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ABSTRACT

Celluloseis one of the most abundant biopolymers found in na@e#ulose based derivatives
have a numberof advantages including recyclability, reproductyili biocompatibility,
biodegradability, coseffectiveness and availability in a wide variety of forms. Due to the
benefits of cellulose based systentisis research studywvas aimed at developingovel
cellulosic nanoparticles with potential pharmaceuti@atl personal care applicationBwo
different cellulosic systemsvere evaluated each with its own benefits and proposed

applications.

The first project involves the synthesis and characterization of polyampholyte nanoparticles
composed of chitosan andarboxymethyl cellulose (CMC), a cellulosic ethéDC
carbodiimide chemistry andiverse microemulsion technique was used to produce crosslinked
nanoparticles. Chitosan and carboxymethyl cellulose provide amine and carboxylic acid
functionality to the napparticles thereby making them pH responsive. Chitosan and
carboxymethyl cellulose also make the nanopartidleddgradable and biocompatibfeaking

them suitable candidates for pharmaceutical applicatibmssynthesiswas thenextended to
chitosan andnodified methyl cellulose microgel systeifhe prime reason for using methyl
cellulose was to introduce thermesponsive characteristits the microgel systemMethyl
cellulose was modified by carboxymethylation to introduce carboxylic acid functigratid

the chitosarmodified methyl cellulose microgel system was found topbt as well as

temperature responsive.



Several techniques were used to characterize the two microgel systems, for e.g. potentiometric
and conductometric titrations, dynamic ligitattering and zeta potential measurements. FTIR
along with potentiometric and conductometric titration was used to confirm the
carboxymethylation of methyl cellulose. For both systepwyampholytic behaviouwas
observedn a pH range of 9. The micogels showed swelling at low and high paluesand
deswelling at isoelectric point (IEP). Zeta potential values confirthegresence gfositive
chargeson the microgeht low pH,negative charges at high pH and neutral charge at the IEP.
For chitosarmodified nethyl cellulose microgel systetgmperature dependdmthavioumwas

observed with dynamic light scattering.

The secondesearctproject involvel the study of binding interaction between nanocrystalline
cellulose (NCCandan oppositely chargeslrfactant étradecyl trimethyl ammonium bromide
(TTAB). NCC is a crystalline form of cellulose obtained from natural sources like wood,
cotton or animalkources These rodlike nanocrystals prepared by acid hydrolysis of native
cellulosepossessiegativey charged surfac@.he interaction between negatively charged NCC
and cationiCTTAB surfactanvas examined and it wabserved that in the presence of TTAB,
agueous suspensions of N@Ea@me unstable and phase sepadatd study of this kind is
imperativesince NCC suspensions are proposed to be used in personal care applgattons
asshampoosndconditioner¥ which also consist of surfactant formulatioiierefore,NCC
suspensions wouldot be usefufor applicationghatemploy an oppositely chargedrfactant.

In order to prevent destabilization, poly (ethylene glycol) methacrylate (PEGMA) cliares
graftedon the NCC surface to prevent the phase separation in presence of a cationic surfactant.

Grafting was carried out using the free radical appino

iv



The NCCGTTAB polymer surfactan interactions were studiedia isothermal titration
calorimetry (ITC), surface tensiometry, conductivity measurements, phase separation and zeta
potential measurement3he major forcesinvolve in these systemare eletrostatic and
hydrophobic interactiondTC and surface tension results confirmea kinds of interactions:

(i) electrostatically driverNCC-TTAB complexedormedin the bulk and at the interface and

(i) hydrophobically drivenTTAB micellization on the KC rods. Conductivity and surface
tension reults confirmed that theritical micelle concentration of TTABOQMCqras) shifted to

higher values in the presence of NCC. Phase separation measureliosved us tadentify

the formation of largaggregates dnydrophobic flos depending on the TTAB concentration.
Formation of NCETTAB complexes in aqueous solutions was confirmeda loparge reversal

from negative to positive charger the NCC rodsThe dfect of electrolyte in shielding the
negative charge on the NCC was observedrom 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 experinrents.
phase separatia@xperimentiNCC-g-PEGMA sampleshowed greater stabiliiy the presence

of TTAB compared to unmodified NC@®y comparing ITC and phase separation resuits, a

optimumgrafting ratio (PEGMA NCC) for steric stabilizationvas also proposed.
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CHAPTER 1

INTRODUCTION

1.1 CELLULOSE

One of the most abundant organic polymers known tokmedris cellulose, a biopolymer and a
primary constituent of cell walls in planté/hile cellulose can be obtained from wood, cotton
and other plant fibres, wood pulp is the most common source for cellulose proc@ssng.
molecular structure of cellulose shown inFigurel.1. As seen from the structure, cellulose is a
carbohydrate polymer made up of repeatnd-glucopyranoseand consists of three hydroxyl

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

OH
O

HO OH

Figure1.1 Structure of Cellulos@!

The degree of pgimerization (DP) of cellulose varies depending on the source and the kind of
treatment rendered to the cellulose. For instance, DP of wood pulp is arouttd(®@D&nd that
of cotton is around 80@0000. Acid treatment of cellulose leads to DP values of30RD
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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 hydroxybgps of cellulosaentroduce
partially crystalling(high order)regionsinterspersed witamorphous regions (low orderhis is
because of the extensive network of hydrogen bonds between the hydroxyl groups on the
cellulosic chains. The morphology of cdtise 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 tige @nl.53.5 nm, 1630 nm and aroun@lO0

nm respetively. Cellulose also exhibits different properties in solution state depending upon the

degree of substitution, concentration, solvent type and chain length distriffition.

Since it is derived from natural sources, cellulose and its derivatives dnawvember of
advantages over their inorgamicsynthetic counterpartspmeof which are

~

i renewable in nature

-_

wide variety of cellulose forms available depending on the origin
I high functionality due to high surface coverage of hydroxyl groups
I biodegralable

1 cheap and readily available



1.2 MOTIVATION AND RESEARCH OBJECTIVES

Due to the beneficial properties of cellulose, the focushef thesisis the study of novel
cellulosic structures at the nasoale Theresearch workims to study the pperties of different
cellulosic systems fatheir potentialapplications incosmeticand pharmaceuticahdustry. This

thesis explores two different cellulose based systep@lyampholyte microgels and

nanocrystalline cellulose.

1.21. Polyampholyte Microgels

Polyampholyte microgels are crosslinked systamd are typically based on synthetic polymers.
In this work,cellulosic derivativesuch as carboxymethgellulose (CMC) and methyl cellulose
(MC) were used to synthesize polyampholyte microgdatsch would be biodegradéd and

biocompatible in nature thereby making them suitabl@dbential drug delivery applications.

1.22. Nanocrystalline Cellulose

Nanocrystalline cellulosgdNCC) is a rodlike crystalline product obtained from cellulosic
souces. Due to its benign properties, this unique product has many potential applications in
personal care (cosmetics) and pharmaceutical indudtiesder to utilizeNCC in personal care
applications like conditionershis work studies the interaction &§CC with an oppositely
charged surfactanfFurthermore, NCC was alschemically modified by graftingin orderto

explore their potential in personal care applications.



1.3PROJECT 1: POLYAMPHOLYTE MICROGEL S

1.31 POLYAMPHOLYTES

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

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

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

polyampholye chain conformation would depend on two effects:

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

(2) polyelectrolyte effeathich tends to repel tHé&e charges on the same chain therebsicay

chain elongatiof’

1.3.2 POLYAMPHOLYTE MICROGELS

Polyampholytes differ from polyelectrolytes in the sense that polyelectrolytes may pasass
positive or negative charges on their backbones unlike polyampholytes which pdsslss
charges orthe same backbone. Microgels on the other hand are crosslinked polymer particles
with sizes ranging from 100 nm to 1 em that
widely studied microgel systems poly (N-isopropylacrylamidepr PNIPAM miciogels which

swell and deswell in a solventmedium according to their LCST (lower critical solution
temperature)!” Microgels are extremely functional systems and depending on the constituent
polymers, microgels exhibit a diffexe stimuli responsive balviour (swelling/deswelling) in

4



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

magnetic field Figure1.2). !

Change in

c——

B —
pH

Temperature

lonic strength
Solvent
Electric Field

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

externalstimuli ©!

Thus,by combining the properties @ p o | y a mantddoniyct re@dgldain®@p ol yamphol y i
mi c r owh&h ard crosslinked polymer pates such that the constituent polymense

capable of possessing positive and negative charges on dlcklsdmes. Typically, the positive

and negative charges come from-pd¢ponsive 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 becomeptotonated 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 chaths the microgel repel each
otherelectrostaticallywhich swelk 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
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the microgel networkan increas in the osmotic pressure inside the microgalisesthe
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 negativelyharged chains within the microgels repel each other, which sthese
microgelparticlesto swell. However, ithe neutral pH range, the microgel has an equal number

of positive and negative charges resulting in an overall neutral environment withinctiogehi
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 pHges™

Figure 1.3 shows the pHesponsive behaviouof polyampholyte microgels composed of
poly(methacrylic acid) (PMAA) and poly{@liethylamino)ethyl methacrylate) (PDEA)
polymers.'”! Thus, polyampholyte microgels consisting of carboxylic acid anth@ 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

Figure1.3pH responsiveness of polyampholyte microdféls




1.34 SCOPE OF POLYAMPHOLYTE MICROGELS PROJECT

Due to the pkresponsivecharacterof polyampholyte microgels, they have potential drug and
protein delivery application$” In this research project, polyampholyte microgels composed of
biodegradable polymers like chitosan, carboxymethyl cellulose and methyl cellwkrse
syrthesized Chitosan (CS) is obtained by deacetylation of cHﬁanarboxymethyl cellulose
(CMC) from carboxymethylation of cellulo$® and methyl cellulose (MC) from methylation of

alkali celluloseé™?,

The advantages of using these biodegradablgnmmk in place of synthetic monomers for
microgel synthesis are as follows:
1. The polymers are biodegradable and biocompafiBfél 2
2. They are non toxic and non allergefic
3. They are readily available as they are obtained from natural sources thegcare
recyclable and cost effectiV
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 applicatiotid 14!

Two different polyampholytic systems were #yesized: hitosancarboxymethyl cellulose
(CSCMC) and chitosamodified methyl cellulose (G$10dMC). These systems were
synthesized using inverse microemulsion technique and EDC carbodiimide che(fostry

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 fiegtension

of the first system¢hitosanmodified methyl cellulose systewas also synthesizedherein the
methyl cellulose was modified by carboxymethylatiénto incorporate the carboxylic acid
functionality. Also, methyl cellulose contains methoxide groups which initiate hydrophobic
interactions between the methyl ceflsé chains causing them to aggregate at L& hus,
combining the pHesponsive charactesf chitosan and théhermoresponsive charactesf
methyl cellulose, a dually responsive systemas synthesizedrom biodegradable and

biocompatible polymers.

1.4PROJECT 2: NANOCRYSTALLINE CELLULOSE

1.4.1 BACKGROUND ON NANOCRYSTALLINE CELLULOSE

Nanocrystalline celluloséNCC) refers to rigid rodike crystals produced by sulphuric acid
treatment of native cellulose. The rlkk crystals have the followingypical dimensions:
diameter in the range of 22D nm and lengths in the range affew hundred nanometres
(Figure 1.4). Depending on the origin of the cellulose and the hydrolysis conditions, NCC
possesses different morphologies, for e.g. crystallirom tunicates and green algae have
lengths in the range of a few micrometessile crystallites from wood and cotton have lengths

of the order of a few hundred nanometF&t"!



Figurel.4 TEM micrographs of nanocrystals obtained from variouscasu(a) cotton (b) avicel

(c-e) tunicatd'®

As wasmentioned 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 mgons 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, suclacid
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 atelpgFster groups during acid
treatment. The negatively charged NCC forms stable aqueous suspensions due to the electrostatic

repulsion between the individual crystallitéd.



Amorphous region

Native cellulose >
;

Crystalline regions Acid hydrolysis

Individual nanocrystals

Individual cellulose polymer

Figure1.5 Sulphuric acid treatment of native celluld&&!

1.42 SCOPE OFNANOCRYSTALLINE CELLULOSE PROJECT

Obtained from native cellulose (wood, cotton or plant fibreapocrystalline celluloseNCC)
possesses a number of advantages, such as biodegradability, recyclability, availability,
norttoxicity etc. NCC carbe used for various applications such as security paper, coloured
pigments or as a filler material for nanocompos#&sDue to its polyelectrolyte characteristics,
NCC can potentially be used in personale applicationsuch as conditioners. Persbiare
applications often employ surfactant formulations and studying the effect of surfactants on NCC
suspensions would be imperative if N@&2o be used in personal caamad cosmetindustry,
Therefore,this research project involves the study of pogrsurfactant interactions betwee

NCC and a cationic surfactanThe presence of a cationic surfactant would disrupt the
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electrostatic repulsion between the N@ls thereby destabilizing aqueous NCC suspensions
(causing phase separation) and making N&Qoor candidate for cosmetic applications.
Furthermorethe presence of electrolytes would shield the negative charges on the NCC, which
introduces another parameter in the study of polysaeiactant interactions. Consequently,
poly (ethylene glycol)methacrylate REGMA) was graftedonto the NCC surface in order to
prevent the destabilization of NCC suspensom the presence of a cationic surfactant.
Therefore, the scope of this research project isntterstandhe nature obinding and types of
interactiors between NCC and a cationic surfactarttis work alscaims to study the effect of
PEGylation (grafting PEGMA on the NCC surface) on the polysuefactant interactions and

its effectiveness in preventing destabilization.

1.50VERVIEW OF THESIS

This thesis covers both research projects comprehensively. Chapter 2 discusses previously
published literature on polyampholyte microgels and nanocrystalline celldlbsechapter is

divided inb two subsections

2.1 Polyampholyte microgels

2.2Nanocrystalline celluloseNCC)

Chapter 3gives a brieftheoretical background on vaue characterizatioriechniquesusedto

study the properties of polyampholyte microgels d@hd NCC system In this thesis the
experimental resultand discussionare collated ito three chaptersChapter 4discusses the

pr oj e c Biodegradablei and biocompatible polyampholyte microgels from chitosan,
carboxymethyl cellulose and modified methyl cellutbpse C h a pdt6 éocus on%wo different
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NCC systems: NCOTAB and NCGCPEGMA. These chapters discuss two interrelated projects:
finteraction of nanocrystalline cellulose with an oppositely charged surfactant in an aqueous

mediund  a Stelric stabilization of nanocrysliale cellulose in the presence of an oppositely
charged surfactaat

Chapter 7lists the important inferences and conclusions drawn from experimental studies on
polyampholyte microgels andanocrystalline celluloseFurthermore, liis chapter alsoffers
recmmendations for future studies in both research proj€ttapter7 is furtherdivided into

two subsections:

7.1 Project 1: Blyampholyte microgel

7.2 Project 2: Minocrystalline cellulose
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CHAPTER 2

LITERATURE REVIEW

2.1 POLYAMPHOLYTE MI CROGELS

Numerous papers have been published ortosam, carboxymethyl cellulose and methyl
cellulose; researchers have also investiga@mibus systemsvhich are a combination of the
three polymersThe literature review discussed below is divided thi following subsections

sections:

2.11 Chitosan

2.12 Carboxymethyl Cellulose
2.13 Methyl Cellulose

2.14 Microgel synthesis techniques

2.15 Combined systems from CS, CMC and MC polymers
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2.1.1 CHITOSAN

Chitosan is a derivative of chitin, @atural 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. Afer about 50% deacetylation of chitthe final product called chitosan solubilises in

an acidic medium. Chitosan dissolves in an acidic aqueous medium due to the protonation of
amino groups in the presence ofiens. A number of papers state that cbdio is soluble below

pH~6 and can be easily dissolved in 1% acetic atite chitosan solubility is a complex
function of degree of deacetylation, pH and ionic strength of medium, the type of acid used,
acetyl group distribution, intrenolecular hydrogen dnds between hydroxyl groups and final
drying conditions for chitosan preparatidbhitosan exists in semicrystalline statden in a

solid formwhile complete deacetylation produces single crystals of chitB&an.

OH OH OH

0 0 0/

HO
/" HO ni, O NH, NH,

Figure2.1 Structure of chitosan (QS

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
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biological applications due to its biodegradability, hydrophiliaity its antibacterial properties.

In a comprehensive revieW, Rinaudo summarizetthe properties and applications 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 21 Properties and biomedical applications of chitd¥4n

Apart from complexing with copper and Bemetal ions, chitosan also complexes
electrostatically with anionic surfactants, such saglium dodecyl sulphatgSDS). These
interactions are said to be-operative and surface tension cur(egure2.2) for chitosarSDS

clearly show CAC (critical aggregation concentration) and CMC (critical micelle concentration)
transition points. Due to itsationic 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 c¢elluloses

dextran sulphate and chondroitin sulph&té.
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Figure2.2 Surface tensionurvesfor chitosano) SDS( ) and SDS into chitosan in

acetate buffes(*®

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 vivoydnzime and that at least 50%
deacetylated chitosan is easily degraded with no bioaccumulation. In some studies the
researchers found that chitodaars an effect ogell proliferation and cell growth. Studies have

also shown that chitosan facilitates eelgration for wound healing applicatior’”

2.1.2 CARBOXYMETHYL CELLULOSE

Carboxymethyl cellulosepopularly known as CMCis a carboxymethyl ether of cellulose.
Carboxymethylation is initiated using an alkali to activate the cellulosic chainhenddacted

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 & inséod products
pharmaceuticals and toothpastes while semi purified and technical grades may be used for oll

drilling muds, paper coatings, textile sizing, mining operations, detergen’$ etc.

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

Figure2.3 Structure ® carboxymethyl celluloséCMQC)

One of the simplest methodsf determiningthe number of carboxymethyl groups on
carboxymethyl cellulose is the conductometric titratfé.In this method0.1wt% of theCMC
sample is typically usednd the sample pH iacreased to pH 11. This is done to ensure that the
CMC is completely inits protonated form. Next the conductivity of the sample is measured
while it is titrated with 0.1M HCI Typical conductometric titration curve for sodiumtsail
CMC is shown belown Figure 2.4 The two transition points denote the initiation and
completion of protonation ocfOCH,COQO groups on CMC. By calculating the volume of HCI
reacted with the CM(@i.e. V»-V3), we can calculate the no. of milli equivalents of acid reacted.
Finaly dividing the no. of milli equivalents of HCI reacted by the wt.GWNIC in the sample
gives us the no. of milli equivalents e€OOH groups present per gram of @MC sample

(units:meq/qg)
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Figure2.4 Conductometric titration of CM@®la ?"!

Commercial prodction of CMC involves swelling wood pulp or cotton linters in aqueous NaOH
andthenreacting the resulting alkali cellulose with monochloroacetic acid or its sodium salt. By
manipulating the degree of polymerization of the starting mateoiaé;an contol the viscosity

of the resulting CMC. Experimental studies have shown that carboxymethylatiows a
nucleophilic mechanismthe reaction rate increases with temperature but decreases with
increased substitution on the cellulosic chains. The maximugneedeof substitution (DS)
achievable from this slurry method is ~IL%. However, using muistep carboxymethylation
leads to higher DS values of ~23%. Multistep carboxymethylation involves isolation of CMC
and subsequent carboxymethylation to yieigher 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 polyampholyt€® 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 tiN&ZLINC
reaction with NaOH. lhasalso beenreported in literature that biodegradable CMC gels were

formed usinderric ions as crosslinkel’!
2.1.3 METHYL CELLULOSE

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

dissolved in cold watel??

OH OCH, OH

0 0 Q/
HO
/" Ho ocH, MO OCH, OCH,

Figure2.5 Structure of methyl cellulose (MC)

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

a. Production of alkali cellulosg®

CellOH + Na OHONa+E®I |

alkali cellulose | or Il
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b. Methylation of alkali cellulose to produce methyl cellulose (V&)

Cell-ONa + (CH3)2804V CeII-(OCH3)2+ Na,SO,

alkali cellulose | or Il

Experimental results confirmed how different variables affect the methylatioallalose and
they are described as follow&”

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

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

2. Effect of Methylating agentncreasing the amount of methylating agent (Ddiethyl

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

3. Effect of liquor ratio At 50% NaOH concentration andth the cellulose to DMS ratio

set at 3a liquor ratio (cellulose : alkali) of 1:5 was found todmimum and gave higher
DS valuequp to 0.8 as the reaction time was increased. At higher liquor ratios, the DS
decreased as reaction timeas increased due to the formati of impenetrable gel
networks; these gel networks make thetive hydroxyl group 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 agueous methyl cellulose Bohs:

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, M@ soluble in water since the hydrogemnding betweerMC and water
molecules dominates all other interactio@enversely, televated temperaturés 50-75°C), the

hydrophobic interactions between methoxide groups domimaisingthermal gelation(?”

Figure 2.6 shows heating and cooling rwes for an aqueous MC solutiof* At low
temperatures, the water molecules surround the MC chains and forrhkeasgeuctures around
therebymaking MC soluble in water. As temperature is increased, thelikagstructure made

by water molecules isrbken down exposing the hydrophobic methoxide groups which begin to
interact through intermolecular hydrophobic association. As temperature is funtrerased
hydrophobic associatisrtake place throughout the solutiand a selyel transition is obseed.
Figure2.6 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 delain the gelto-sol transition ashie dissociatin 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 chalff3.
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Figure2.6 Calorimetric thermograms of MC for heating and cooling cycle$@inin 24

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 keaggr 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 sampleontains more flexible chains resulting in a larger
fraction of intramolecular coiled structures that require more water molecules to solubilize the
chains. Experiments have also shown that addition ob® decreasethe soigel transition
temperatee and promotethe gelling behaviour in aqueous MC solutions. i@is are highly
hydrated in water thereby breaking up the elfigee water structures surrounding MC chains.
Since hey compete with MC chains for water molecul€$ ions make it harder fothe MC

chains to solubilise and easier to associate hydrophobicaltythe other hand; ibns increase

the solgel trangion temperature and supprase gelling behaviour. This is becausehsare
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weakly hydrated and act as extra solvent moleciiethe system thereby making it harder for

the MC chains to associate hydrophobicaffy.

2.1.4 MICROGEL SYNTHESIS TECHNIQUES

Microgels/nanogels can be considered as micron/nano sized hydrogels with a number of
advantage$®, such as high surfaaea 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 theyare described as follows:

1. Photolithography technique&or producing microgel particlegParticle Replication In

Nonwett i ng PRINTIgppraadh és sised gilicon master template is patterned
using electron beam lithographyext, dimethyl acryate functionalized oligomers of

perfluoropolyethefPFPE) and a photoinitiator apoured on the master template and
photocured to produce replica moldéich are later usefbr microgel synthesis®?
Figure 2.7 shows the difference betweeRRINT process and a traditionghography
technique. While the lithography technique uses a wetting substatproducing

embossed filmsa PRINT process usesonwetting substratefor producingisolated

microgel particles.
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Figure2.7 PRINT process for microgslnthesid?®

2. Microfluidics: Microfluidic reactors (made from PDMS or polyurethane) are used to
synthesize microgels. These reactors consist of microchannelalldarng flow of
reactants to a tapered nozzle to produce droplets which athbephotecrosslinked or
chemically crosslinkedFigure 2.8 shows a schematic for producing alginate microgels

by ionic gelation in a microfluidic reactdf>

3. Inverse minemulsion techniqudn this technique avaterin-oil (W/O) inverse emulsion

is formed usingvater 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 pHades.
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4. Reverse micellar method his approachis similar tothat ofthe mintinverse emulsion

technique buit requires large amount of esbluble surfactants like Span 65, Span 80

and Tween80 to produce thermodynamically stable inverse emulsiéns. A

watersoluble crosslinker can be used to crosslink the aquealgmer droplets

(seeFigure2.9).

5. Membrane emulsificatianThis method involves the use of Shirasu parglass (SPG)

membraneswith uniform pore sizes (0:1 8 € m)

morphologies like microspheres, hollow spheres, -sbedl particlesetc The technique

involves two steps: membrane emulsification and redispersion of formed drdplet

t

(0]

produce

continuous phase to produce W/O, O/W, O/W/O or W/QéeeFigure2.10). *°!
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Figure2.10 Chitosan microspheres from membrane emulsific&flon

Dispersion polymerizatianin this method, all the reacts 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. Preditapolymerization is also similar to

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

precipitate them from an initially homogeneous solutié.
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7. Inverse micro emulsion polymerization (IMER)hile inverse mini emulsios in that

mini emulsions are kinetically stibbelow, near or above the CM@icro emulsions are
thermodynamically stablenly upon the addition of large amounts of surfactaffts.
Inverse microemulsiormethod is especially useful for watssluble polyners that
polymerize in bulk instead of forming microgel particlé5Ho et al. have synthesized
polyampholyte microgels using a mixture of non ionic surfactants Brij 92 and Brij 96.
Mixing norrionic surfactants in different ratios produces differbwtrophile-lipophile
balance(HLB) values. HLB values in turn tune the phase inversion temperg®iire
values for an inverse emulsion. Thus, fi@mic surfactants mixed in a certain ratio can be
used to produce a W/O inverse emulsion when the temperatadased 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.

2.15 COMBINED SYSTEMS FROM CS, CMC AND MC POLYMERS

This section describes other novel systems developed using ch{fgSyncarboxymethyl

cellulose (CMC), methyl cellulose(MC) or combinations of themA brief description of

chitosancarboxymethyl cellulose systems and cséiemethyl cellulose systems provided
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Chitosan-carboxymethyl cellulose systems

Chitosancarboxymethyl cellulose microsphenaesre preparedusingemulsion phase separation
method and bovine serum albumin (BSA) was encapsulated in the microspheres to study their
release kineticsThe 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
microsphees (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 pékacis highly
protonated and formgery compact/dense microspheres due to strong electrostatic interactions

with the carboxylic acid groups on CME”

Enzymatic hydrolysates of chitosan and CMC have been used to produce biocompatible
nanoparticles. dtosanase and cellulaseere 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 polymetsowas
high for nanoparticle formationUpon hydrolysis, it was observed that igrease 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 temperatura@ 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 liioir could be easily
entrappeddue toformation of electrostatic complexes with the nanoparticles. Howevef, non
ionic FITC-dextran could not be trapped as hydrophobic interactions with chitosan hydrolysates
could not drive entrapment. In a 3 hour study,A0and 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 si@f the compounds within a dd}?!

Chitosan-methyl cellulose systems

Chitosanmethyl 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 sylikisateas

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 undetayin
chromatography and the polymers associated to form macromolecular cavities with dimension of
~ 130 nm. For CMC complex, the degree of decontamination of water to remove petroleum
products was 42.1% and for removal of phehel efficiency was 23.6%Also, CSMC complex
showed high retention for &land Cd* and moderatéo-low retention for F&, Zr?*, Ni** ions.

Due to the presence of hydrophilic groups on methyl celluloseyICSilm also showed a large
degree of swelling in water?!
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Lagaron € 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 #gradid
within a 60 day perioqseeFigure 2.11). The authors observed that in general chitosan films

degraded faster than methyl cellulose filfi&.

Methyl Methyl
Methyl cellulose cellulose
PCL cellulose +M (20%) + AC (20%)

(@)

MC

Chitosan Chitosan
PCL Chitosan + M (20%) + AC (20%)

© N

t=0 === \

t =60d i
:

Figure2.11Biodegradation of chitosan (C&)methyl cellulose (MC) films with nanofillef&!
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2.2NANOCRYSTALLINE 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 NC@esearch.This literature review is divided intohe

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 franvariety of sources like wood pulp,
cotton, tunicate cellulose, bacterial cellulose, microcrystalline cellulose (MCC) produces
nanarystalline cellulose. The final properties of NCC depend on various factors like the
cellulose source, reaction timadathe 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 cellulosealso ha
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 proddoeebver, acid hydrolysis

31



with sulphuric acid produces sulphate ester groups on the NCC surface due to the esterification
of hydroxyl groups. These negatively charged sulpbstergroups produce very stable aqueous
NCC suspensions due to electrostatuision between the individual NCC crystallites. On the
other hand, acid hydrolysis with hydrochloric acid does not produce as many negative surface

charges on nanocrystalline cellulpsesulting in less stable NCC suspensibiis

Gray and ceworkers synthesized and investigated the properti@ofl cellulose nanocrystals
produced from two wood sources: softwood (black spruce) and hardwood (eucalyptus). Keeping
the reaction time, reaction temperature and-g&pulp ratio constant, the authors observed that

the two wood cellulose suspensions possessed similar dimensions and surface Tharge.
critical concentration required to form anisotropic liquid phasas similar for both kinds of
suspensiongzurthemore, t 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 nanocrystalarger acieto-pulp ratioalso producedshorter

crystal length in the softwood suspensions with smaller PDIs. Combining both effects, higher
acidto-pulp ratio and longer reaction time, produced shorter length nanocrystals with narrow
PDIs and increased critical concentration to form an amigotr ¢ p hase (confir med
phase separation theory). The authors also observed that surface charge and sulphur content of
the nanocrystals can be decreased by the application of heat whedted@es 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 nanocompssia study of this kind is important

since processing temperatures in various composite applications is greater tf@an 79

authors observed that in the hydrolysis of bacterial cellulose, the number of sulphate groups on
the nanocrystals produced cdube increased by increasing the reaction time, reaction
temperature, acid concentration and d&oighulp ratio. Increasing sulphate groups led to
degradation at lower temperatures and a broader temperature range was observed as compared to
unhydrolyzed saples. Also increasinthe number osulphate groups on nanocrystals increased

the amount of charred residue indicating that sulphate groups areréigandant in naturé®®

The author®f [36] describe the degradatias 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 degradatioof less accessible interior crystalline regidhat 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 theiomctiva
energies of both degradation procesaed concludedhat more sulphate groups led to lower
activation energies for degradation. It is also suggested that sulphuric acid may be instrumental
in catlyzing the degradation procesiect catalysis by #acidic moleculesould 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 beueéed using shorter reaction times, lower &ocighulp 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; howesechnanocrystals have higher

aggre@tion tendencies without sufficient negative surface chafijes.

Cellulose nanocrystals have also been produced from recycled pulp using microwave assisted
enzymatic hydrolysis. Filson et al. synthesized celluloseoarystals 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 obsedvthat microwave heating produced NCC with greater
yield compared to conventional heating since microwave heating is more selectiasand
reduces reaction time. After varying the reaction times, temperature, et@yulp ratio and

mode of heating, mrowaveassisted reaction at %D was suggested as an optimum condition

for enzymatic hydrolysis of recycled pulp’!

Capadona et al. synthesized nanocrystals from microcrystalline cellulose (MCC) for use in
narocomposites applications. Partial hydrolysis of cellulosic sources with rahirseids
producedmicrocrystalline cellulose particles with lengths in the range oft 100  m.
Cellulose nanocrystalsereproduced by the ultrasonication of commercially available MCC to
produce dimensions similar to & obtained for cotton/wood cellulose nanocrystalsin a
slightly different approach, Bondeson et al. optimized the reaction conditions for sclpbigki
hydrolysis of MCC Figure2.12 to produce high yiels 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 tin&!
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Figure2.12SEM image of MCC particled”

Response surface methodology was used to determine the effect of the five parameters in order
to maximize yield and minime 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 yield significantlyNeither the starting concentrations nor the sonication tiraes

any significant effect on the MCC size or the NCC yidldwever, 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 arllasvs: sulphuric acid
concentration- 63.5% (w/w); reaction time 130.3 min; reaction temperature4 4 U C; MCC
starting concentration10.2g9/100mL; duration of sonicatier29.6 min. These optimal reaction
conditions predicted by the model producedwa &xperimental yield of 30% which is attributed

to the degradation of amorphous and crystalline regions during hydréiylsis.

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

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 velagntrifugal 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 subjed to 1000 rpm for 10 minutes. The precipitate obtained was
identified as the %L fraction. Next the suspension from 100 rpm centrifugation was subjected to
1500 rpm for 10 minutes. The precipitate obtained was identified aa2tion. Again the
resuling 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 thelume of NCC and the RCF appliedsg®own inEquation2.1:

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 simadler 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 increggime 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 indivdual 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. syntezed two types of cellulose nanocrystal sampléd®e first was
TEMPO-mediated oxidation of mercerized cellulose @&hd second wa3EMPO-mediated
oxidation of acid hydrolyzed cellulose and mercerized cellulose. On comparing the light
transmittance and rbkogical properties of both kinds of nanocrystals, the authors concluded that
cellulose nanocrystals obtained from mercerized cellulose and TENEated oxidation
revealed greater watéispersibility 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 carboxygatent on the nanocrystals

thereby producing higher dispersibility and lesser number of bundles in {ater.

It has been observed by several authors, that cellulose nanocrystals from tunicin and bacterial
celulose are larger in dimension compared to those obtained from wood and E8tfBinis is
because tunicin and bacterial cellulose are highly crystalline. Rec¥uifyet al. synthesized
cellulose nanocrystals ybsulphuric acid hydrolysis of bacterial cellulose by varying the
hydrolysis times. Bacterial cellulose producedAmnetobacter xylinunhas a twisted ribbehke
cellulose structureThe authorsconducted 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 increasedmitbéasing 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 dfastic.

Apart from the sourcesistussed earlier, cellulose nanocrystals have also been produced from
other miscellaneous sources, such as mulb&Byngonanthus niter® polycarpic herb¥*

and coonut 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 thastuayhly
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 taésacras
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 negaurface charge on the nanocrystals
unlike sulphuric acid. The two samples prepared were identified asTNCland SQ-TW and

were dispersed in a number of polar protic and aprotic solvents. Next, the authors conducted
dispersibility studies of the pregml tunicate nanocrystals in various polar solvents such as
water, N,N-dimethyl formamide (DMF), dimethyl sulfoxide (DMSO),-iNethyl pyrrolidone (NMP),
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formic acid andn-cresol. Freeze drieBO,-TW re-dispersed easily in water, formic acid and m
cresol; whie re-dispersion in DMF and DMSO took rigorous ultrasonication 8€6@s shown

by FTIR, the use of formic acid led to the esterification of some hydroxyl groups thereby
limiting the stability of SQTW dispersions in formic acid. Moreover, the oxidatstability of

m-cresol also places a limit on the stability of 5SIW dispersions in atresol. On the other

hand, due to the absence of surface charge groups ofifMCéample, neither water nor aprotic
solvents were able to produce homogeneous dispersibndCL-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 ardsol successfully
re-dispersed the HGIW sample on a@unt of their ability to break the hydrogen bonds

between the crystallite§®’

Viet et al. synthesized cellulose nanocrystals from cotton and studied their dispersibility in polar
aprotic solvents like DMF, ISO 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 weralispersed in all three solvents. Moreover, theispersed
sanples 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 aafdstiosll
amounts of waterQ(2% w/) was essential in dispersing the samples in polar aprotic solvents

otherwise a gelatinous white precipitate was obtaifi&d.
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Chiral nematic behaviour of NCC suspensions

When the concentration of relike 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 aegivedg 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!*®

According to Onsagerodos theory for perfect neu
ordered phases depends on the aspect ratio $ffdobants, Lekkerkerker, and Odijk (SLO)

modi fi ed Onsager 0s theory f o rcludicghther gffectt of po |l y e
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 orieftation.

Figure2.13Phase separation of NCC&¥8, 7.75, 6.85 and 5.78 wt % (left to right)
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Figure2.14Anisotropic chiral nematic structure of NG&

Asexplainek by the SLO and Onsager6s theories, cel
from isotropic to anisotropic phase on increasing the concentration (typically above 5 wt %) and
show chiral nematic character in theirisropic phases (shown Figure 2.13 and2.14). 8

Apart from the visual observations, Dong et al. also plotted the volume fraction of the
anisotropic phase (0G) VS. the total cancentr
constant pH Kigure 2.15. The reason for considering constant pH was to maintain constant

ionic strength. The phase diagrams clearly show the concentrations at which an

i sotropic Y biphasic and biphasic Y aaisotrc

concentrations of the suspensions increased, the coexisting concentrations of the anisotropic and

isotropic phases also increasédl.
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Figure2.15Volume fraction of anisotropic phase vs. total concentrddosuspensions in water

(top)and at pH = 1.6(bottom)*®!

The effect of added electrolyte on the phase séparaas also studiedrigure2.16shows how
the addition of electrolytes like HCI, NaCl and KCI decreéise volume fraction of the

ani sotropic phase (a) significantly, i ndi
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anisotropic phase for a constant total concentration of suspension. Moreover, it was observed
that the critical concentration requiredfo i sotropic Y biphasic tran
addition of salt (Figure2.17). 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
increasng 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 suppresietiiecal double layer of

the NCC moleculed®®
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Figure2.16Effect of added electrolyte on volume fraction of anisotrghiase*®
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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 couimes were divided into three groups: inorganic

counterions, weakly basic organic countens and highly basic organtetraalkylammonium

salts. It was observed that the type of counter ion had a significant effect on phase separation

behavior of NCC suspensis.

1. Inorganic counteions

For a given concentration of NCC suspension, thefacid suspensions had the highest volume

fraction of anisotropic

phase

(a)

a nmg thato mp ar a

the acidform of the suspensions have a higher tendency to form ordered phases in comparison to

saltform suspensions. The tendency to form ordered phases is expressed as:

S-H > SNa > SK > S-Cs(H30", sodium, potassium, cesium)

As the inorganications 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 coangeand increases themobility
thereby making it harder for the counten to reduce the hydrodynamic size of the crystallites.

2. Weakly basic organic countens

Similar results were obtained with the abidm suspensions having greater tendency to form
ordered phasesh€ tendency to form ordered phases is expressed as:
S-NH4 > STri-MA > S-Tri-EA (ammonium{rimethylamine, triethylamine

2. Strongly basic organic countems

It was observed that as the length of the alkyl chains on the ceonseincreased, theridency

to form ordered phase decreasBEde tendency to form ordered phases is expressed as:

STMA > S-TEA = STBA > STPA (tetramethylammonium, tetraethylammoniurtetran-
butylammonium, tetrapropylammonigm

As the organic countdons have alkyl chainghe authors suggest that there are two opposing forces, i.e.

attractive hydrophobic interaction and repulsive steric interaction that control their behavior.shzethe

of the organic countdon increases forg¥NH, > STri-MA > S-Tri-EA) series andSFTMA >

S-TEA > STPA) seriesthe hydrophobic interactions exceed the repulsive interactions, making
it harder to form ordered phases thereby increasing the critical concentrations.
For S TBA counterion, the increase in alkyl chailength produces a balance between steric
repulsion and hydrophobic attraction that results in a lower critical concentrations needed for the

transition .

Recently, Pan and eworkers studied various factors affeg 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 = {T(T 1), where C is a constant
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dependent upon solution contation and M.W. of the polymer and,Ts the temperature at
which pitch becomes infinité?revious studie§® have also shown that NCC suspensions show
negative diamagnetic susceptibility anisotropy as they dryruhdanfluence of a magnetic field

i.e. the crystallites align along their loages (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, thepresence 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 chirad nemat
pitch. These properties are probably due to alignment of NCC in magnetic fields, anisotropic

shapes and nerero magnetic susceptibilities of NCC rodd.

The effect of AC edctric 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
molecuks. 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 cownber cloud theeby increasing the

- >
polarizability of the NCC molecules. Therefor
torque for particles with anisotropic geometry (like NCC) is-mero. It is this torque that aligns
the NCC molecules in the direction of thpplied 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 <g  <®Hz] ® maximum orientation was observed. It is suggested that for frequencies
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below 1d Hz, NCC molecules show a tendency to aggregate while for frequencies absiz 10

the NCC molecules are attracted towards the electrbdes.

Rheological behaviour of NCC suspensions

A number of researchers have also focussed on alignment of NCC rods on application of shear.
Lima and Borsali*” studied the rheological charactits of NCC suspensions from cotton
linter source. The authors measured viscosity vs. shear rate values for different NCC

concentrationgFigure2.18 and the different regimes are explained as follows:

1. Regime 1: At low shear rates, shear thinninguos 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 ratesp#rer 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 shedt”
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Similar results were obtained by Orts et al. using SANS experimEfitsAs mentioned
previously, after a certain critical concentration, NCC suspensions phase separate into an
isotropic and an anisotropic phase. Based on this fact, Bercea and N4Vatddied and
reported on the rheological propertidsisotropic and anisotropic phases of NCC suspensions.
For the isotropieatrest (60.8 wt%), the authors explained that the two regimes were observed

for solutions below a concentration of 0. 4 wt
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0.85 wt% For isotropieat-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 becdnozieveéed due to which
viscosity becomes independent of shear rate (Sgare 2.19. This viscosity vs. shear rate
relation at different shear rates is clarified furtherFigure 2.20 On the othe hand, for
anisotropieat-rest (1-3.5 wt%) a typical cwe 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 ofthe 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 ~ 165! The experiments were conducted in two stages:
radial scattering and tangential scattering patterns. Schematic of experimental setup is shown in
Figure2.21.The 2D scattering patterns obtained are showhignre2.22 At low shear rates
(0.058") 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 (509sthe radial patten 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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Figure2.22 Two dimensionabcattering patters at different shear rétds

Phase separation behaviour of NCC suspensions in the presence of macromolecules

Based o 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 higimolecular weight dextrans to these solutions would legatrdéerential
partitioning of dextran into one or the other pha&gure2.23. ®® The authors observed that
dextran was absorbed into the isotropic phase and the dextran absorption increased with
increasig 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 dextrieh and NCCGrod-rich phase was obsesg. Also,

addition of dextran induced distortions in the liquid crystal structure of anisotropic NCC

52



suspensions. Similar results were obtained for the biphasic region; due to mutual exclusion
dextran molecules migrate into the isotropic phase therelgasing 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 aniqutrdNCC suspensions were also studied byBbek
Candanedo and eworkers using three different kinds of dyes: anionic, cationic and néeftal.

Here phase separation refers to the separation of sotl@pic 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 NCglispensions 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 Rd 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 separdi®
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 /andoolyvalence of the anionic dyes

themselves may be causing the phase separation.

53



Blue Dextran absorbed
preferentially in the
isotropic phase

Figure2.23Preferential adsorption of blue dextran in the upper isotropic (tihse

BeckCandanedo et df® 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 3&A is used as the dye maldée and when it is conjugated with dextran, then the
dextrandye 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 thereas 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 dgextran conjugate), induced phase separati@s
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 iathaced 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 electrostaticteractions 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 complete$ptopic phase) and

(ii) screening effect of the dylegands 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 screegnof ionic dyes. The same research group also studied the
partitioning of neutral and charged dextrans in biphasic NCC suspefSloasd the triphase

equilibrium in mixtures of blue dextrans,-dyeddextrans and NCC suspensidits

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 AFNMatomic brce microscopyytudies on NCC suspensions obtained from
acid hydrolysis of MCCFigure 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 sheed a little parallel agglomeration of NCC particles, the size of the NCC

sample was determined as follows: length L =#Z8nm and diameter D =8 nm.®%
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Figure2.24TEM images of the NCC on a porous carliim (a) and NCC with uranyl acetate

as a continuous stained backgronpf®"

Heavy element staining was used to characterize the NCC rods using backscattered electrons in
field emission SEM imaging technique. Itdkear from the backscattered imagegy(re 2.25

that the identification of NCC particles was difficult with poor image resolution. Therefore, SEM
analysis gave L = 42285 nm indicating that SEM was able to identify the dimensions of NCC

agglomerates ltter than individual NCC rods.
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Figure2.25Back scattered image NCC on porous carbon film (top) and an image at

higher magnification (botton§"

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 TEMgisee.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 gaaimetry 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 4200 nm. By measuring the difference in height
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between the NCC and the micarface, the diameter of the NCC particles was obtained as

D = 10~15 nm!®4

Figure2.26 AFM image of NCC on mica (top) and broadened AFM image (botfd)

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 applic@ble
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to nanocomposites: the transverse elastic modulgsaid 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, subggque
followed by contact mode AFM to apply a normal force to a specific NCC rod. Next
dynamic mode AMAFM imaging was used to determine whether the NCC rod
slipped/rolled on the mica surface or was deformed/bent permanently on application of
force. Bendingwvas observed on application ofl® 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 cystallite.!®?

2. Transverse elastic modulusriE

The transverse elastic modulusrf NCC is determined from the for@edentation

F(u) curves. The indentation valuedde or F(
z-distance between the F(z) curves for NCC and mica surface. By using 5 different
locations on a certain NCC rod, a range 6fvBlues was obtained as-b8GPa. The

wide range of E values was attributed to uncertainty in indentation, locavén

indentation, tip roughness and dimension of each indent&fibn.
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White arrowdsolid
lines)indicate the
bending of NCC on
application of force

Figure2.27 AFM Nanomanipulation (bending) &fCC on application of forcé?

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 aB#® 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 {O) at 1095crit. Application of tensile or compressive stress shifted
thevalue of GO wavenumber 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. Frbigure 2.2%, 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 mainforcement interface. Therefore, the
Unloadl and the Load2 data poiféd to correspond to the Loadl data indicating some sort of
deformation (under tension) at the molecular scale. Ffigure 2.2%, the variation in slope of

the loading data (under compression) indicates buckling of the NCC reinforcements under

compressie forces!®?!
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Figure2.28Typical Raman spectrum of cotton whiskers and orientation (of whiskers) as

function of specimen angle w.r.t polarization axis (in%&k)
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SANS studies

Smallangle neutron scattering experiments have been conducted by Terech et al. for NCC
suspensios 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 wtBigure2.30a shows the neutron scattering data for all the
concentrations and reveals that the scattering curves are indepentl(€ afoncentration i.e.

absence of aggregation on increasing NCC concentration. Scattering curves obtained also show
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the characteristics of long rdike particles with high aspecatio. The radius of the particles

(Ro) was also calculated from the In(@B. @ curve (se€igure2.3() usingEquation2.2

QI(Q) = (Ql) exp¢ Q°R,4/2) (Gaussian decay)

Equation 2.2 Gaussian decay for calculatigg R

The weight per unit length of roddv;) was calculated froniQl)o values. TheaverageR, and

M, values obtained were: 84 A and 1.45 x 18° g/A. On extrapolation ofM; value, R was
calculated as 5@ A. In order to explain this discrepanciietauthors used Porod analysis dor
circular crosssection and the Rvalue was calculated as %9 However,the theoretical curve

for 0.91wt% sample did nobectly correspond to the calculated scattering curve. This made the
authors consider a twpopulation model with radii 44 and 88 giving a better fit to the
experimental data. This twgopulation 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 esession (2a = 88 A and 2b = 182 A), the
theoretical scattering curve showed an excellent fit with the expatal scattering curve for the
0.91wt% sample. On considering effective area as = 88 X 182 = 1861Be radius of the

particle R.) was calculated as 7L 1®¥

63



(@)

0.1 1

= 0.01 |

0.001 -

0.0001
0.001

In(QI)
)

0 0.0001 0.0002 0.0003 0.0004 0.0005
Q*Q

Figure2.30Neutron scatterig data: QI vs. Q and In(Ql) vs2F*

WS01 (+), WS02 (O), WS03 (6Qisink/Siinem’( x), W

64



Bonini and ceworkers have also studied the dimensions of NCC suspensiorsd caéh
poly(ethylene oxide) nonyl phenyPEPNP) 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. PERB$? used to study the effect of
surfactants on NCC dimensioriSgure2.31shows 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 res effect on the NCC structure and dimensions. exauthors

modified equation(2) into equation(3) using a rectangular «gesgon for analysis.

QI(Q) = (Ql) expt Q*r/2) (Gaussian decay)

r.= crosssectional radius of gyration

Equation 2.3 Modification of Equation 2.2 to include theerm

Using In(QI) vs. @ (Figure 2.32), the slopes of the linear portions were used to calcujate
according to Equation (2). Thewalues were calculated asf%or the NCC whiskers in water

and 69+1 A in the presence of surfactants in toluene. The increase insgossnal 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 crossection, the calculated lateral dimensions ofNI@&C whiskers increased

from 88 X 182A? (in water) t0120 X 210A? (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 BEPNP surfactant is about2 A, the authors also
deduced that the surfactant is adsorbed on the NCC surface in closed/folded conformation rather

than an extended conformatidti!
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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
sattering, 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 eanfipt this light
scattering study were fractionated by ultracentrifugation aided saceharosgradient.Figure
2.33shows the NCC samples before and after ultracentrifugation. As seen in the picture, before
ultracentrifugation two phases exist (tube 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 (tubb) and TEM analysis (Sdegure2.34) on each fraction confirmed that the

fractionated samples had narrow polydispersity and reduced whisker aggrétfation.

(@) (b)

Figure2.33Tunicate NCC whiskers befe (tube a) & after ultracentrifugation (tube'¥)
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Figure2.34TEM images of NCC whiskers before (a) and after ultracentrifugatidf*(b)

For static light sdéering studies, the authors measured reduced elastic scattering
I(g)/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 absEnsalt
(Figure 2.35 showed the presence of angular scattering peaks nak 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 NGfgregates and
increased polydispersit§®
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It is a well known fact that for spherical particles, the scattered intensity I(q) can be correlated

with structure factoB(q) and form factoP(q) by the relation:

I(a) =S(a) P(a)

Equation 2.4 Relation between structure factor and form factor

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

structure factor of rodike particles.

For the tunicate system used, since gL is >>1, the above relation in combination with the
equation for form factor of rigid retike particles, the structa factor S(gq) was derived. The
broad scattering peaks of S(q) ($egure2.37) with second and third maxima peaks indicate the
presence of strong and longnge electrostatic interactions between the NCC reidsire 2.38
illustrates that in the presencé salt the scattering peaks disappear as salt screens out the

electrostatic interactions between the NCC r&fs.

70



1.4

II|
T 1.2 - ,?,'I
EII' | "lf
S .;;I
il lf.' {
Q  d
= g
= 1r i1
g }
] l %;
_ ! /.
= .
w 0.8 | f
| e
i /
L7
| o . .
0.6 L= 1 L " | A i P L L i 5 i 5 i L 1 - i | S T
0.0005 0.001 0.0015 0.002 0.0025 0.003

q[AT]
Figure2.375(q) vs. d in the absence of galf 0.87x10%a/cnt(8 ) 1.04x10Pa/cm’6°!

S(q) = [Ha)/ kC1/P(q)

S TR B S S S T i I i S —| i

0.6
0.0005 0.001 0.0015 0.002 0.0025 0.003

!

Figure2.38S(q) vs. q at C+.04x10%g/cnt & diff. salt conc.§ )OM (0)10°M (1)3x10°M

(R)6x10°M (o) 8x10°M (filled) (o) 10°M [©8!
71




The authors also observed that thgcgpeaks for S(q) varied with concentratidgiigure2.39 as

follows: first maxima:C0.49+0.01;second maximaZ0.42+0.01;third maxima:C0.41+0.01
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Figure2.39L000maxVs. LogC for(o) first maxima & ) second maxima® third maximd®®!

Lima et al.®” have also studied the translational and rotational dynamic€6fwhiskers using
cotton and tunicate whiskers. For cylindrical rods, the translational and rotational diffusion

coefficients can be determined from polaritgdand depolarizetl,y scattering intensities using

Equations2.5 and 2.6

lw( g, t) socexptdRDt) + 4 idSplgD*6d

Equation 2.5 Polkized scattering intensities
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lva( g, t)

= anisozb)(p[g(céD<+N3>dD t

Equation 2.6 Depolarized scattering intensities

<N>: avg. no. of particles in the scattering volume

Uso: isotropic polarizability tensor

Uhniso: Molecular optical anisotropy

Figure2.40shows the autocorrelation funmtis obtained at different angles for cotton whiskers

at 0.1 wt% concentration for polarized scattered lidjag)( . When the freque

against the square of scattering waeetor §, the authors observed slow and fast relaxation

modes for bdt cotton and tunicate whiskers with the slower mode contributing 90% of the

scattered
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Translational diffusion coefficient Rotational diffusion coefficient

D= (kT / 3"  ¢(L1)/[g28) o0 d (3keT/” d*)Us)

U = I n(2L/d) > = 1 .uieifesireeed’

2 = 0.807+0.150+13.5(7-37+224

9 = -0.193+0.15i+8.1AP-18+9/i1*

Equations 2. 7sfoBaaloulmting tramsi@tmnaleadnotational diffusion cd&ff.
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2.2.4 NCC MODIFICATION

Nanocrystalline cellulose has a highly functional surface due to the presence of large number of
surface hydroxyl groups. ThereforeetiNCC 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 bhss using HGhydrolyzed NCC as the starting material. Firstly,

the HCkhydrolyzed NCC was carboxylated using TEMPO catalyzed NaClO oxidation. Next the
carboxylated NCC was grafted with an amteaminated PEG (PEGH, M.W = 1000 Da) to
produce NCC polymebrushlike structure. EDC/NHS carbodiimide chemistry was used to

conduct a room temperature reaction betweer@@OH groups of thearboxylated NCC and
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the-NH; groups of the PE®IH,. Figure2.44shows a schematic of the synthesis of Ri&fted

NCC. [68

Evidence of PE@rafting on NCC was provided by thermogravimetric analysis (geare
2.45). The decomposition temperature of carboxylated NCC whiskers was aroui@i&@Dthe
decomposition of PE®IH, was around40-360°C; combining both results, the decomposition
curve of PEGgrafted NCC showed a twstep profile, one corresponding to the decomposition

of carboxylated NCC and the other corresponding to the decomposition of the grafted PEG.
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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 PErobgbly 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 (RIrolyzed NCC whiskers)Figure 2.46 clearly

shows the characteristics peaks for free and salt forr@@®OH groups (1708 and 1640 ¢hin
carboxylated NCC sample (b) while the PEG grafted NCC sample (a) showed amide | and amide
Il absorptions (1657 and 1544 &jnFigure2.47 shows that the PEG grafted NCC suspensions
were stable and showed flow birefringence at low-0ebM) and high (righ2M) concentrations

of salt. Also, 0.2% (w/v) freezdried and chloroform redispersed samples showed stability and
flow birefringence (sed-igure 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 decrdhsesurface
negative charge. Also the authors suggest that since the fingerprint textugSOphiirolyzed

NCC, carboxylated NCC and PEG grafted NCC show similar chiral nematic phases, the twisting
of NCC whiskers along with the charged envelopes isnbst probable mechanism of formation

of liquid crystalline phase&®
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Hasani and cavorkers have alsdunctionalized the surface of NCC whiskers produced from
sulphuric acid hydrolysisEpoxypropyltrimethylammonium 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% w/v
81



NaOH at 65C for 5 hours. The no. of trimethylammonium groups per AGU unit were measured

using conductometrigttation with 0.01M AgNQ. Zeta potential measurements also confirmed

that the surface charge of the functionalized NCC converte®@@5 mV from -39+3 mV for

unfunctionalized NCCThe 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 expectadal nematic phasesigure 2.51

shows the threadlike texture of the chiral nematic phase formed near the edgagf the

solidifying sample!®

CNC-OH *+

/;l “ NaOH

Nt ——= CHNC—O /
/™ \(?/“i\cf
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Figure2.49Reaction scheme to produe®TMAC functionalized NCc%%
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Figure2.51 Threadlike texture of the chirakematic phase formed near the drying e

1000
DCI
1[]!3:. a
. @ &
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

Figure2.52V i s c o s iintregasing ¢pend andlecreasingglosed) shear rates for Swt%) (
and 1. 9%wt % ( o)

The authors observed thixotropic behaviour FIPTMAC-NCC suspensions through visual

observations for a 4.9t% gel which exhibited shear thinning on agitation. Oscillatory shear
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tests on HPTMAGNCC 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 HPTMACC 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 hysteresisha@rs in Figure 2.52
behaviour was attributed to the decrease in the magnitude of surface charge due to cationic

functionalization of the NCC surfacd&’

According to Habibi et al. the sulphate ester groups ioted during sulphuric acid hydrolysis

are labile and susceptible to removal under mildly alkaline conditions. Hence, they proposed to
use TEMPGmediated oxidation of NCC whiskers to introduce carboxylic functional groups
which are not as labile as compatedthe sulphate ester groups. Selective TEMPR&liated
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/NaOCIFigure2.53 shows a schematic of the NCC whiskers and how the surface
hydroxyl groups get oxidized to carboxylic functional groups using TEM#Qiated oxidation.

Also the FTIR spectra of oxidized NCC whiskers show the characteristic C=0 stretching peak at

1730 cnt. /9
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Figure2.53Schematic of the NCC whiskers before and after TEMR®liated oxidatioH”!

Figure2.54 shows the Xray powder diffraction patterns before (a) aneiafb) 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 (ahd 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. Fronkigure 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 suspensgn or h

PDI of tunicate whisker length%"
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Figure2.54 X-ray powder diffraction patterns before (a) and after (b) oxid&fibn

Figqure2.55 Images of unoxidied (a) and oxidizedb) NCC through crossed polarizéf®
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The first successful attempt at producing stable suspensions of NCC whiskers-polaron
solvents was undertaken by Heux et al.; NCC whiskers from cattdntunicate were mixed

with BNA surfactant & phosphoric ester of polyoxyethylene nonylphenyl g¢taehigh 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% fdug 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 @ctrostatic 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 supperidea proposed by Orts et al.

["] that chiral character is observed due to the shape of the NCC rods and not due to the chiral

character of the cellulosic backboHé.

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 (se€igure 2.56. The authors observed experimentathat 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 theskéais in low polarity organic solvents. TEM
images of silylated whiskers (sdé@gure 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 theeedlelike 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 ag completely destroyedrigure 2.58 shows different Xray
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 obse®/&d.

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

Figure2.56Silylation of NCC whisker§®!

Figure2.57 TEM imageSilylated NCC whisker¥®!
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Figure2.58 Xray powdediffraction patterns fountreated NCC (a) and silylated NCC

whiskers with increasing degree of substitution (b) DS=0.6 (c) DS=0.99 (c) DSZ1.76

These partially silylated whiskers were readily redisperin 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 silylatig 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 inveoits of lower polarityFigure 2.5%
shows NCC whisker with low DS but is still hydrophilic in nature as it keeps its structure
integrity and flocculates in THRzigure2.5% shows NCC whisker with moderate DS rendering
the surface hydrophobic. Here some chains are derivatized and some ersiduble thus
stabilizing the whiskers in organgolvents of low polarityFigure2.59c 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 comprdmmsits structure integrity and crystalline natufd.
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Figure2.59 Schematic mdel explaining silylation of NCC whiskefs!

Hydrophobically modified NCC whiskers were prepalsd surface acylation usinglkyenyl
succinic anhydride (ASA). Two ASA agents were usedtoctadecenyl succinic anhydrided

ODSA) and n-tetradecenyl succinic anhydride-TDSA) (see Figure 2.60 for structures).
Aqueous dispersions of the ASA agentsrevéormed in water and then mixed with NCC
suspensions. Next the NCC whiskers were completely dried using freeze drying and then heating
to 105C to complete the acylation modification. TEM analysis showed that the acylated
whiskers did not show any aggeadion in 1,4-dioxaneand Xray 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 dispersiliity in low/medium polarity solventsTable 2.2summarizes some results of

dispersibility tests conducted on acylated NCC whiskéts.
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m+n=11

@ (b)

Figure2.60Structures of (a) is®@DSA (b) nTDSA [

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 2.2Dispersibility tests on acylated whiské?8

Suface 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 NCg&kevkiwas destroyed.
Figure 2.61 shows WAXD spectra of acetylated samples with different reaction times. Clearly
the peak Y decaetise 2 dhter&siy suggesting that as the reaction time increased, the
degree of acetylation increased and the inngstalline structure of NCC whiskers was
disrupted. 1 wt% acetylated whiskers dispersed easily in THF and were stable for more than 8
hours(seeFigure2.62. However, this was true for only acetylated whiskers with reaction time
greater than 2 hours sinoeaction times lower than 2 hours resulted in partial acetylation of the

NCC whisker surfacé’™
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Figure2.61WAXD spectra of acetylated samples with different reaction tifies
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Figure2.62 Wt% 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.["®

Method |
Solvent | Nanoparticles Nanoparticles |
| Exchange in dichloromethane in toluene
Temp. H
io-10°C ] Ethanol
e i anate Washing
Nanoparticles [Solvent | Nanoparticles | Temp;110°C Grafted Nanoparticles
in water Exchange | _in acetone 30 min Nanoparticles Ethanol washed
Temp. :
T Temp. T 90 °C ] Solvent
50 °C 75 min 1 Exchange
30min Nanoparticles N Nanoparticles | |
in acetone in toluene
Nanoparticles
Add.
Toluens Ethanol washed
Method Il :
-------------------- : Solvent
Exchange

Final product
in Dichloromethane

Figure2.63In situ solvent exchange process for graftingysmate on NCC whiskels!

Most techniques for surface modification of NCC whiskers involvegttadting to approach

where a polymer chain is grafted onto the NCC surface. Recgrlfying fromapproach using
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ATRP has been used to grow polymer chdnagn 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 as observed experimentally that polystyrene chains increased the
absorption/adsorption of NGGPS towardsl,2,4Trichlorobenzene, an environmental organic
pollutant. 7] Similar to their work, Xu et al. have synthesized NCC whiskers grafted with
azobenzee polymers producing a novel amphotropic hairy rod system. This amphotropic system
exhibited thermotropic and lyotropic liquid crystalline propertiegjure2.64shows a schematic

for synthesis of NCC whisker grafted witPoly{6-[4-(4-methoxyphenylazo}penoxy] 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 PMMAZOInterestingly, the hairy rods form lgotropic nematic phase in
chlorobenzene above a critical concentration of 5.1 wt%,; different LC transitions are also
observed at different temperatures: smeittinematic at 9%, nematieto-isotropic at 13%C

and analogous lyotropic phase above®C35®
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Figure2.64 Synthesis of NCC whisker grafted wiMMAZO "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(Bigpre 2.65) By utilizing

a mixture of acetic acid, HCl 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 solutiorstable but exhibiting better

dispersibility in ethyl acetate and toluefé&.
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Figure2.65Single step process for cellulose hydrolysis and functionalization of RCC
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CHAPTER 3

CHARACTERIZATION TECHNIQUES

3.1 ZETA POTENTIAL MEASU REMENTS

As shown inFigure3.1, for a charged particle suspended in an aqueous medium zeta potential is
nott he charge at the particle surface but it o6
measuring zeta potential, the aqueous samples are subjectan electric fieldnaking 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 towsrdan oppositely charged electrode causes a
phase/frequency shift in the incoming laser bedinis effect is known ad.aser Doppler
Electrophoresis (LDE)The velocity of charged particles is determined as mobitlity;particle

mobility in turn is convertg into zeta potential value usir@moluchowski anéiuckel theories.

3.2 SURFACE TENSIOMETRY

Surface tension measurements were conduct®ymamic Contact Angle Tensiomet@CAT)

shown inFigure 3.2. The DCAT software can taka single surfacgensionmeasurement or
forwardfeverse CMC measurements. The softwadse calculates the excess concentration and

the surface area occupied per molecule at the interface. Surface tension measurements can be

made usinggitherthe du Nouying method or the Wilhelgnplate method.
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Figure3.1 Schematic of zeta potential on a charged paHide

Figure3.2 DCAT equipment for surface tension measurent&its

98



3.3 FTIR

Fourier Transforminfra Red spectroscop¢FTIR) is used to determin¢éhe composition of

unknown samplesihenan unknown sample is irradiated with IR, ttesultingFTIR spectra

consists of absorbanemdtransmittance peak$hese characteristic peaks correspond to specifi

bonds within the unknown samplén optical evice called an interferometallows FTIR

machines tesimultaneouly measureall IR frequenciesFigure 3.3 shows the arrangement of

sample and instrumentation in an FTIR machine.

Spectrometer

1. Source 2. Interferometer

4 Detector @

3.4 DLS

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

motion which is correlated to the size of the pagsclLarger particles undergo lesser Brownian

10

FFT
5 Computer

Interferogram

Figure3.3 BasicFTIR se-up %4
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motion as compared to smaller molecules which can diffuse f&ttekesEinstein equation is
used to determine the size of the particles since this equation directly relates the hydrodynamic

diameter of the pécle with its diffusion coefficient™??

d(H) =K /3pd D StokegEinstein equation

Equation 3.1 StokeEinstein equation for determination of hydrodynamic diameter

d(H): hydrodynamic diameter

D: translational diffusion coefficient

k : Boltzmannds constant
T: absolute temperature

d: viscosity

3.5ITC

Isothermal Titration CalorimetryITC) is used to measure very minute heat changes when
precise quantities of reactants are mixed together. As shokigure 3.4, the ligand is filledip

in the syringe while the sample cell is filled with thelymer 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 ligaand the sample. The temperature difference between the
sample cell and the reference cell is measuredcanderted into units of powerhis physical

temperature difference called differential power (DP) and is defined as the power required to
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maintan the sample and reference cells at the same temperai@grating the DP peaksith

respect tdime yieldst h e vatpéifor the interactions.

Sansaor =

Lead Screw

Sansor o
-

Inj@ctor

‘.':; T Flunger
Shm'ng
L= Syringa

I | T | | =t Cuter Shiek
Innar Shigld -

Reterance Call —+——t—{— | [ [ o}t~ Sampla Cal

Figure3.4 Basic setip in a microcalorimetgt?®

3.6DSC

Differential scanning calorimetryfDSC) can precisely measure exothermic or endothermic heat
changes in the sample cell. In this sensitive technique, thplsdo be studied is placed in the
sample cell and then it is subjectecetther aheating or a cooling cycl&imilar to ITC,the heat
changes in the sample cell are correlatethéotemperature difference between the sample and

the reference celWhich is thercalibrated to differential power (DPJ?”
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CHAPTER 4

BIODEGRADABLE AND BIOCOMPATIBLE POLYAMPHOLYTE
MICROGELS FROM CHITOS AN, CARBOXYMETHYL CELLULOSE

AND MODIFIED METHYL CELLULOSE

4 1 Introduction

As mentioned in sectioh.3.2,combination ofthe properties ob p o | y a mantddoniyctrecdg e | 6
results in theformation of6 p ol y a mp h o | ywhieh arencrasslimkedgpblygnér particles

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

The primary reaso 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
(dimethylamingethyl methacrylate) (PDMA).!® Inverse microemulsion polymerization
technique was used to polymerize MAA and DMA in the presaica crosdinker (allyl
methacrylat to produce an amphoteric microgel system. Theragiels exhibited swelling at

low and high pH while they deswelled at neutral plFigure 4.1 shows the
pH-responsive behaviour of polyampholyte microgels composed of PMAA and PDEA polymers.
At low and high pH, the microgedarticles 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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Convesely, 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 overaljyecimautralization 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 raesy a steric stabilizer such asly (ethylene glycol)

methacrylatdPEGMA) is grafted on the microgel€!

Steric stabilization is important !

Microgel Swelling Microgel Deswelling Microgel Swelling

-
s -'>+ ' em—r
Low pH Neutral pH High pH

Figure4.1 pH responsiveness of polyampholyte microgels (adapted from refefénce)

Recerly, many different polyampholyte microgel systems have also been expiéfétDue to

their potential applications and stimuli responsive characteristics of polyampholyte microgel
systemsthis project was aimed at synthesizipglyampholyte microgelsising biopolymers as
starting materialsinstead of using synthetic monomers and initiatévater soluble polymers

aredispersed in a continuous organic phase together with a water soluble crosslinker,lsuch as
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ethyl3-(3-dimethylaminopropyl) carbodiirde (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: chitoaamoxymethyl cellulose
(CSCMC) and chitosamodified methyl cellulose (G$10dMC). 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 theCE system, we have also
synthesized chitosamodified methyl cellulose system where the methyl cellulose was modified
by carboxymethylatiof’ to incorporate carboxylic acid functionality to the microgels. Methyl
cellulose contains methoxide groups which irellydrophobic interaction between the methyl
cellulose chains causing them to aggregate at the lower critical solution temperature (LCST).
BIThus, by combining the pH responsive characteristics of chitosan and the-tiespoosive

behaviour of methyl drilose, 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 biodegradalaled biocompatibl€™ [ 2!
T They are non toxic and non allergefic
i They are readily available as they are obtained from natural sources, hence they are

recyclable and cost effectiV@
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I Using polymers as starting material instead of using synthetimomers would ensure
that no toxic initiators are present after the microgels are synthesized, making them

suitable for biomedical and pharmacological applicatibhd®!

4.2 Experimental Section

4.2.1 Materials

Chitosan (M.W. 5000490000, D.S ~7& - 80%) was purchased from Aldrich. Sodium salt of
carboxymethyl cellulose (CM®Gla 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 flakes99%) was purchased from Acros and used for
carboxymethylation of methyl cellulose. Crosslinkers ED@thyl3-(3-dimethylaminopropyl)
carbodiimide commercial grade) and NH3N-Hydroxysuccinimide,98%+) were purchased
from Sigma and Acros Organics respesly. MES @-(N-morpholino) ethanesulfonic agid
>99%) was used as buffer for the EDC crosslinking reaction and was purchased from Aldrich.
Norrionic surfactants Brij 92V and Brij 96V were purchased from Aldrich and Fluka
respectively and were used ascewed. For steric stabilizationpoly (ethylene glycol)
methacrylat§ PEGMA M.W. 300, inhibitors removed using basic alumina) was purchased from
Sigma and terbutyl hydroperoxide initiator (TBHP, 70% solution in water, flished) was
purchased from Ac Organics. Millipore deionized water was used for all experiments and

sample preparations.
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4.2.2Synthesis of chitosarcarboxymethyl cellulose microgels

Inverse microemulsions are thermodynamically stable wateil (W/O) emulsions formed on

the additon of large amounts of surfactants! Inverse microemulsion technique is especially
useful for water soluble polymers which tend to polymerize in the bulk aqueous Bhaike.

water droplets in a W/O inverse microemulsion, act as nanoreactors adswlable 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 techniqué’

Norrionic surfactants are necessdogr producing inverse microemulsions because of their
unigue phaséversion property. Noionic surfactants can transform an-iodwater (O/W)
emulsion at room temperature to waiteoil (W/O) emulsion at higher temperatures. The
temperature, at whicphaseinversion occurs from O/W emulsion to W/O emulsion, is called the
phase inversion temperature (PIT). Furthermore,-ionit surfactants exhibit a unique
hydrophilelipophile balance (HLB) value. HLB gives the ratio of hydrophilic (wébsing) to
lipophilic (oil-loving) segments on a surfactant. Mixing two faonic 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 Aonic surfactants can ahge the phase inversion
temperature!®” Therefore, by mixing two neionic 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 GEMC microgels, first a surfactant mixeuwas 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 76C. ¥ This surfactant miture was added to a 100 ml (three necked) round bottomed
reaction vessel and the temperature was raisé@’@ 0.05g chitosan was dissolved in 10 ml of

1% acetic acid solution and 0.03g ©MC-Na (sodium salt of carboxymethyl cellulose) was
dissolved in10 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 -6f % 0.1 wt% MES buffer was

added to each polymer solution to maintain the pH at a constant value. 0.016G ah&#MD.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, therdutned 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 selsunder 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 diited 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 wereleot sta
over time and flocculated after approximately one week as shomigune4.2a. 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 $beric 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

Figure4.2 Reaction mixture of CEMC microgel system

4.2.3Modification of methyl cellulose

In order to incorporate carboxylic acid groups thke methyl cellulose chaing=igure 4.3),
carboxymethylation was used for chemical modification. Carboxymethylation of methyl
cellulose was carried out using a standard slurry prof8sg.5g of methyl cellulose powder

was suspended in 15 ml of isoprapathrough 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 heaté@ tois5&bout

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 powddike product was washed with acetone and 80% (v/v) ethsolokion

several times and then dried at vacuum 4€60

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

Figure4.3 Structure of modified methyl cellulose

4.2.4Synthesis of chitosarmodified methyl cellulose microgels

As described in sectiod.2.2, the same experimental procedure was used tihesype the
CSModMC 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 otessful 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.
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4.2.5Characterization 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 ttrant. All measurements were conducted in a closed jacketed vesselCawizb
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 corniguetive
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@CH,COOH am -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 Scattdriciy allows

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

was maintained around ~ 0.1 wt% and the experiment was conducté€at 25

110



Dynamic Light Scattering

Dynamic Light scattering measurements weoaducted at 2% using BF200SM goniometer

for scattering detection at multiple angles. It is also equipped with BI9OOOAT digital correlator
and BIDNDC for static light scattering measurements as well. Laser with a wavelength of
636 nm was used. NMiogel samples at different pH values were used for measurement of
hydrodynamic radii andoncentration of the samples was maintained around 0.1 wt%. In order
to eliminate the effect of dust particles a

measurement.

Surface Tension Measurements

Unmodified methyl cellulose (MC) and modifiddC 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 carytic 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 (Dataphysis) at 25C. It is equipped with a stat#f-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 VR-DSC instrument was used to determine the therspamgsive 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 runenfffow 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 celllose samples. The wavelength range considered i€@@0 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 ChitosanCarboxymethyl Cellulose microgel§CS-CMC)

Figure 4.4 shows the potentiometric and conductometric titration curve for 0.1 wt9%eNS
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 thd pnd 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 witthe 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) sporeds 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 protorwdtidiiH, 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 potonation of-OCH,COO groups to-OCH,COOH. This protonation ends at second
transition point, pH of 4.2. This point also corresponds to the start of protonatidflofroups

to -NHz". At the third transition point, pH of 3.2, the protonatiorH, groups is complete. By
measuring the moles of HCI reacted for each functional group (second and third transition
regions), the amount eéOCH,COOH and-NH; groups was determined as 1.5 and 1.1 meq/g of

microgel.
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Figure4.4 pH and conductivity titration cue for 0.1 wt% CSCMC microgels

Figure4.5a,4.% and4.5c show the hydrodynamic radius and zeta potential values measured for
0.1 wt% microgel samples at different pH values. As showfigare4.5a, for intermediate pH
ranges between pH 4 to 9, a typitkshaped profile was obtained for the hydrodynamic radius
curve. At low pH, theNH; groupson CS chains in the microgel are positively charged due to
protonation of the amine groups. Because of repulsion betéési groups on CS chains, the
microgel svells, and increases in size. Similarly, at high pH,-@€H,COOH groups on CMC
chains are negatively charged due to deprotonation of the carboxylic groups. Therefore, the

repulsion betweerOCH,COO groups on CMC chains induces the swelling of the mlroft
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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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Figure4.5aHydrodynamic radius and Zeta potential vs. intermediate pH ran@efot 0.1 wt%

CS-CMC microgel sample

As shown inFigure 4.50 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 o
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 bondaididebasic and

neutral conditions!®®! (871 18l

it 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 valug¢Bigure4.5c) also corroborate the above results. In the pH range of 4 to

9, the surface charge on the particles decreases from +10 #¥ oV 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 valuesgume 4.5c. While the
maximum negative charge on the microgels46 mV, the maximum positive charge on the
microgels is only +10 mV. This might seem contradictory since the amouhtHfgroups in

the microgels (1.1meq/qg) is comparable to the amour®GH,COOH groups in thenicrogels
(1.5meq/g). Zeta potential analyzer measures only the surface charge on a particle and some of
the surfaceNH; groups are involved in PEGMA grafting; thereby lower positive zeta potential
values are observed in experiments. Conversefyre4.5b shows equivalent swelling in acidic

and basic regions which can be explained from the fact that the numii2ClgfCOOH and-

NHa groups in the microgel are comparable. Furthernféigrire4.5 shows an iselectric point

(IEP) around pH 6 (where lowelsydrodynamic radius is observed) whitgure4.5c 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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Figure4.5b and cHydrodynamiaadius& Zeta potential vs. pH for

0.1 wt% CS-CMC microgels

4.3.2 Modified Methyl Cellulose (ModMC)

Figure 4.6 shows the FTIR spectra of unmodified (a) and modified methyl cellulose (b). The
spectra for modified MC shows the characteristic C=0O frequandy50 crit confirming the
presence of carboxymethyl groups on the MC chains.
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Figure4.6 FTIR of unmodified methyl cellulose (a) and modified methyl cellulose (b)

Figure4.7 shows the zeta potential results for modified MC samples at different pidsvahs
expected, the zeta potential values become more negative at higher pH values due to the
deprotonation of carboxymethyl groups on the modified MC chdigure 4.8 shows the
potentiometric and conductometric titration curve for 0.1 wt% modifiedSsli@ple. 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 iOh$ in the sample. The second region
corresponds to the protonation - @CH,COO 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-OCH,COOH groups was determined to be 2.6 meq/g of

the sample.
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We observed that unmodified and modified MC solutions exhibited surface activity when they
were subjected to stirrivghaking.Figure 4.@ 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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Figure4.9a Surface tension curves for undified MC & modified MC at low,

neutral pH & high pH

According to Figure 4.9, 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 hypatkize that unmodified MC chains conform at the ataiter interface

in a manner such that the hydrophobic methoxide groups preferentially orient themselves into the
nonraqueous air phaseigure 4.® shows a schematic of orientation of hydrophobic metteox
groups at the awater 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. Unchbtiifisample contains
significantly high proportion of hydrophobic methoxide group®GHs;) such that they
preferentially partition to the aivater interface making unmodified MC surface active in nature.
Since, unmodified MC shows surface activity similara 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 ofrace 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; M9 o, oo OCHs | © AR

WATER

ORIENTATION OF -OCH3; GROUPS INTO THE AIR PHASE

Figure 4.% Unmodified MC chains at awater 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 eDCH,COOH groups on modéid MC chains. This effect is
clearly seen inFigure 49a, 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, thaface 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
unmodifed 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,COOH. Both the hydrophobic methoxide group@¢Hs) and the-OCH,COOH groups
preferentially partition to the aiwvater interface (se€igure 4.@) thereby decreasing surface
tension of the solution. The partitioning €8OOH groups of the linear polyelectrolytes to the
air-liquid interface was also suggested by Okubo and Kobay&8hDue to partitioning of
OCH,COOH groups in addition to the partitioning ®CH; groups, modified MC sample at

low pH show greater partitioning to the -aater interface as compared to the unmodified MC
sample. Thus, modified MC sample at low pHrisre surface active as compared to unmodified

MC sample.

HOOCH ,CO

HOOCH ,CO
’ OCH,CH:O OcH,

OCH,COOH AIR

OCH, 9CHs

WATER
ORIENTATION OF -OCH3z & -OCH,COOH GROUPS INTO THE AIR PHASE

Figure 4. Modified MC chains (low pH) at aiwvater interface
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At neutral pH, modified MC sample shows higher surface tension valuesngsared 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 deprotonat€Ca$COO and these
charged groups tend to remain in the aqueous phasmathof the air phase (sEgure 49d).

Thus, it becomes harder for the hydrophobic methoxide groups on modified MC chains to

partition to the akwater interface, thereby reducing the surface activity in this case.

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

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

Figure 4.9 Modified MC chains (neutral pH) at aiater interface

Similarly at high pH, most carboxymethyl groups on modified MC chains are deprotonated as
-OCH,COO which preferentially orient into the bulk aqueous solution. ldertbe 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.
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4.3.3 ChitosarrModified Methyl Cellulose microgels (CSModMC)

Figure4.10shows the potentiometric and titration curve for-K8&MC microgel system. The
intersection of vertical dashed lines with the pH curve is described as a transition point on the pH
curve. As expleed earlier for the CEMC 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 protonatOCld$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 protonatior@CH,COO groups and the start of protonation-iiH,

groups to-NH3". The fourth region corresponds to the efgrotonation ofNH> 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 amo«dCBECOOH and

-NH2 groups were determined a8@nd 0.6 meg/g of the microgel, respectively.
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Figure4.10pH and conductivity titration curve for 0.1 wt% $SdMC microgels

Figs. 4.1 and b show the hydrodynamic radius and the zeta potential results-Mod\sC
microgel samples at different pkhlues. As explained for the &3VIC 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 catgzed 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) fronfrigure4.11a is ~ 7 while the IEP frorRigure4.11b is ~ 6.4.
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Figure4.11a and b Hydrodynamic radius and Zeta potential vs. pH feMO&VIC microgels

Thermoresponsive behaviour of C8VlodMC microgels

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

the lower critical solution temperature (LCST), the methoxide grouCKs) in methyl

cellulose associate hydrophobically and produce aosgél transition in aqueous solutions.

Thus, unmodified methyl cellulose solutions exhibit thermoresponsive behavia@sat !
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Since CSModMC microgels contain methoxide group®CHs) from modified MC chains, the
microgels were expected to exhibit thernesponsive character as well. In order to study the
thermoresponsiveehaviourof CSModMC microgels, the LCST of naified MC samples was
determined using microcalorimetry (s&éeégure 4.12) and a characteristic LCST peak was
observed at aroungs°C. The hydrodynamic radii (§ vs. pH measurements were repeated for
CSModMC microgels at the LCST @5°C. By comparing thdr;, vs. pH behaviours é25°C

and 68C (see Figure 4.13), the thermoresponsive character of-KA8dMC microgels was

established.

Figure4.12shows the upscan results for unmodified and modified MC samples determined using
a microcalorimeter. Modified MCsamples 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 arourfilC65~or the modified MC
sample at low pH, aimsilar LCST peak at 6%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-@CH,COOH groups facilitates
hydrogen bonding betweefOCH,COOH and-OCH;s; groups while weakening the hydrophobic
interactions betweerOCH; groups. Therefore, a larger amount of energy is required to induce
hydrophobic interactions between the modified MC chains at low pH; so the LCSTopeh&
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 aroui@ 6% neutral pH,
deprotonation of-CH,COOH groups to-CH,COO reduces the hydrogen bonding weén

-CH,COOH and-OCHs; groups and facilitates the hydrophobic interactions betw&d#bH;
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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 irpadson to that of the
unmodified MC sample. Similarly, at high pH, most of the carboxymethyl groups on modified
MC chains are deprotonated -#H,COQO. So, the hydrogen bonding betwe€&H,COOH and

-OCH;s groups is further weakened and the hydropholieractions betweerOCH; groups are
further strengthened. At high pH, we see a broad LCST peak°’C pfobably due to the

enhanced hydrophobic interactions and gelling phenomena in the modified MC sample.
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Figure4.12 Upscan DSC curves for unmodifieddamodified MC samples

128



Tad
[~ ]
L]

— aozs
= 275 -
= LY -
= ¥ %, | Lk
= mm
= = 41 .,
= 225 | .
= I 5
M II H.-—-h.__ "l\
W - .
= 175 i ;; D\\\‘ '\
= [ "
E i %
- _ ! qk *,
T s 4/ N A
Z I H.\ 0 "'*-...__D
— F -
ESN Bl 07 A
_— 78 - ' """h-._.
ES L L] L] L L L L L
2 3 4 5 6 7 S 9 10 11

Figure4.13 Hydrodynamic radii vs. pH at 26 and 65C for CSModMC microgels

Figure 4.13 shows a comparison of hydrodynamic radii vs. pH measurements obtained at two
different temperatureone at room temperaturex’C) and theother at the LCST65°C). As

shown inFigure4.13, the CSModMC microgels are polyampholytic and possessrgsponsive
behaviourat both temperature$Vhile the response profiles are similar at both temperatures, we
observe a difference in the values oflftgdynamic radii (R obtained at the two temperatures.

At low pH values (pH < 6.5), theyRalues at 65C are higher in comparison to those at@5At

higher pH values (pH > 6.5), the, Ralues at65°C are lower in comparison to those at’@5
Similar tomicro-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 betweerCH,COOH and-OCH; groups prevents the hydrophobic interactions betwee
-OCH; groups. So, a large number of water molecules are partitioned to the porous microgel and

surround the OCHs groups Thus, the microgel particles at €5 swell more and show larger
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hydrodynamic radii in comparison to the microgels atQ5Conversel at high pH, due to
deprotonation of -CH,COOH groups to-OCH,COQO, the hydrogen bonding between
-CH,COOH and-OCH;z groups is weakened while the hydrophobic interaction betw@éii;
groups is enhanced. Water molecules are no longet@ableround theOCH; groupsn the CS
ModMC microgel and are excluded from the microgel. Therefore, microgel particlesGt 65

have smaller hydrodynamic radii in comparison to the microgels°ax 25

Figure4.14 shows the C310dMC microgel samples atriee 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. Siam visual results were obtained for ©€31C microgel samples.

Figure4.14 CS-ModMC microgel samples at low, neutral and high pH
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4.4 Summary

This chapter explores the pidsponsive behaviour of two biocompatible and biodepizd
polyampholyte microgels, which were prepared using inverse microemulsion technique:
chitosancarboxymethyl cellulose (GSMC) and chitosamodified methyl cellulose
(CSModMC). As an extension to the chitosan and CMC system, methyl cglwas used in
CSModMC 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 polymesiins. The pHesponsive
behaviour of the two microgels was confirmed by dynamic light scattering, zeta potential and
potentiometrieconductometric measurementsurthermore, surface active behaviour of
unmodified and modified methyl cellulose was stddiasing surface tensiometry. For
CSCMC, the no. of-OCH,COOH and-NH, groups were determined to be 1.5 and 1.1 meq/g of
the microgel sample, respectively. In pH range-8f #he zeta potential values varied from +10
mV to -40 mV, while the gdrodynamic radius varied from 160 nm in the swollen state (acidic
and basic pH) to 110 nm in t h-&od¥M@ the hoapfs e 0
-OCH,COOH and-NH, groups were determined to be 0.8 and 0.6 meqg/g of the microgel sample,
respectively. In pH range ot9, surface charge on the microgels varied from +25 méQmV,

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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CHAPTER 5

INTERACTION OF NANOCRYSTALLINE CELLULOSE WITH AN

OPPOSITELY CHARGED SURFACTANT IN AN AQUEOUS MEDIUM

5.1 Introduction

NCC isderivedfrom native cellulose (wood, cotton or pldilitres) andit possesses a number of
advantages, such as biodegradahiliecyclability, nortoxicity and high functionality die to
presence of hydroxyl group¥ 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 fonulations and understanding the effect of surfactants on NCC dispersions

is vital for the adoption of NCC in these applicatidbfias been observed that NCC suspensions
become unstable and phase separate in the presence of an oppositely chargett.dortadier

to understand the polymsurfactant interactions between NCC and an oppositely charged

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

Polymersurfactant interaction is an important phenomenonhhsatattracted 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.'®*®® |nterestingly, in additionto the commonly used techniegisuch as light

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

charged polymesurfactant sstems®”!

In 2002, Wang and Tam, identified three kinds of interactions between negatively charged
poly(acrylic acid) (PAA) anddodecyltrimethylammonium bromide (DTAB), a cationic
surfactant. Initially they observed an electrostatic attraction betwééndnd DTAB. After
reaching a critical concentration, DTAB micellization on PAA chains was obserhey. also
observed thatddition of salt screeedthe electrostatic interaction beten PAA and DTAB and

facilitatedthe free micellization of DTAB in bulk®®!

Liu and Guo studied the interactions between caseiibd#dB. 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 neggtoharged amino acid groups and
DTAB surfactant;

(i) 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 coriplex.

Wang and Tam also studied the interactionnodthacrylic acid/ethyl acrylate copolymers
(HASE) with DTAB surfactant and summarized the typical polymefactant interactions
observed in systems with opposite charges: electrostatic binding, micellization of the
electrostatically bound micelles and resolubilization/gelatS.
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Researchers have also studied the interaction of cationic chitosamegttively charged
sodium dodecysuphate(SDS). Onésippe and Lagergiowed that grafting alkyl chains makes
the chitosan more hydrophobic and the alkylated chitosan exhibits amphi@tibviourat pH

4. The authors also concluded that alkyl chains facilitate the formation of chitosgieges

with SDS.'%Y 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 fofah@ation of polymeisurfactant complex

is generally lower than the CMC. The authors observed that increasing the alkyl cgdinolen

the surfactants decreatiee CAC values. Longer surfactant chain length and larger surfactant

head groups produce ragidmplexation between CMC and surfactatfé.

Chakraborty et al. reported that the polymsarfactant interaction simultaneously leads to
interfaciatadsorption and bulk complexation, where smaller surfactant aggregates are formed on
the polymer chains.Formation of electrostatically driven polymsurfactant complexes
increases the hydrophobicity of the system leading to coacervation or phase separation. In a
number of polymesurfactant systems, three critical concentrations have been identified: (i)
CAC corresponding to the onset of electrostatic interactions, {igpfesenting the saturation of
polymer chains with surfactant molecules and (i) €orresponding to the formation of free
surfactant micelles. Chakraborty andworkers observed thdhe CAC and gvalues from
tensiometric and conductometric experiments were not identical and they attributed this apparent
discrepancy due to different physiochemical changbgh may occurin tensiometric and
conductometric experiments. In conductoneetexperiments, the CAC corresponds to the
completion of surfactant adsorptiovhereasn tensiometric experiments, the CAC corresponds
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to the onset of interfacial adsorption of polymer surfactant complexes. In conductometric
experiments grepresents thenset of wrapping of polymer chains on the surfactant aggregates
while in tensiometric experiments,s @orresponds to the collapse of polyrserfactant
complexes from the aivater interface. '®! Oppositely charged polymesurfactant
complexation in bullkand at the interface hassobeen thoroughly investigated Bain and ce
workers. The authors proposed that different types of associations may be present in oppositely
charged polymesurfactant systems (such as interfacial layers, bulk complexation and
precipitated phasespnd a delicate balance of electrostatic and hydrophobic interactions is

present for each kind of associatidfi”

This chapterexamines the forces involved in NEXTAB interactions and the underlying
binding mechanisnbetween NCCand TTAB moleculesSeveral physical techniques, such as
surface tensiometry, isothermal titration calorimetry, conductivity measurements and phase
separation measurements were uledhis study Since the system involves charged species,

the effect of Eectrolyte (NaCl) on the polymesurfactant 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% pmx.) 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 VRITC instrument vas used to study the NELTAB interactions. The titrations

were conducted at constant temperature 6C23he volume of titrant (TTAB) was ~ 282

and 1.4551 mL of NCC sample was loaded in the sample cell. The titrant was injected at
different volumese. 2,5and1@fL. i ncr ement s. The @&H values for
reported as kJ/mol of injectant amare plotted againstthe concentration of titrant in the cell.

For most measurements, the concentrations of TTAB and NCC were fixed at 1@dgiL6&5

g/L. A TTAB concentration of 10 g/L was chosen to alline investigation ofhe 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 wAdRAB was titrated to NCC in the sample cell.

Surface Tensiometry

Surface tension measurements were conducte®@GAT 11 (Dataphysics) at 2&. It is
equipped with a statef-art software package and a liquid dispensing unit (LDU) capable of
dosing micrditre volumes of titrant. The Wilhelmy plate method was used to measure dynamic
surface tension values at the-aiter interface. TTAB surfactant was titrated into 50 ml of NCC
solution in all tensiometric measurements. The concentration of surfactadtlinvas 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 microligigantities of any titrant. All measurements
were conducted in a jacketed vessel aC2ith 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 electde until a discernible CMC point for TTAB was observed.

Phase separation measurements

It is known that the electrostatically driven polyrserrfactant complexes may lead to
coacervation and phase separatibhis project also explorethe phase separah behavior of

NCC solutions in the presence different TTAB concentrations. FivBlCC solutionswere
preparecdat a concentration of.655 g/L. TTAB was addedo eachNCC solution such that the
resulting concentration of TTAB in tHeCC solutions would & 0.1, 0.20.5, 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 correspeddo the phase separated NCC.

Zeta potential measurements

Zeta Potential measuremerits 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 TTABThe oncentration of the NCC in the samples was maintained at

0.655¢g/L and the experiment was conducted a€25

5.3 Results and Discussion

5.3.1 Isothermal Titration Calorimetry

NCC-TTAB binding in bulk

Figure5.1a shows the ITC curvier the NCGTTAB interaction and clearly shows four distinct
regions of interactionsRegion| indicates the electrostatic interaction between the negatively
charged NCC and the cationic surfactant TTAB. As previously repoffgdi®® 1% the
appearance of an endothécrpeak 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 pedkgare5.1a is because at the first injectionr(2)

of 10 g/L TTAB, the electrostatic interactions exceeded the maxi point. However, when a
lower surfactant concentration (1 g/L) was used, we observed the maximum peak for
electrostatic interactions (s€ggure5.1b) which is similar to that reported previousRegionll
corresponds to the rearrangement of surfactaolecules 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 formationf micelles on the surface of NCC. Such phenomenon is commonly
referred to as polymer induced micellizat@mdoccurs at dower concentration than the critical
micelle concentration (CMC) for the formation of surfactant micelles in bulk soliRegionli|

is also attributed to the aggregation and bridging of NCC bound micelles to form larger
aggregates containing several NCC nanordtiés phenomenon ifavourablesince NCC is a
rigid rodlike nanocrystal, so NCC rods are unablewoap around the TTABmicelles.
Therefore,it is energeticallyfavourablefor two or more NCC rods to come together and share
the TTAB surfactant micelles. Thighenomenon is similar to a commbehaviourat specific
surfactant concentration exceeding the CAC, where the palyeteins would wrap around the
surfactant micelles and if the polymer concentration is sufficiently high, bridging and inter
molecular aggregation will occuf® When the concentration of TTAB surfactant was further
increased, free surfactant micellesgin to form in the bulk; this onset is indicatedregion|V.

The entire binding mechanism is shown schematicalRignre5.2 As previously discussed by
Lapitsky et al.l*%) onecan conclude that necpoperative binding occurs at very low TTAB
con@ntrations and cooperative binding starts at the very first injection of 10 g/L TTAB. The
ITC curve inFigureb.1a also indicates thresportantconcentrations:

C,: Onset of reorganization of adsorbed TTAB molecules

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

Cs: Onset of free TTAB micellization
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In order to study the effect of NCC concentration on NIO@B binding, ITC experiments were
conducted with different NCC concentrations in the cell, while keeping theentation 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/[Eigure5.3a shows the ITC curve for NCC concentration of 0.0655
g/L. We observed that the titration curve for NCC is idehticahe TTAB dilution curve. This

result suggests that when the NCC concentration is very low there is no appreciable interaction




between TTAB and NCC. Hence, the ITC curve for 0.0655 g/L NCC follows the TTAB dilution

curve and shows the CMC point fordr& TAB micellization (G, = 1.1 g/L).
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Figure5.3a 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 cleppmgzsedn the ITC

curve Figure5.3b). The ITC curve fp0.3275 g/L NCC displayed three regions of interactions:
region | corresponding to electrostatic interactions between NCC and TTAB, region I
corresponding to reorganization of adsorbed TTAB surfactant on NCC rods and region IV
representing the onset ofeé 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 sufiently high to observe regiolhl corresponding to polymer
induced mic#ization and aggregation of surfactant bound NCC rams 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 dL 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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Effect of salt

Since the primary interaction between NCC and TTAB is electrostatic in natwas expected

that the addition of an electrolyte such as NaCl would shield/screen the negative charges on the
NCC surface thereby weakening the NTTAB electrostatic interaction and facilitating free
micellization of TTAB molecules. Figs.4a to 54d show the effect of addition of different salt
concentrations on the NGCTTAB interactions. For 0.001 M NaCFigure 5.4a), while all the

four regions of interactions were observed, reduced electrostatic interaction in region | was
observed due to the alge shielding effect of salSimilarly at 0.005 M NaCl Figure5.4b), 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 prevergsttbstatic
interactions to exceed the maximum limit at the first dosing of 10 g/L T FAdtire5.4c shows

that the ITC curves for 0.005 M NaCl and 0.01 M NaCl were simAdreven higher salt
concentrations of 0.05 M and 0.1 Migure5.4d), while a low electrostatic peak was evident the
regions Il and lll(from Figure 5.&) were absentThe high concentration of salt probably
allowed minimal electrostatic interaction between NCC and TTAB resulting in the low peaks; it
also inhibited polymer induced mitiehtion 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 Bn Figure 54d, denote the CMC of free TTAB
micelles and areatermined a$.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 (~1.1Bgigd on the
observed behaviour of NGTTAB interactions in presence of different salt concentratior,

caninfer that salt weakens the NEOT'AB binding and facilitates free TTAB mid&ation.
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Thevenot andtco-workers have also reported the reduction in CMC values and an increase in
micelle aggregation numbers in the presence of salt. The authors ekgiisddition of salt
reduces the electrostatic repulsion between polar head groups of the surfactant thereby

facilitating formation of micelled®®!
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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 presenc
of NCC (sedFigure5.5a). This may be attributed to the formation of surface active -NTTEB
complexes (formed due to electrostatic attraction) which populate tiveatr interface and
reduce the surface tension in the presence of NCC as comparedtbAB dilution alone. This

drop in surface tension in the presence of a polymer has been observed by other researchers as
well. BO1 1% The critical micelle concentratifCMC) of TTAB was identified as & and we
observed that the CMC of TTAB in tipgesence of NCC (&) was higherC,* was determined

by the point where the TTABICC curve merged with the TTAB dilution curde. the presence

of NCC, TTAB interacts electrostatically with the NCC and micellizeshasurfaceof NCC
crystallites thus mee amount of surfactant is required for the formation of free micelles in an

NCC solution making &* greater than Gas shown irFigure5.5a.

Figure 5.5 shows different regions of NCTTAB interaction at the aiwater interface. The

curve clearly showedhree distinct regionsThe first region (I) represent reduction in the
surface tension at the interface due to aggregation of surfactant molecules atwheerair
interface. This aggregation of surfactant was facilitated by the presence of oppasitejgd

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 (II). This sudden drop in surface
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tension suggests saturation of theveater interface wit NCGTTAB complexes. In the bulk
agqueous phase, TTAB bound NCC rods lose their hydrophilic character and become more
hydrophobic thereby necessitating the partitioni@gpulsion)of TTAB hydrophobic chains at

the airwater interfaceHence TTAB bound N rods formed in the bulk solution begin to
migrate and saturate the interfac@nce NCC-TTAB complexes flood the entire awater
interface, the surface tension shows a drastic drop due to coverage of MBCaggregates at

the interface. At €, the air-water interface becomes completely saturated and region Il shows
this interfacial saturation concentrations{)IC Region Il also represents the onset of TTAB
micellization on the NCC rods present at the interface and in the bulk. The appearaptenof C
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.

Figure5.6 shows the NC&ITAB binding mechanism at the anater interface & in the bulk.
Region | shows the psence of NCETTAB electrostatic complexes at the-aiater interface.
Region Il shows the interfacial saturation point J@hen NCGTTAB 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 changeeiislope after interfacial
saturation (§), it is concludedhat the NCETTAB complexes at the interface remain intact and

dondt get desorbed from the interfact¥%¥yven
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Effect of salt

As previously observed witthe ITC results,it was expectedhat addition of an electrolyte like
NaCl would affect the surface tension eswas well. Since salt shieldee charges on NCC
surface, the NCATAB electrostatic interactionare weakened and formation of NCTTAB
complexess also loweredLower NCGTTAB interactiors in turnfacilitate the érmation of free
TTAB micelles. Therefore, it waanticipated that the CMC of TTAB in the presence of NCC
(Cm) would be loweredFigure 5.7 shows the surface tension curves for TTAB dilution and
TTAB titration into NCC for different mediums: (awater,(b) 0.005 M NaCl andc) 0.05 M

NacCl.

As shown in Figs. 5.8, b and c, the TTAB dilution curves were affected by the presence of salt.
Cm values corresponding to CMgas were shifted to lower concentrations at GO@ and

0.05 M. This lowering of CMC of a surfactant in presence of §%thas been previousl
reported. As expected, Figs. b.@nd c show that the CMC @iTAB in the presence of NCC

(C) also decreased due to salt screening effelich facilitates the formation of free TTAB
micelles. Furthermore, in the presence of salt, the surface tension drop corresponding to
interfacial saturation (with NCOTTAB complexes) beame less discernible in Figs. b.@nd c.

As there is a decreased formation of NCTAB 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 salfolutions.
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5.3.3Conductivity Measurements

Conductivity measurements are very useful in observing polgoméactant interactions. A
change in slope of the conductivity cunvelicates theormation of free TRAB micelles in the

bulk. Figs. 5.8 and b show the conductivity curves of TTABated into water and int0.655

g/L NCC solution respectively. The TTAB dilution curve showed one inflexion point indicating
CMC of the surfactant (§). The conductivity curve of TTAB into NCC shows two inxilen
points: the first inflexion point at 0.65 g/L TTAB concentratiwsherethe two curves seem to
bifurcate (seeFigure 5.8c) and the second inflexion point (ségure 5.80) represents the
saturation of TTABNCC interaction and formation of TTAB micedlen bulk (i.e. Cm*). As
expected, Cm* > Cm (frorigure5.8a and b, Cm* ~ 1.3 g/L Cm ~ 1.1 g/lyhich issimilar to

the surface tensiometry results. Similar conductivity results showing an increase in CMC of

surfactant in presence of a polymer are regsbeisewhere as welft'”!
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5.3.4Phase separation measurements

NCC solutions in water are fine suspensions which are stable for long intervals of tiene. Th
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 separatel@aophase

and an insoluble turbid phase (segure 5.9). Figure 5.11 shows the mechanism of phase
separation in NCTAB solutions. Initially NCC and TTAB interact electrostaticatyter

which theTTAB molecules adsorbed on the NCC surface intergdtdphobically with other

TTAB molecules from adjacent NCC rods. These hydrophobic interactions bring together all the
surfactant bound NCC rods to forlarge particulates or hydrophobic flocs. With tiginese
hydrophobic flocs settle down due to gravimd phase separate as seenFigure 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 surfaét¥hendthere isa

greater tenency to fom free TTABmicelles in the bulk.

In phase separation experimerise normalized phase separation heiglals measureavith

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/ls &xpectedrigure5.1 shows that the degree of phase
separation decreasedth increasedl TAB concentration, especially at 1.1 g/L which is around
the CMC of TTAB. As a general trenid was observethat at lower TTAB concentrations, more
phase sepatiah was observed as cpared to higher concentrations. As explained eardier,

higher TTAB concentrationghere is resolubilization of NGTTAB complexes and a greater
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tendencyby the surfactant moleculés form free TTAB micellesFigure5.10c shows tk effect

of salt on degree of phase separatiboe 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 wetleeNCCGTTAB interactions

thus lowering the formation of NGTTAB hydrophobic flocs and facilitating free TTAB

micellization.
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Figure5.10a Phase separation heights iffieslent TTAB cort. (0.1, 0.2 & 0.5 g/L TTAB)
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5.3.5 Zeta potential results

Zeta potential measurement¥igure 5.12) were conducted with NGTTAB 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 wheeklled off at 1.1 g/L. It is
hypothesizd that at 0.1 an@.2 g/L, the TTAB molecules are adsorbed on the N@@sese but

do not form a complete coverage. Thereafter, TTAB micelles completely cover the NCC surface
159



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 aroundy/L Wwhich 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-NTCAB complexesvas

expected and similar results have besported elsewhere as wétf-! 108!
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Figure5.12Zeta potential of 0.655 g/L NCC solutions at different TTAB concentrations

5.3.6 Comparison of ITC, Surface tensiometry and Zeta potential results

Figure5.13shows a comparison of ITC and Zeta patnesults. 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 regn | show that the NCOTAB 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 increasedl NE&E interaction
thereby neutralizing more negative charges on NCC. Region lll 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 N@&ls, 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 IV which

become progressively pos# and reach steady state around GMg(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 NJ@B complexes at the awater interface. This
concentration corresponds to region | in the ITC curve when-lNCAB complexes ardeing
formed electrostatically in the bulk. Thereafter, a sharp drop in surface tension is observed
corresponding to the interfacial saturation by NCTAB complexes. This drop continuastil a

TTAB concentration of 0.3 g/L is reached. This concentratimige of 0.06.3 g/L, corresponds

to region | 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 satation isobservedo be complete at{- 0.3 g/L and thereafter TTAB
micellization on NCC begins. This region on surface tensionecaorresponds to region lith

the ITC curvgC, ~ 0.32 g/L)andrepresents polymer induced micellization of TTAB molecules
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on NCC. G, observed irFigure5.14 also corresponds the transition intaegion IV of the ITC

curve representing formation of free TTAB micelles in bulk.
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Figure5.13Comparison 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 (TC), 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 driverpolymer induced micellization of TTAB on NCC rods. Conductivity
and surface tension results confirmed that the CMC of TTABeshifom 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 celated. Zeta potential results revealed a charge reversal from
negative to positive charge on the NCC with increasing TTAB concentration, confirming the
formation of NCCTTAB complexes in aqueous solutions. The effect of electrolyte in shielding
the negatrte 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 propoSedhermore, itwas
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 CNCby grafting

poly (ethylene glycol) methacryla(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 applicatiohsas
conditionersthat employ polyelectrolyteg their formulations Personal care applications often
employ surfactant formulations and studying the effect of surfactants on NCC suspensions is
imperative if NCCis to be adopted for use in personal care applicatiorthelprevious chapter

we observed thatqaeous NCC suspensions become destabilized and phase sepadlate in
presence of an oppositely charged surfactatriadecyl trimethyl ammonium bromid@€TAB).

The main forces involved in NGTTAB binding were identified as: (Blectrostatic interactions
between NCC and TTAB (iinydrophobic interactionbetween the adsorbed TTAB molecules

(iif) intermolecular hydrophobic interactions between surfactant bound NCC rods inducing
bridging and aggregation of NCC rodiswas hypothesizedhat steric stabilizgon of NCC rods

would reduce the electrostatic and hydrophobic interactions between NCC and TTAB. Hence,
graftedpoly (ethylene glycol) methacrylate (PEGM@gs graftedon the NCC rods using free

radicalgrafting toapproach. The structure of PEGMA is shmin Figure6.1
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Figure6.1 Structure of PEGMA

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

1. Grafting-to approach: In this method, a polymer with a fimmal 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 macromononsecombined with a low
molecular weight canonomer through epolymerization.

The authors explain that ti@rafting-to approach is limited by crowding of polymeric chains at
the cellulosic backbonthat prevents the diffusion of other reactive chain etodthesubstrates
thereby affecting the final grafting efficiendifferent methods of polymer grafting have been
extensively reviewedybBhattacharya and Misrd&*® A number of papers***?% have also
reported the grafting of cellulosic polymersing the conventional free radical approach. The

mechanism of grafting using free radical approach is showigure6.2

166



$,047 — 3 250,
Cellulose-OH + S;03” — 3=  Cellulose-O - + Hsoi + SO4-

Cellulose-O - + Monomer — Yy Graft Polymer

SO, - + Monomer ———3» Homopolymer

Figure6.2 Schematic showing freeadical grafting approacdit?!

In recent years, a number pépers 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 (NCGhgke was supplied by FP Innovations. Tetradecyl
trimethyl ammonium bromide (TTAB) cationic surfactant (99% approx.) was purchased from
Sigma. For steric stabilizationpoly (ethylene glycol) methacryla@®@EGMA M.W. 300Da,
inhibitors removed using basituaina) was purchased from Sigma. PEGMA 2000 (50 wt % in
water)was purchased from Aldrich and usedreseived Sodium persulphate initiator (98% +)

was purchased from Acros. Millipore deionized watesused for althe sample preparations.
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6.2.2 Synhesis ofNCC-g-PEGMA samples

20 g/L of unmodified NCC solution was purged withfdr half hour in order to purge dissolved
oxygen which might react with the free radicafsthe initiatorand affect the grafting reaction.
The initiator was also purgedtiv N, to remove any dissolved oxygen and the desired amount of
sodium pesulphate initiator was adddd the NCC solution. The temperature of the reaction
mixture was then increased to°@in order to producéhe free radicals. Finally the desired
amountof PEGMA was added and the reaction was allowed to continue for 4 hours. The
reaction mixture was dialyzed for a week in regenera&ddilose tubing (with 120004000 as

M.W. cutoff). The M.W. cutoff was sufficient to remove the unreacted PEGMA, imtetd

PEGMA homopolymers.

Depending on the ratio of PEGMA to NCC used for the grafting reaction, different
NCC-g-PEGMA samples were synthesized. Tgrafting ratio (PEGMA : NCC) is defined as

the amount of PEGMA used with respect to 20 gfLthe NCC sample. Furthermore, two
different molecular weights of PEGMA were used: PEGBB0 and PEGMA2000. 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 dds@jnaas NCEPEGMA-300(x2),
NCC-PEGMA-300(x6), NCGPEGMA-300(x10) & NCGPEGMA-300(x14) for 300 M.W.
series and NCEEGMA-2000(x2), NCCPEGMA-2000(x6), NCCPEGMA-2000(x10) and
NCC-PEGMA-2000(x14) for 2000 M.W. series. Theumeral 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 waskdimes the amount of NCC used for grafting.

6.2.3 Characterization techniques

Isothermal Titration Calorimetry

Microcal VPITC instrument was used to study the interachetweerNCC-g-PEGMA samples

and TTAB surfactant at aonstant temperature o6ZC. The volume of titrant (TTAB) was

~ 282pL and 1.4551 mL oNCC-g-PEGMA sample was loadedtmthe sample cell. The titrant

was injected at different volumes i.e. 2, 5andul0O i ncr ements. The @&a&H val.
interactionswere repored as kJ/mol of injectant andere plotted againstthe concentration of

titrant in the cell. For most measurements, tncentrations of TTAB antCC-g-PEGMA
sampleswere fixed at 10 g/L and 0.655 grespectively A TTAB concentation of 10 g/L was

chosa to allow investigation of theentire range oNCC-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 meagsements

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

solutions at a concentration of 0.655 g/L were prepared and TTAB was added to the solutions

169



such that the resulting concentration of TTAB in M&C-g-PEGMA solutions would be 0.1,
0.1, 0.5, 0.8 and 1.1 g/L. The solutions were alloteedtand and the phase separation height
was measured with timahere the white turbid region at the bottom of the twhs considered

asphase separated NCC.

FTIR

Bio-Rad (Excalibur series) FTIR spectrometer was used to analyze the PEGMA modified NC
samples. The wavelength range considered is4000 cm'. KBr powder was mixed with
unmodified NCC and freeze dried N@EPEGMA samples to make thin FTIR films by

compressing them between steel platens.

6.3 Results and Discussion

6.3.1 FTIR analysisof NCC-g-PEGMA samples

The grafting of PEGMA on NCC was confirmed by the presencé=@d group in the FTIR
spectra of NC&-PEGMA samplesFigure 6.3a shows the carbonyl (C=0) group on PEGMA
determined fron¥TIR analysisFigure6.30 shows the FTIR spectm of NCC-PEGMA-300(x2)
sample. The spectrutiearly shows the characteristic C=0 frequency at 1756, canfirming
the grafting of PEGMA300 on NCC. Similar peaks at 1750 tmvere obtained for all other
NCC-PEGMA-300 sampledrigure6.3c shows thie FTIR spectrunof NCC-PEGMA-2000(x14)

sample indicating the characteristic C=0 frequency at 1756 aonfirming the grafting of
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PEGMA-2000 on NCC. Similarly, all other NGEEGMA-2000 samples showed the

characteristic C=0 peak at 1750tm

- CH,

L n

Figure6.3a Carbonyl group on PEGMA used for FTIR analysis
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Figure6.3b FTIR spectra of unmodified NCC (a) and NCEGMA-300(x2) (b)
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Figure6.3c FTIR spectra of unmodified NCC (a) and NEEGMA-2000(x14) (b)

6.3.2 Isothermal Titration Calorimetry (IT C) results

ITC results for unmodified NCC

The ITC results for TTAB titration into unmodified NC&amplehasbeen discussed previously
in chapter 5 (sectioB.3.1).To summarize, the major interactions wilentified as electrostatic
attraction, hydrobobic interactions and polymer induced micellization. Timeportant
concentrations  C; and G (from Figure 5.1a) were determined as

C,: onset of reorganization of adsorbed TTAB molecules;

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

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 fahe titration of TTAB into NCCPEGMA-300(x2) sample.

The titration curves for TTABvaterand TTAB/unmodified NCC are also stvn for reference.
Similar to the trend shown bthe NCC-TTAB curve, the NCEPEGMA-300(x2) curve also
showsfour distinct regions of interactiorRegion| corresponds to the electrostatic attron
between NCC-PEGMA-300(x2) and TTAB.A reduction in electostatic interactionwas
observed for th&lCC-PEGMA-300(x2) sample as compared to the NC@Qa. This is because

the PEGMA-300 chains provide steric hindrance addcreasedhe interaction of TTAB
moleculesandthe negative charges on the N@Rzgionll corresponds to the reorganization of
adsorbed TTAB molecules to promadtee formation of micelles on the NCC. However, the
presence of PEGM&00 chains also redutethe degree of reorganization compared to
unmodified NCCRegionlll corresponds to the forman of TTAB micelles on individual NCC

rods similar to the third region in unmodified NCC sample; however, aggregation of surfactant
bound NCC rodsvas preventedt was hypothesizd that the presence of PEGM&00 chains
provides adequate steric repulstonprevent the surfactant bound NCC rods to bridge together
and aggregate. This is may be the reason why region Il 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 NEITAB interaction, we observed that the onset for NCC
PEGMA-300(x2) sample (& Cland GY are shifted to higher concentrations as pared to
thosefor NCC (G, C, and G). Table6.1 shows the values of,&C,’and GPobserved for NCE
PEGMA-300(x2) sample (fronfrigure6.4) in comparison with ¢ C, and G for NCC sample

173



(from Figure5.1a). Clearly, theeritical transitiondor NCC-PEGVIA-300(x2) sample are shifted
to higher concentrations suggesting tigatater amount of TAB surfactantwas needed to

promote the various interactions defined by the critical transitions
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Figure6.4 ITC curvetitration of TTAB into water@) |, N CBCNCC-BBGMA-300(x2) €)
Sample Onset of Onset of Polymer | Onset of free TTAB
Reorganization(ll) induced micellization(1V)
micellization(lIl)
NCC C,~0.17 g/L C,~0.32¢g/L Cs~0.67 g/L
NCC-PEGMA-300(x2) C:°~0.20 g/L CoH~ 0.39 C°~1.1g/L

NCC-PEGMA-300(x6) | C.°Z0.32 g/L CH06 not d CZ1159L

NCC-PEGMA-300(x10) Same as (x6) C:66 not o Same as (x6)

NCC-PEGMA-300(x14)|  Same as (x6) C20

o
S
o
—
(@)

Same as (x6)

Table6.1 ITC result table for NCEPEGMA-300 samples
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Figure 6.5 shows the detailed binding mechanism NCC-PEGMA-300(x2) and TTAB
Regions | and Il show the reduced electrostatic attraction and reduced surfactant reorganization
due to presence of PEGM200 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 PEGM200 chains grafted on the NCC. This in turn facilitates the

formation of free TTAB micelles in region IV.
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Figure6.5Mechanism 6TTAB binding with NCGPEGMA-300(x2)
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Figure 6.6 shows the ITC curve fathe titration of TTAB into NCC-PEGMA-300(x6) sample.

The numeral in the bracket indicates that the amount of PEG&MAused for grafting is three
timesgreater thathe amount usedf NCGPEGMA-300(x2) sample. When higher amount of
PEGMA-300 wasused for grafting, tb graft density on NCC increasdtius, the NCETTAB
interaction wa further weakened as steric repulsive forces are further strengthened with
increased graft density othe NCC. From the ITC curve, we observed three regions of
interactions instead of the usual four. Clearly region Il corresponding to polymer induced

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

Region | correspais to the electrostatic interaction between NEEXIGMA-300(x6) and TTAB.
The electrostatic interactionsere further lowered compared to the unmodified NCC and the
transitionpoint for reorganization (€)°was shifted to an even higher concentration aspzoed

to NCC and NCEPEGMA-300(x2) samples (see Tablé.1). This is because the
NCC-PEGMA-300(x6) sampldasmore graftedchainsthan NCCPEGMA-300(x2) sample; so
greater amount of steric hindrance refibe TTAB moleculesnd hirders their interaction with
NCC rods.This hindrancevould necessitate the need fimmore amount of TTAB to completely
saturate all NCEITAB electrostatic interactions. Region Il corresponds to the reorganization of
adsorbed TTAB molecules on NCC. Sinceioegll shows no change in slope upt’Cit was
inferred that region I, which representgolymer induced micellization and aggregation, is
absent. Greater git density ofNCC-PEGMA-300(x6) sample preventke polymer induced
micellization and aggregjan of NCC rods. Therefore, in the absence of region lll, region I
eventually transits into region Igorresponding tdree TTAB micellization in bulk. This is the
reason why & %was not indicatd for NCC-PEGMA-300(x6) sample. As expected, the onset of
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free TTAB micellization (G°)’also shifted to an even higher concentration compared to NCC

and NCGPEGMA-300(x2) samples due its higher graft density (see Tab)e
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Figure661 TC curve for titrati onPEGHMAIIOXA)E) i nt o NC

Figure 6.7 shows a schematic of TTAB interaction wilCC-PEGMA-300(x6) sample. As
explained above, regions | and Il indicate that the NO®@B interactionswere further
weakened compared to NCC and NEEGMA-300(x2) samplesRkegion Il wa absent since
NCC-PEGMA-300(x6) samplgossessed higher graft densitgand steric repulsion forces were
further enhanced compared to NCC and NEEGMA-300(x2) samples. Thus, for
NCC-PEGMA-300(x6) sample, polymer induced micellizatimnd aggregation of nanorodss
completely prevented. Region IV shows free TTAB micellization and steristlhilized
surfactant bound NCC rods.
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Figure6.7 Mechanism of TTAB binding with NCPEGMA-300(x6)

Figure 6.8 shows the ITC titration curvesrf@ TAB titration into NCGPEGMA-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 (24) samples indicatethat axce an optimum grafting ratio wassed for
grafting, increasing the amount PEGMAO0 beyond the optimum value dit increase the
number of grafted chains on NCC. Hence, the ITC curicega@ show any appreciable change

after the optimum grafting ratio was attained. The grafting ratio of 6:1
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(for NCCG-PEGMA-300(x6) sample) wagprobably the optimum ratio for grafting because
increasing the grafting ratio beyond 6:1, like for (x10) and (>skdhplesdid not produce any
appreciablechanges in the ITC curve. This svhecause increasing the amount of PEEGB00
beyond a ratio of 6:1 didiot increase the grafting density on the NCC itself. One probable
explanation could be that 6:1 grafting rapimdued anoptimum amount of grafting density on
the NCC such that the grafted chains sterically tepaldditionalPEGMA-300 chans. So even
when the amount dPEGMA-300 was increasefiirther, i.e.for (x10) and (x14) samples, no
additional grafting woldl occur; hence, no noticeable change in the ITC cumassobservetbr
(x10) and (x14) samples compared to the (x6) sample. Tieiamount of grafting on NCC and

the degree of steric stabilizatiovere comparable for NC&PEGMA-300(x6), (x10) and (x14)

samples.
8
O ATTAB INTO NCC -PEGMA-300(x6)
7 1 OTTAB INTO NCC -PEGMA-300(x10)
— O TTAB INTO NCC -PEGMA-300(x14)
o
E. "
2P0 . S nga
z 0088246800088008 8 s o .
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Figure6.81TC curve for titration of TTAB into NCEPEGMA-300(x6), (x10) and (x14) samples
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By analyzing the ITC curves for all thdCC-PEGMA-300 samplesijt was concludel that
grafting PEGMA300 chains on NCC surface was successfukducingthe electrostatic and
hydrophobic interactions observed in NJCAB system. NCGPEGMA-300(x2) sample
showeda lower electrostatic interaction (region I) and a lower tendency to aggregate surfactant
bound NCC rods (region Ill). NGEEGMA-300(x6) sample nobnly showeda reduced
electrostatic interaction (region 1), butalso limited the polymer induced micellization and
aggregation of NCC rods due the steric repulsion (indicated by absence of region lll).
NCC-PEGMA-300(x10) and NCEPEGMA-300(x14) samples exhibited adentical ITC trend

to NCGPEGMA-300(x6) sample. This suggests that increasieggtiafting ratio beyond 6:1 did
not necessarily weaken or completely eliminate the NT@B interaction. Tlerefore, ve can
conclude that NCAPEGMA-300(x6) sampleaepresentgshe optimum grafting ratio to weaken

the NCCGTTAB interactions.

ITC results for NCC-PEGMA-2000 samples

Figure 6.9 shows the IT curve for titration of TTAB to unmodified NCC and
NCC-PEGMA-2000(x2) sampleSimilar to the NCEPEGMA-300(x2) sample, fouregions of
interactions were observed Region | shows electrostatic interactions between
NCC-PEGMA-2000(x2) and TTAB. However, the electrostatic interactiovexe lower in
comparien to the NCETTAB system because of steric repulsion from PEGRO®0 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 NCBREGMA-300(x2) sample, where region Il in the ITC curve
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followed the TTAB dilution curve (sefeigure6.4), the region Il of te NCGPEGMA-2000(x2)
sample didnot follow the of TTABwater curve. Hence, the aggregation of sathnt bound
NCC rodswasnot completely prevented. Region IV shows free TTAB micellization in the bulk.
As discussed in the previous section, th® G°and G°for NCC-PEGMA-300(x2) sample were
shifted to higher concentrations compared {p@ and G for NCC sample. This was explained
on the basis of steric hindrance which induces a delay in the diffeamsition points on the
ITC curve. As expected, for NGBEGMA-2000(x2) sample, £ and G?° (from Figure 6.9)
shifted to higher concentration valuesmpared to €and G for NCG-TTAB system(from
Figure5.1a). These values are tabulated in T However, G2for NCC-PEGMA-2000(x2)
sampledid not show an appreciable change compared td kis may be because of the M. %
PEGMA. PEGMAZ2000 possssed a longer chain lengthcompared to PEGMA-300.
PEGMA-2000 chains grafted on NCC could sterically repel other PE&@0 chainsesulting

in lower grafting on the NCC surfaceTherefore, it was hypothesizd that
NCC-PEGMA-2000(x2) samplepossess less grafting compared NCC-PEGMA-300(x2)
sample. This difference in grafting density could probably explain why we do not observe such
large shifts in & C° and G° for NCC-PEGMA-2000(x2) sample compared to
NCC-PEGMA-300(x2) sampleFor e.g. region Il inNCC-PEGMA-2000(x2) sample shad

some aggregation of NCC rodsmpared ttNCC-PEGMA-300(x2)system
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Sample Onset of Onset of Polymer | Onset of free TTAB
Reorganization(l) induced micellization(lIl)
micellization(Il)

NCC Ci1~0.17 g/L C,~0.32g/L C;~0.67g/L
NCC-PEGMA-2000(x2) C,°~0.18 g/L Cb~ 0.40 C°~0.84 g/L
NCC-PEGMA-2000(x6) C,°%0.18 g/L C0 0 not C:° % 1.04 g/L
NCC-PEGMA-2000(x10) Same as (x6) C.0 0 not Same as (x6)
NCC-PEGMA-2000(x14)| C*~0.07 g/L Not observed Cmn=Cy*~1.05¢/L

Table6.2 ITC result table for NCEPEGMA-2000 samples
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Figure 6.10 above shows the titration of TTAB into NGEREGMA-2000(x6) and
NCC-PEGMA-2000(x10) samples. Similar to TTAB titration into NEREGVA-300(x6), the

curve only showed three regions of interactions. Regions | andriéspond tcelectrostatic
interaction and reorganization of adsorbed TTAB molecules, respectively. Since the slope in
region Il did not changet washypothesizd that regon 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 orthe NCC pds. Moreover, NCaPEGMA-2000(x6) sample has mer

graft density thatNCC-PEGMA-2000(x2) samplehence region Il is observed for the latter but

not the former sample. Due to the absence of region Il for IREGMA-2000(x6) samplethe
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onset of polymer ingced micellization, represented @[’,éwasnot indicatedn the ITC curve
Moreover, the ITC curves for NGEEGMA-2000(x6) and NCEPEGMA-2000(x10) samples
exhibited the sameshape andransitions points. From this observatiohwas concludel that
afterreaching an optimum grafting ratio of 6:1 for the NEEGMA-2000(x6) sample, further
increase in graiftg ratio to 10:1 dichot significantly increase the grafting density on the NCC
surface. So, the amount of grafting on NCC and the degree of steriizatam are comparable

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

Through visual observationg, was observedhat the reaction mixtures for all NGREGMA
samples were stable over long periods of time with the exception of NEGEMA-2000(14)

sample which phase separated into two layers: a denser turbid phase and a lighter clear liquid
phaseThis observation may be attributedpgoesence of excess amount ofGNEA during the
synthesis oNCC-PEGMA-2000(x14) sampl¢éhatmay produce combKe grafted structures on

the NCC surfaceHigure6.11a).

Figure6.11a Comb like graft structures in NGPEGMA-2000(x14) sample

Due to their comilike structures, the grafted PEGMA chainan interact hydrophobically

instead of providing steric repulsidoetween the NCC rods. Hydrophobic interactioetsveen
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