC (a) and NCC-PEGMA-300(x2) (b)
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Figure 6.3c FTIR spectra of unmodified NCC (a) and NCC-PEGMA-2000(x14) (b)

6.3.2 Isothermal Titration Calorimetry (ITC) results

ITC results for unmodified NCC

The ITC results for TTAB titration into unmodified NCC sample has been discussed previously
in chapter 5 (section 5.3.1). To summarize, the major interactions were identified as: electrostatic
attraction, hydrophobic interactions and polymer induced micellization. The important
concentrations C;, C, and C3 (from Figure 5.1a) were determined as:

Cy: onset of reorganization of adsorbed TTAB molecules;

C,: onset of polymer induced micellization and aggregation of nanorods;

Cs: onset of free TTAB micellization in bulk.
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ITC results for NCC-PEGMA-300 samples

Figure 6.4 shows the ITC curve for the titration of TTAB into NCC-PEGMA-300(x2) sample.
The titration curves for TTAB/water and TTAB/unmodified NCC are also shown for reference.
Similar to the trend shown by the NCC-TTAB curve, the NCC-PEGMA-300(x2) curve also
shows four distinct regions of interaction. Region | corresponds to the electrostatic attraction
between NCC-PEGMA-300(x2) and TTAB. A reduction in electrostatic interaction was
observed for the NCC-PEGMA-300(x2) sample as compared to the NCC sample. This is because
the PEGMA-300 chains provide steric hindrance and decreased the interaction of TTAB
molecules and the negative charges on the NCC. Region Il corresponds to the reorganization of
adsorbed TTAB molecules to promote the formation of micelles on the NCC. However, the
presence of PEGMA-300 chains also reduced the degree of reorganization compared to
unmodified NCC. Region Il corresponds to the formation of TTAB micelles on individual NCC
rods similar to the third region in unmodified NCC sample; however, aggregation of surfactant
bound NCC rods was prevented. It was hypothesized that the presence of PEGMA-300 chains
provides adequate steric repulsion to prevent the surfactant bound NCC rods to bridge together
and aggregate. This is may be the reason why region Il1 closely follows the TTAB dilution curve
as surfactant bound NCC rods repel each other sterically and facilitate the formation of free
TTAB micelles in the bulk. Region IV corresponds to free micellization of TTAB in bulk. Since
PEGMA-300 chains weaken the NCC-TTAB interaction, we observed that the onset for NCC-
PEGMA-300(x2) sample (C:, C, and C3) are shifted to higher concentrations as compared to
those for NCC (C;, C, and Cs). Table 6.1 shows the values of C;, C, and Cs observed for NCC-
PEGMA-300(x2) sample (from Figure 6.4) in comparison with Cy, C, and C3 for NCC sample
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(from Figure 5.1a). Clearly, the critical transitions for NCC-PEGMA-300(x2) sample are shifted
to higher concentrations suggesting that greater amount of TTAB surfactant was needed to

promote the various interactions defined by the critical transitions.
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Figure 6.4 ITC curve-titration of TTAB into water (o), NCC (0) & NCC-PEGMA-300(x2) (&)

Sample Onset of Onset of Polymer Onset of free TTAB
Reorganization(ll) induced micellization(1V)
micellization(l11)
NCC C1~0.17 g/L C,~0.32g/L C3~0.67 g/L
NCC-PEGMA-300(x2) C: ~0.20¢g/L C’~0.39 g/L Cs ~1.1¢g/L
NCC-PEGMA-300(x6) C: ~0.32¢/L C,”’ not observed Cs ~1.15¢/L

NCC-PEGMA-300(x10)

Same as (x6)

C,”’ not observed

Same as (x6)

NCC-PEGMA-300(x14)

Same as (x6)

C,”’ not observed

Same as (x6)

Table 6.1 ITC result table for NCC-PEGMA-300 samples
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Figure 6.5 shows the detailed binding mechanism of NCC-PEGMA-300(x2) and TTAB.
Regions | and 11 show the reduced electrostatic attraction and reduced surfactant reorganization
due to presence of PEGMA-300 chains. Region Il shows polymer induced micellization of
TTAB molecules on the NCC rods; however, aggregation and shared micellization are inhibited
due to steric repulsion from PEGMA-300 chains grafted on the NCC. This in turn facilitates the

formation of free TTAB micelles in region IV.
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Figure 6.5 Mechanism of TTAB binding with NCC-PEGMA-300(x2)

175



Figure 6.6 shows the ITC curve for the titration of TTAB into NCC-PEGMA-300(x6) sample.
The numeral in the bracket indicates that the amount of PEGMA-300 used for grafting is three
times greater than the amount used for NCC-PEGMA-300(x2) sample. When higher amount of
PEGMA-300 was used for grafting, the graft density on NCC increased; thus, the NCC-TTAB
interaction was further weakened as steric repulsive forces are further strengthened with
increased graft density on the NCC. From the ITC curve, we observed three regions of
interactions instead of the usual four. Clearly region Ill corresponding to polymer induced

micellization and aggregation of NCC rods was absent in the NCC-PEGMA-300(x6) sample.

Region | corresponds to the electrostatic interaction between NCC-PEGMA-300(x6) and TTAB.
The electrostatic interactions were further lowered compared to the unmodified NCC and the
transition point for reorganization (C; ) was shifted to an even higher concentration as compared
to NCC and NCC-PEGMA-300(x2) samples (see Table 6.1). This is because the
NCC-PEGMA-300(x6) sample has more grafted chains than NCC-PEGMA-300(x2) sample; so
greater amount of steric hindrance repels the TTAB molecules and hinders their interaction with
NCC rods. This hindrance would necessitate the need for more amount of TTAB to completely
saturate all NCC-TTAB electrostatic interactions. Region Il corresponds to the reorganization of
adsorbed TTAB molecules on NCC. Since region Il shows no change in slope uptil Cs , it was
inferred that region I1l, which represents polymer induced micellization and aggregation, is
absent. Greater graft density of NCC-PEGMA-300(x6) sample prevents the polymer induced
micellization and aggregation of NCC rods. Therefore, in the absence of region Ill, region Il
eventually transits into region 1V corresponding to free TTAB micellization in bulk. This is the

reason why C, was not indicated for NCC-PEGMA-300(x6) sample. As expected, the onset of
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free TTAB micellization (C; ) also shifted to an even higher concentration compared to NCC

and NCC-PEGMA-300(x2) samples due its higher graft density (see Table 6.1).
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Figure 6.6 ITC curve for titration of TTAB into NCC (¥) and NCC-PEGMA-300(x6) ()

Figure 6.7 shows a schematic of TTAB interaction with NCC-PEGMA-300(x6) sample. As
explained above, regions | and Il indicate that the NCC-TTAB interactions were further
weakened compared to NCC and NCC-PEGMA-300(x2) samples. Region Il was absent since
NCC-PEGMA-300(x6) sample possessed a higher graft density and steric repulsion forces were
further enhanced compared to NCC and NCC-PEGMA-300(x2) samples. Thus, for
NCC-PEGMA-300(x6) sample, polymer induced micellization and aggregation of nanorods was
completely prevented. Region IV shows free TTAB micellization and sterically-stabilized
surfactant bound NCC rods.
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Figure 6.7 Mechanism of TTAB binding with NCC-PEGMA-300(x6)

Figure 6.8 shows the ITC titration curves for TTAB titration into NCC-PEGMA-300(x6), (x10)
and (x14) samples. The curves have been magnified for visual clarity otherwise they overlap one
another and discerning them visually becomes very difficult. The overlapping of ITC curves for
(x6), (x10) and (x14) samples indicated that once an optimum grafting ratio was used for
grafting, increasing the amount PEGMA-300 beyond the optimum value did not increase the
number of grafted chains on NCC. Hence, the ITC curves did not show any appreciable change

after the optimum grafting ratio was attained. The grafting ratio of 6:1

178



(for NCC-PEGMA-300(x6) sample) was probably the optimum ratio for grafting because
increasing the grafting ratio beyond 6:1, like for (x10) and (x14) samples, did not produce any
appreciable changes in the ITC curve. This was because increasing the amount of PEGMA-300
beyond a ratio of 6:1 did not increase the grafting density on the NCC itself. One probable
explanation could be that 6:1 grafting ratio produced an optimum amount of grafting density on
the NCC such that the grafted chains sterically repelled additional PEGMA-300 chains. So even
when the amount of PEGMA-300 was increased further, i.e. for (x10) and (x14) samples, no
additional grafting would occur; hence, no noticeable change in the ITC curves was observed for
(x10) and (x14) samples compared to the (x6) sample. Thus, the amount of grafting on NCC and

the degree of steric stabilization were comparable for NCC-PEGMA-300(x6), (x10) and (x14)

samples.
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Figure 6.8 ITC curve for titration of TTAB into NCC-PEGMA-300(x6), (x10) and (x14) samples
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By analyzing the ITC curves for all the NCC-PEGMA-300 samples, it was concluded that
grafting PEGMA-300 chains on NCC surface was successful in reducing the electrostatic and
hydrophobic interactions observed in NCC-TTAB system. NCC-PEGMA-300(x2) sample
showed a lower electrostatic interaction (region I) and a lower tendency to aggregate surfactant
bound NCC rods (region I1lI). NCC-PEGMA-300(x6) sample not only showed a reduced
electrostatic interaction (region 1), but it also limited the polymer induced micellization and
aggregation of NCC rods due to the steric repulsion (indicated by absence of region IlI).
NCC-PEGMA-300(x10) and NCC-PEGMA-300(x14) samples exhibited an identical ITC trend
to NCC-PEGMA-300(x6) sample. This suggests that increasing the grafting ratio beyond 6:1 did
not necessarily weaken or completely eliminate the NCC-TTAB interaction. Therefore, we can
conclude that NCC-PEGMA-300(x6) sample represents the optimum grafting ratio to weaken

the NCC-TTAB interactions.

ITC results for NCC-PEGMA-2000 samples

Figure 6.9 shows the ITC curve for titration of TTAB to unmodified NCC and
NCC-PEGMA-2000(x2) sample. Similar to the NCC-PEGMA-300(x2) sample, four regions of
interactions were observed. Region | shows electrostatic interactions between
NCC-PEGMA-2000(x2) and TTAB. However, the electrostatic interactions were lower in
comparison to the NCC-TTAB system because of steric repulsion from PEGMA-2000 chains
grafted on the NCC. Region Il shows the reorganization of adsorbed TTAB molecules on the
NCC surface. Region Il shows polymer induced micellization and aggregation of surfactant
bound NCC rods. Unlike the NCC-PEGMA-300(x2) sample, where region Il in the ITC curve
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followed the TTAB dilution curve (see Figure 6.4), the region 11l of the NCC-PEGMA-2000(x2)
sample did not follow the of TTAB/water curve. Hence, the aggregation of surfactant bound
NCC rods was not completely prevented. Region 1V shows free TTAB micellization in the bulk.
As discussed in the previous section, the C; , C, and C5 for NCC-PEGMA-300(x2) sample were
shifted to higher concentrations compared to Cy, C, and C3 for NCC sample. This was explained
on the basis of steric hindrance which induces a delay in the different transition points on the
ITC curve. As expected, for NCC-PEGMA-2000(x2) sample, C, and Cs (from Figure 6.9)
shifted to higher concentration values compared to C, and C; for NCC-TTAB system (from
Figure 5.1a). These values are tabulated in Table 6.2. However, C; for NCC-PEGMA-2000(x2)
sample did not show an appreciable change compared to C;. This may be because of the M.W. of
PEGMA. PEGMA-2000 possessed a longer chain length compared to PEGMA-300.
PEGMA-2000 chains grafted on NCC could sterically repel other PEGMA-2000 chains resulting
in lower grafting on the NCC surface. Therefore, it was hypothesized that
NCC-PEGMA-2000(x2) sample possess less grafting compared to NCC-PEGMA-300(x2)
sample. This difference in grafting density could probably explain why we do not observe such
large shifts in C;, C, and Cs; for NCC-PEGMA-2000(x2) sample compared to
NCC-PEGMA-300(x2) sample. For e.g. region Il in NCC-PEGMA-2000(x2) sample showed

some aggregation of NCC rods compared to NCC-PEGMA-300(x2) system.
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Sample Onset of Onset of Polymer Onset of free TTAB
Reorganization(l) induced micellization(111)
micellization(11)
NCC C1~0.17 g/L C,~0.32¢/L C;~0.67 g/L
NCC-PEGMA-2000(x2) C: ~0.18¢/L C,’~0.40 g/L Cs ~0.84 g/L
NCC-PEGMA-2000(x6) | C; ~0.18g/L C,”’ not observed Cs ~1.04¢9/L

NCC-PEGMA-2000(x10) Same as (x6)

C,”’ not observed

Same as (x6)

NCC-PEGMA-2000(x14) | C*~0.07 g/L

Not observed

Cmn=Cn*~1.050/L

Table 6.2 ITC result table for NCC-PEGMA-2000 samples
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Figure 6.10 ITC curve for titration of TTAB into NCC (¢), NCC-PEGMA-2000(x6) (A) and

NCC-PEGMA-2000(x10) (A)

Figure 6.10 above shows the titration of TTAB into NCC-PEGMA-2000(x6) and
NCC-PEGMA-2000(x10) samples. Similar to TTAB titration into NCC-PEGMA-300(x6), the
curve only showed three regions of interactions. Regions | and Il correspond to electrostatic
interaction and reorganization of adsorbed TTAB molecules, respectively. Since the slope in
region 11 did not change, it was hypothesized that region Il transits into free TTAB micellization
(region 1V) without observing any polymer induced micellization or aggregation of surfactant
bound NCC rods. Again, this could be explained due to the steric repulsion from grafted
PEGMA-2000 chains on the NCC rods. Moreover, NCC-PEGMA-2000(x6) sample has more
graft density than NCC-PEGMA-2000(x2) sample; hence, region Il is observed for the latter but

not the former sample. Due to the absence of region Il for NCC-PEGMA-2000(x6) sample, the
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onset of polymer induced micellization, represented by C, , was not indicated in the ITC curve.
Moreover, the ITC curves for NCC-PEGMA-2000(x6) and NCC-PEGMA-2000(x10) samples
exhibited the same shape and transitions points. From this observation, it was concluded that
after reaching an optimum grafting ratio of 6:1 for the NCC-PEGMA-2000(x6) sample, further
increase in grafting ratio to 10:1 did not significantly increase the grafting density on the NCC
surface. So, the amount of grafting on NCC and the degree of steric stabilization are comparable

for NCC-PEGMA-2000(x6) and NCC-PEGMA-2000(x10) samples.

Through visual observations, it was observed that the reaction mixtures for all NCC-PEGMA
samples were stable over long periods of time with the exception of NCC-PEGMA-2000(x14)
sample, which phase separated into two layers: a denser turbid phase and a lighter clear liquid
phase. This observation may be attributed to presence of excess amount of PEGMA during the
synthesis of NCC-PEGMA-2000(x14) sample that may produce comb like grafted structures on

the NCC surface (Figure 6.11a).

ole
oje

Figure 6.11a Comb like graft structures in NCC-PEGMA-2000(x14) sample

Due to their comb-like structures, the grafted PEGMA chains can interact hydrophobically

instead of providing steric repulsion between the NCC rods. Hydrophobic interactions between
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the comb-like structures may cause bridging and aggregation of the grafted NCC rods
(see Figure 6.11b). This mechanism could possibly explain the phase separation of

NCC-PEGMA-2000(x14) sample after dialyzing the reaction mixture.
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Figure 6.11b Hydrophobically induced aggregation of comb-like structures subseqguently causing

phase separation in NCC-PEGMA-2000(x14) sample

Figure 6.12 shows the ITC curve for titration of TTAB into NCC-PEGMA-2000(x14) sample,
where electrostatic interaction seemed to be absent. However, a completely reversed trend was
observed that corresponded to the hydrophobic interactions of TTAB hydrophobic segments with
the hydrophobic comb-like PEGMA structures shown in Figure 6.11a. Beyond a critical TTAB
concentration, C*, the ITC curve followed exactly the TTAB/water curve suggesting that TTAB
molecules no longer interacted with the comb-like PEGMA structures and were free to micellize
in bulk. This is the reason why the CMC of pure TTAB (Cp,) is equal to the CMC of TTAB in

the presence of NCC-PEGMA-2000(x14) sample (Cr ).
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Figure 6.12 ITC curve-titration of TTAB into water (o), NCC (0) &

NCC-PEGMA-2000(x14) sample (e)

Analysis of ITC results for all the NCC-PEGMA-2000 samples revealed that grafting NCC with
PEGMA-2000 chains reduced the NCC-TTAB interactions due to steric repulsion forces.
NCC-PEGMA-2000(x2) sample showed a lower electrostatic interaction in region | compared to
unmodified NCC sample. NCC-PEGMA-2000(x6) and NCC-PEGMA-2000(x10) samples
showed a reduced electrostatic interaction in region | and also prevented the polymer induced
micellization and aggregation of NCC rods (indicated by absence of region Ill). Moreover
NCC-PEGMA-2000(x6) and NCC-PEGMA-2000(x10) samples exhibited identical ITC trends,
suggesting that increasing the grafting ratio beyond 6:1 did not necessarily weaken or eliminate

the NCC-TTAB interaction. Therefore, the grafting ratio of 6:1 for NCC-PEGMA-2000(x6)
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sample was considered optimum to reduce the interactions in NCC-TTAB system. On increasing
the grafting ratio to 14:1 for NCC-PEGMA-2000(x14) sample, comb-like graft structures were
probably formed which induced hydrophobic aggregation of the grafted NCC rods instead of

sterically stabilizing the NCC system.

6.3.3 Phase separation results

Phase separation results for unmodified NCC

In the previous chapter (section 5.3.4), it was reported that in the presence of TTAB, the NCC
solutions tend to phase separate into a clear phase and an insoluble turbid phase. Summary of the
interactions is explained as follows: firstly, NCC and TTAB interact electrostatically. Next, the
adsorbed TTAB molecules interact hydrophobically with other TTAB molecules from adjacent
NCC rods. Hydrophobic interactions induce the aggregation and bridging of surfactant bound
NCC rods to form larger aggregates or flocs. Eventually, these hydrophobic flocs settle down

due to gravity and phase separate as a function of time.

Phase separation results for NCC-PEGMA-300 samples

The main purpose of grafting PEGMA on NCC was to introduce steric repulsion between NCC
rods thereby preventing the phase separation phenomenon observed in the presence of TTAB.
Phase separation experiments were conducted with TTAB and NCC-PEGMA-300 samples to

confirm the effectiveness of steric hindrance in preventing phase separation. TTAB
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concentrations were fixed at 0.1 and 1.1 g/L and the phase separation profiles were compared for
different NCC-PEGMA-300 samples. NCC-PEGMA-300(x14) samples phase separated
immediately when TTAB was added. Hence, their phase separation profiles could not be
determined. This behavior may be attributed to enhanced hydrophobic interactions between the

PEGMA chains (on NCC-PEGMA-300(x14) sample) and the hydrophobic segments of TTAB.

Normalized Phase Separation
Height (cm)

0.3 ONCC-PEGMA-300(x2)
®NCC-PEGMA-300({xf)
0.2 1 ONCC-PEGMA-300(x10)
0.1 1 0.1g/L TTAB mNCC
0 . . . . . . . :
0 50 100 150 200 250 300 350 400 450

Settling time (min)

Figure 6.13a Phase separation heights for different NCC-PEGMA-300 samples at 0.1 g/L TTAB

Figure 6.13a shows the phase separation results for different NCC-PEGMA-300 samples at a
constant TTAB concentration of 0.1 g/L. It was observed that NCC-PEGMA-300(x2) and
NCC-PEGMA-300(x6) samples were less likely to phase separate while the
NCC-PEGMA-300(x10) sample showed maximum phase separation compared to the
unmodified NCC sample. Furthermore, NCC-PEGMA-300(x6) sample showed the lowest

degree of phase separation compared to all other samples indicating that the grafting ratio of 6:1
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was optimum for preventing phase separation. This result clearly indicates that grafting of
PEGMA-300 chains  weakened the NCC-TTAB interaction  especially  for
NCC-PEGMA-300(x2) and NCC-PEGMA-300(x6) samples. However, the
NCC-PEGMA-300(x10) sample showed maximum phase separation probably due to enhanced
hydrophobic interactions between grafted PEGMA chains and the hydrophobic tails of TTAB

molecules.
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Figure 6.13b Phase separation heights for different NCC-PEGMA-300 samples at 1.1 g/L TTAB

For a higher TTAB concentration of 1.1 g/L (Figure 6.13b), a lower degree of phase separation
was expected for all samples. This is because the NCC-g-PEGMA and TTAB complexes
resolubilize at higher concentrations and TTAB has a greater tendency to form free micelles in
bulk. NCC-PEGMA-300(x2) and NCC-PEGMA-300(x6) samples showed no phase separation
up to 7 hours and showed negligible phase separation after 24 hours. Again,

NCC-PEGMA-300(x10) sample showed maximum phase separation. At both low and high
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concentrations of TTAB, NCC-PEGMA-300(x2) and NCC-PEGMA-300(x6) samples showed a
lower phase separation tendency as compared to unmodified NCC sample. Moreover, the NCC-
PEGMA-300(x6) sample seemed to be most stable as it exhibited the lowest phase separation

values at both low and high TTAB concentrations.

Phase separation results for NCC-PEGMA-2000 samples

Phase separation experiments were conducted with TTAB and NCC-PEGMA-2000 samples.
TTAB concentrations used were 0.1 and 1.1 g/L and the phase separation profiles were
compared for different NCC-PEGMA-2000 samples. NCC-PEGMA-2000(x14) samples phase
separated immediately when TTAB was added; hence, their phase separation profiles could not
be determined. Again, this behaviour may be attributed to enhanced hydrophobic interactions
between the PEGMA chains and the hydrophobic segments of TTAB. Figure 6.14a shows the
phase separation profiles for different NCC-PEGMA-2000 samples at 0.1 g/L TTAB
concentration. While all NCC-PEGMA-2000 samples showed Dbetter resistance to phase
separation as compared to the NCC sample; the NCC-PEGMA-2000(x10) sample showed no
phase separation in 0.1 g/L TTAB. This result might suggest that the NCC-PEGMA-2000(x10)
is the most stable sample; however, at 1.1 g/L TTAB concentration, NCC-PEGMA-2000(x10)
sample showed maximum phase separation (see Figure 6.14b). Furthermore,
NCC-PEGMA-2000(x6) sample showed the lowest degree of phase separation at 1.1 g/L TTAB
concentration. These observations suggested that NCC-PEGMA-2000(x6) sample is the most

stable sample at both low and high concentrations of TTAB, which could be attributed to the
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optimum grafting ratio of 6:1 that provided optimum steric hindrance to stabilize the NCC

system in presence of TTAB.
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Figure 6.14a Phase separation ht. for different NCC-PEGMA-2000 samples at 0.1 g/L TTAB
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Figure 6.14b Phase separation ht. for different NCC-PEGMA-2000 samples at 1.1 g/L TTAB
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6.4 Comparison of NCC-PEGMA-300 and NCC-PEGMA-2000 samples

The ITC results for all grafted samples showed a slightly different trend compared to the
unmodified NCC sample. NCC-PEGMA-300(x2) and NCC-PEGMA-2000(x2) samples (with a
grafting ratio of 2:1) weakened the NCC-TTAB interactions somewhat. More importantly,
NCC-PEGMA-300(x6) and NCC-PEGMA-2000(x6) samples (with a grafting ratio of 6:1)
further weakened the NCC-TTAB interactions. Thereafter, increasing the grafting ratio to 10:1
and 14:1 did not result in further weakening of NCC-TTAB interactions. Thus, for both
NCC-PEGMA-300 and NCC-PEGMA-2000 samples, optimum grafting ratio was determined as
6:1. Similar inferences were drawn from phase separation experiments. NCC-PEGMA-300(x2)
and NCC-PEGMA-2000(x2) samples showed a lower degree of phase separation compared to
NCC sample, both at low and high TTAB concentrations. However, NCC-PEGMA-300(x6) and
NCC-PEGMA-2000(x6) samples showed the lowest degree of phase separation compared to all

other samples, both at low and high TTAB concentrations.

Considering the effect of M.W., both PEGMA-300 and PEGMA-2000 chains were capable of
providing steric hindrance in the NCC system. As discussed previously, it was hypothesized that
NCC-PEGMA-300 samples possessed a slightly higher grafting density on NCC compared to
NCC-PEGMA-2000 samples. Therefore, PEGMA-300 is a better choice for grafting compared

to PEGMA-2000.
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6.5 Summary

Nanocrystalline cellulose (NCC) is a rod-like crystalline polymer with negative surface charges.
In the presence of a positively charged surfactant, tetradecyl trimethyl ammonium bromide
(TTAB), aqueous suspensions of NCC destabilize and phase separate into a clear phase and a
white turbid phase. In order to prevent this destabilization in the presence of TTAB surfactant,
poly (ethylene glycol) methacrylate (PEGMA) was grafted on the NCC surface to provide steric
stabilization to the NCC rods. PEGMA chains were grafted on NCC via the free radical
polymerization to produce NCC-g-PEGMA systems; PEGMA grafting was conducted with two
different molecular weights of PEGMA (300 and 2000 Da) and different grafting ratios (ratio of
PEGMA to NCC). PEGMA grafting was confirmed by FTIR. Isothermal titration calorimetry
(ITC) and phase separation measurements were used to study the stability of NCC-g-PEGMA
systems in the presence of TTAB. Both experiments confirmed that improved stability of NCC-
g-PEGMA suspensions was achieved in the presence of TTAB surfactant. According to both ITC
and phase separation results, NCC-PEGMA-300(x6) and NCC-PEGMA-2000(x6) samples were
considered the most stable samples in the presence of TTAB. Furthermore, the grafting ratio of
6:1 was determined as the optimum ratio for the PEGMA grafting reaction. Increasing grafting
ratio beyond 6:1 produced hydrophobic association of grafted chains instead of sterically

stabilizing the NCC system.
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CHAPTER Y

CONCLUSIONS AND FUTURE RECOMMENDATIONS

7.1 PROJECT 1: POLYAMPHOLYTE MICROGELS

Due to the benefits of cellulose based systems (biocompatibility and biodegradability), this
project was aimed at developing novel cellulosic nanoparticles with potential pharmaceutical and
personal care applications. Chitosan (CS), carboxymethyl cellulose (CMC) and modified methyl
cellulose (ModMC) were used to synthesize biocompatible and biodegradable microgel systems.
These crosslinked microgel systems were prepared using inverse microemulsion technique.
Polyampholytic and pH-responsive behaviour was observed in CS-CMC microgel system. The
microgels swelled at low and high pH values and deswelled at neutral pH values. The microgels
also exhibited positive charges at low pH, negative charges at high pH and neutral charges at
neutral pH. Furthermore, methyl cellulose was modified using carboxymethylation to incorporate
them in the form of a microgel along with chitosan. pH & temperature responsive behaviours
were observed in CS-ModMC microgel system. Therefore, both microgel systems could be used
as potential drug carriers since they are composed of biocompatible and non-toxic polymers and
are pH-responsive as well. pH-responsive properties could be used for drug delivery to either the
tumour cells where the pH of the surrounding medium is acidic or the GI (gastrointestinal) tract
where the pH of the surrounding medium is basic. Hence, for both polyampholytic systems,
future work would involve the study of loading and unloading of model drugs. Changing the

ratio of starting polymers and increasing the amount of crosslinker may also be explored to

194



improve synthesis procedures for the microgels. Also, microcalorimetric studies of CS-ModMC

microgel system will be examined to further characterize their temperate responsive properties.

7.2 PROJECT 2: NANOCRYSTALLINE CELLULOSE

Recently, proposals to use NCC suspensions in personal care applications (like shampoos,
conditioners etc.) have emerged. However, such applications also consist of surfactant
formulation; this limits the number of applications since NCC suspensions have been observed to
become unstable and phase separate in the presence of an oppositely charged surfactant.
Isothermal titration calorimetry (ITC), surface tensiometry, conductivity measurements, phase
separation measurements and zeta potential measurements were used to investigate the
interactions between negatively charged nanocrystalline cellulose (NCC) and a cationic
surfactant TTAB. The major interactions identified were: (i) electrostatic interactions between
NCC and TTAB, (ii) micellization of TTAB on NCC rods (also called polymer induced
micellization) and (iii) hydrophobic interactions between the surfactant bound NCC rods leading
to aggregation and coacervation. Electrolyte (NaCl) addition significantly weakened the
NCC-TTAB electrostatic interaction due to charge shielding. Further studies using light
scattering and binding isotherms (using a surfactant selective electrode) may be done in the

future to help understand the morphology and structure of NCC-TTAB complexes.

In order to improve the stability of NCC suspensions in the presence of an oppositely charged
surfactant (TTAB), PEGMA chains were grafted on the NCC surface to produce steric
stabilization. Free radical method was used to synthesize NCC-g-PEGMA samples. PEGMA-300
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and PEGMA-2000 were used for the grafting reaction. ITC and phase separation experiments
showed that PEGMA grafting introduced steric hindrance and prevented the electrostatic and
hydrophobic interactions in the NCC-TTAB system; NCC-PEGMA-300(x6) and
NCC-PEGMA-2000(x6) samples were considered the most stable samples in the presence of
TTAB. The grafting ratio of 6:1 was determined as the optimum ratio for the PEGMA grafting
reaction and PEGMA-300 was proposed as the better option for PEGMA grafting. Increasing
the grafting ratio beyond 6:1 induced hydrophobic association of grafted chains instead of
sterically stabilizing the NCC system. The properties of NCC-g-PEGMA samples can be further
explored using light scattering studies to measure the Rg¢/Ry ratios for each of the grafted
samples. The variation of Ry/Ry with increasing grafting ratio would help in understanding the
morphology and structure of grafted NCC rods as a function of grafting ratio. Poly(propylene
glycol) (PPG) with different molecular weights (and different LCSTs) could also be grafted on

the NCC rods to produce a temperature responsive NCC-g-PPG system.
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