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Abstract 

Development of sustainable antibacterial fibres for use in a range of applications has received 

great research interest in recent years due to increasing environmental concerns. This thesis 

summarises the investigation of functionalisation of Phormium tenax (NZ flax) fibre (PTF) and 

hemp hurd core of Cannabis sativa (HH) through surface grafting of chitosan 1, a potent novel 

chitosan derivative 132 (selected for the excellent bioactivity from a set of O-amine-modified 

chitosans synthesised in this study) and cationic polymer brushes of 2-trimethylammonioethyl 

methacrylate chloride (TMAEMC), so as to introduce antibacterial activity to these natural 

materials. 

 

Phormium tenax fibre (PTF) is the leaf fibre from NZ flax- a plant indigenous to New Zealand, 

abundant but currently under-utilized. Hemp hurd (HH) is a sustainable by-product from hemp 

(Cannabis sativa) industry. Chitosan 1 is a known antimicrobial compound, which is prepared 

from chitin, the second-most abundant and renewable biopolymer in existence, and a by- 

product of the shell-fish industry. Chitosan 1 has been shown to have significant scientific and 

industrial applications in fields demanding reduced environmental impact. This is due to its 

versatile properties including biocompatibility, biodegradability and non-toxicity, along with 

its potent antimicrobial properties. 

 

Preparation of O-amine-functionalised chitosan analogues was performed with an aim of 

improving the antibacterial activity of chitosan 1, by introducing additional amino groups, for 

further use in fibre surface functionalisation. A N-protection-O-grafting-N-deprotection 

strategy proceeded through a SN2 O-epoxide ring opening, adding twenty various amines. 

Benzaldehyde and phthalic anhydride were used as protecting agents (producing two series: 

BDs 81-87 and PDs 114-133, respectively). In total, 27 chitosan derived compounds were 

synthesised and assessed for their bioactivity against Staphylococcus aureus Gram-positive 

bacteria. Compound 132 (the (N,N-dimethylethane-1,2-diamine)-modified analogue from the 

PD series) was found to be the most promising, exhibiting an eight-fold activity compared to 

unmodified chitosan 1, and as such was further utilized in surface grafting. 

 

Grafting of chitosan 1 onto the fibre surface of both PTF and HH through a reactive chemical 

linker attached onto the cellulosic residue was investigated using succinic anhydride bridging, 

epichlorohydrin cross-linking and diazonium-based surface chemistry. X-ray photoelectron 

spectroscopy (XPS), water contact angle measurements and bioactivity tests of the surface 
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functionalised PTF and HH confirmed that the diazonium method of surface functionalisation 

was the most efficient and promising method of chitosan-grafting onto PTF and HH surfaces. 

Therefore, derivative 132 was also attached onto PTF and HH using this diazonium-based 

strategy which produced fibres PTF-152 and HH-153. 

 

An alternate way of antibacterial surface functionalisation of PTF and HH through cationic 

polymer brush grafting was also performed. This was achieved through the modification of 

surface hydroxyl groups by 2-bromopropionyl bromide, followed by grafting of poly(2-

trimethylammonioethyl methacrylate chloride) (PTMAEMC), polymer of a biocompatible 

monomer TMAEMC under atom transfer radical polymerization (ATRP) conditions. Water 

contact angle testing, X-ray photoelectron spectroscopy (XPS), infrared (IR) spectroscopy, 

scanning electron microscopy (SEM) and biological activity assays against S. aureus confirmed 

the successful grafting. The ATRP grafting converted both PTF and HH into antibacterial fibres 

PTF-165 and HH-166, possessing excellent inhibition. 

 

In this thesis, a range of achievements are presented. This research developed a synthetic 

strategy to make a range of novel chitosan analogues, used this route to synthesise derivatives 

more active than chitosan, developed various methods to attach chitosan (and derivatives) to 

fibres, characterised the produced functionalised fibres, explored the antibacterial activities and 

assessed their mode of action. This research will be able to inform future advancement in the 

development and application of antibacterial, chitosan (derivative)-functionalised natural 

fibres.
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1.1 Antimicrobial Natural Fibres 

Natural and sustainable materials have acquired a considerable attention in industrial and 

research fields, during recent years because of energy and environmental concerns. Recently, 

ligno-cellulosic materials have received increased research interest due to the abundance and 

availability of these materials1 as primary fibres (e.g. cotton, jute, European flax or linen, New 

Zealand flax, kenaf etc.) and as agricultural by-product or secondary fibres (e.g. coir, hemp 

hurd, palm fibres etc.).2 In this study, special attention has been given to New Zealand flax 

(Phormium tenax) fibres and hemp hurds for these are abundant materials in New Zealand. 

Natural cellulosic fibres can replace the synthetic fibres in numerous commercial applications 

such as, building construction (as reinforcing fibres), textile, medical and automotive.2 

Moreover, these natural fibres meet the conditions of eco-friendliness, sustainability and 

economy. Unfortunately, the hydrophilic nature of plant fibres, along with their susceptibility 

to microbes, keep them away from long term use. It is for this reason that antimicrobial 

functionalisation of natural fibres has drawn considerable interest by researchers. 

Antimicrobial fibres often refer to fibres which have been modified with an antibacterial agent. 

The concept of antibacterial textiles emerged in 1941 and since then, substantial progress has 

been reported in the production of antibacterial fibres and agents.3 Antibacterial modification 

of fibres has found applications in the fields where moisture and microbes come into contact 

with each other, due to the associated health risks.4 The demand for antimicrobial fibres has 

increased in industries such as, clothing, water purification systems, air filters, food packaging, 

domestic home furnishings, automotive textiles, sport equipment and medical devices.5 

Antibacterial treatment of fibres includes the use of a biocidal agent which should be non-toxic 

and eco-friendly as well as effective against microbes. The importance of using 

environmentally friendly antimicrobials for fibre protection emerged during the 1960s.4 

The surfaces of the natural fibres are often susceptible to micro-organisms due to 

morphological reasons.6 Their large surface areas and ability to absorb moisture cause the fibre 

surfaces to facilitate bacterial and fungal growth. Therefore, one of the main methods to protect 

fibres from pathogens is through the incorporation of an antimicrobial agent on the fibre 

surface. The antimicrobial agents that are commonly used for the fabrication of antimicrobial 

fibres include triclosan, silver ions, ZnO, quaternary ammonium compounds, phenols, 

organometallics, cationic polymers and natural biocidal agents such as, plant extracts (aloe 
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vera, eucalyptus oil, clove oil etc.) and some biopolymers (antimicrobial peptides and 

chitosan).6,7 

Methods to combine the fibres and antimicrobial agent can be either physical or chemical, and 

the method depends upon the type of fibre and the biocide applied.6 Techniques commonly 

used for antimicrobial treatment of fibres include: traditional pad-dry-cure8 or exhaustion bath9 

methods; nanotechnology in which, antimicrobial nano particles are applied to the fibres or 

nanofibers are coupled with the substrate fibres by electrospinning;10–12 microencapsulation13 

and cross-linking,14 which involves the grafting of antimicrobial material to the substrate 

polymer chain through covalent bridging by a cross-linker molecule.15 The treated fibres can 

be active against micro-organisms either by contact or by diffusion depending on the method 

of treatment applied. The development of antimicrobial fibres with non-toxic antimicrobial 

agents that are capable of contact killing is more promising due to less impact on environment. 

 

1.2 Phormium tenax (New Zealand Flax) Fibre (PTF) 

New Zealand flax is an indigenous plant in New Zealand which is a currently under-utilised 

bio-renewable source of leaf fibres. New Zealand flax is biologically different from the general 

European flax (Linum usitatissimum16) and comprises two common New Zealand plants, 

known by the Maori names Harakeke (common flax) and Wharariki (mountain flax)(Table 

1.1).17,18 Their botanical names Phormium tenax and Phormium cookianum represent common 

flax and mountain flax, respectively.18 In general, Phormium belongs to the Phormiaceae plant 

family and are a type of monocotyledonous plant. Out of the two varieties, Harakeke or P. 

tenax has acquired industrial attention as this plant has long and stiff leaves (fibres) compared 

to the short and soft leaves of Wharariki or P. cookianum.  

Phormium tenax (Harakeke) is ethnic to New Zealand, Norfolk Island and Chatham Islands 

and is the only viable source of hard fibre in the regions of the middle latitude climates.19,20 It 

is also called by the name korari in northern New Zealand21 and was extensively used by the 

Māori people as a source of  leaf fibres (muka) for clothing and artefacts.20,21 The European 

contact with Māori people in the late 18th century led to augmented research on harvesting of 

P. tenax, its economic processing, ecology, leaf structure and  traditional Māori cultivars.21 

Improved stripping methods made the fibre an important 19th century export commodity of 

New Zealand with the trade name ‘New Zealand flax’.22,23 Nevertheless, the rise of  the 
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synthetic polymer fibres era along with the expansion of sisal industry in 20th century caused 

weakening of P. tenax fibre marketing and exporting and even, closing of the last flax mill in 

1985.20,23,24   

 

New Zealand Flax (Family: Agavacea) 

Type Type 1 Type 2 

Common Name Common flax Mountain flax 

Scientific Name Phormium tenax Phormium cookianum 

Maori Name Harakeke Wharariki 

Fibre Type Strong, hard and long Weak, soft and short 

Table 1.1 Description of two different types of New Zealand flax. 

 

1.2.1 Development of Industry and Trade of Phormium tenax Fibres 

Phormium tenax fibres are the hard fibres on the leaves (Figure 1.1(b)) of the P. tenax plant, 

giving strength and morphological status for the long sword-like leaves.21 The leaves can be 

about three metres long and grow up in a fan-like bunch as we can see in the figure below 

(Figure 1.1(a)). The strength of these fibres was one of the important reasons of its enhanced 

use by Māori people to make ropes, cordages, baskets, fishing nets and mats. The European 

settlers in New Zealand were attracted by the Māori use of this fibre and started trade with the 

native peoples. The period between 1828 and 1853 was remarkably important in New Zealand 

flax history with the establishment of P. tenax fibre exporting to Australia and Britain besides, 

a cordage industry in New Zealand. 

The flax milling industries of New Zealand were established and produced mechanically 

dressed fibres during the period of 1860s to 1980s. Even though, the quality of the machine 

produced fibres was lower than that of the Maori-dressed fibres, the mechanisation paved way 

for the flax mill industries with higher production rates.  In 1861, an effective machine for flax 

processing was developed and since then, P. tenax fibre was largely exported worldwide for a 
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span of time.25  The flax mill in Foxton initiated by C. James Pownall in 186926, performed an 

important role in New Zealand flax trade. In 1911, the Templeton Flax Mill, a typical mill 

located at Reverton in South Island, was founded by William Templeton. Both the Foxton and 

the Templeton mills are now heritage museums after the collapse of the flax industry during 

the 1980s. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

         Figure 1.1 Image of Phormium tenax plant (a) and fibres (b) from the leaves. 

 

 

 

(a) 

(b) 
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1.2.2 Properties of Phormium tenax Fibre 

The scientific characteristics of P. tenax fibres were first studied and reported by Labillardieѓe, 

a French naturalist in 1803.25 In recent years, research on chemical and mechanical properties 

of the fibre has increased. The morphological data, chemistry, anatomy, cytology and 

reproductive biology of P. tenax have been reviewed by Wehi et al.21 Phormium fibres are 

categorised as cellulosic fibres with high hemi-cellulose (with xylan as the main sugar) 

component. In a recent study or the evaluation of cellulose extraction from P. tenax fibres, 

reported the chemical composition as, cellulose – 60.9 ± 4. 4 %, hemicellulose – 27.3 ± 4. 1 %, 

lignin – 7.8 ± 1.3 % and extractives (pectin – 0.7 %, water solubles – 2.2 % and fat/wax – 0.7 

%)27 – 4.0 ± 0.3 % (approximate wt% values) (see Figure 1.2).28 The average diameter of the 

untreated fibres has been given as 104±23 µm. The structure of the fibre is composed of several 

microfibrils which possess a compact structure and a configuration in the direction of the fibre 

axis. The surface of these basic fibrils is covered with non-fibrous components. Studies by 

Turner in 1949 and Carr et al. in 2005 also provided a comprehensive idea on the chemical 

composition of the P. tenax fibre aggregate.19,20,27  

 

                  

Figure 1.2 Chemical composition of Phormium tenax fibre (created according to the reports 

by Fortunati et al. and Turner).27,28 
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1.3 Hemp Hurd (HH) 

Hemp hurd is the inner core of the plant, hemp which is scientifically known by the name 

Cannabis sativa, L. Hemp has received significant attention due to its potential medicinal and 

antibacterial abilities29 in addition to its attractive agricultural properties such as, easy and fast-

growing nature and low levels of irrigation and fertilizer requirements.2,30  Hemp comes in 

different varieties such as, fibre type, intermediate type and drug type (marijuana) depending 

on the Δ9 -trans-tetrahydrocannabinol (see Figure 1.6) content in them.31 The importance of 

the hemp plant can be understood from the numerous applications of its fibres, ranging in areas 

of medicine, recreational drug, cosmetics and food. As such, there has been several industries 

based on hemp plant cultivation and processing. Hemp is abundant in number of chemical 

constituents including amino acids, nitrogenous compounds, cannabinoids, proteins, sugars, 

fatty acids, simple alcohols, simple aldehydes, simple ketones, enzymes, simple acids, 

vitamins, esters, steroids, hydrocarbons, lactones, terpenes, flavonoid glycosides, 

glycoproteins and pigments. The antibacterial property of hemp is derived from its complex 

chemical composition and components. 

 

 

 

 

 

 

 

 

 

Figure. 1.3 A graphical representation of the cross-section of a hemp stem (recreated from 

the depiction by Stevulova et al.).2 

Bast fibres 

Epidermis 

Hurds 
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The stem of hemp (Cannabis sativa) is a source of approximately 20-40 wt% of bast fibres and 

60-80 wt% of woody core fibres or hurds.2 A representation of the cross-section of a hemp 

stem is given (Figure 1.3). Hurd is the least valuable part of hemp and chemically very similar 

to wood.  Hemp hurd is a by-product from hemp bast fibres industry and as a result, is greatly 

available and considered sustainable. Hurds of hemp, like other parts of the plant, have been 

reported and proven to show antibacterial activity.29,31 The non-treated hemp hurd powder has 

been proven to be 78 % active against E. coli bacteria in terms of CFU (colony forming unit) 

reduction. 

 

 

 

 

 

 

 

Figure 1.4 Hemp hurd (HH). 

 

The antibacterial properties of hemp hurd is mainly attributed by phenolic contents of lignin 

and cannabinoids, both of which are present in hemp hurd.31 Hurds are lower in cellulosic 

content compared to the bast fibres. The chemical composition of hemp hurd has been reported 

by Thygesen et al. as 19-21 % of lignin, 31-37 % of hemicellulose and 36-41 % of cellulose.31,32 

A more detailed report on the components of hemp hurd and the amount present (%) has been 

depicted by Stevulova et al. (see Table 1.2 and Figure 1.5). Gandolfi et al. in 2013 gave 

description of about the phenolic acids and aldehydes found in hemp hurd which are, vanillin, 

syringaldehyde, p-hydroxybenzaldehyde, vanillic acid, syringic acid, p-coumaric acid, 

acetosyringone and gallic acid (structures are given in Figure 1.6).30,31 The presence of a 

considerable quantity of cannabinoids in hemp hurds has also been reported.33      
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Component Content (%) 

Cellulose 44.5 

Hemicellulose 32.78 

Holocellulose (Cellulose + 

Hemicellulose) 
77.28 

Lignin 21.03 

Toluene-ethanol extract 

(oil, proteins, amino acids, pectin) 

 

3.57 

Ash 3.04 

Table 1.2 Chemical composition of original hemp hurd slices (recreated from the report by 

Stevulova et al.).2 

 

 

 

 

 

 

 

Figure 1.5 Graphical representation of hemp hurd’s chemical composition (created 

according to Stevulova et al.).2 
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Figure 1.6 Chemical structures of components present in hemp hurd. 
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1.4 Chitosan – An Antimicrobial Biopolymer 

Chitosan 1 (Figure 1.7) is a pseudo-natural polysaccharide known for its versatile properties 

and extensive applications. Chitosan 1 is a derivative of chitin 2 (Figure 1.8), the second most 

abundant biopolymer obtained from fishery waste. Chitosan 1 has been evidenced to have 

significant scientific and industrial applications in the fields such as, pharmaceutical, 

biomedical, food packaging, water treatment, cosmetics, surface modifications and food 

science which demand reduced environmental impacts. The versatile properties of chitosan 

including biocompatibility, biodegradability, renewability, and non-toxicity along with its 

inherent antimicrobial properties provide it a dominant role in the current climate of increasing 

concerns for the environment. 

 

 

Figure 1.7 Structure of chitosan 1.  

 

1.4.1 Biopolymers 

Polymers are macromolecules composed of many covalently linked small repeating units.34,35 

Both synthetic and natural (bio) polymers are fundamental components of our daily life.  

Biopolymers are a large class of polymers either present in or produced by renewable natural 

resources such as, plants, animals and microorganisms.36 The demand for the biopolymers or 

green polymers over fossil-fuel-derived synthetic polymers has been driven by the potential of 

the former class of compounds to replace the later.35 The sustainability, low-cost and 

biodegradability of biopolymers are the important factors governing the increased use of these 

compounds in the recent years of growing environmental concerns.34,35 

Natural polymers are widely classified into two, according to their origin as plant-derived and 

animal-derived polymers.34,37 Plant originated biopolymers include cellulose 3 (Figure 1.8), 
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hemicellulose, starch, agar, pectin, glucomannan, rubber latex etc. Chitin 2, chitosan 1, 

hyaluronic acid, honey, wool, silk etc. are examples of biopolymers from animals. Biopolymers 

can have another important classification in regard to the monomeric units they are made of, 

such as, polysaccharides (made of sugar units; e.g. cellulose 3 and chitin 2), proteins (made of 

amino acids; e.g. myoglobin) and nucleic acids (made of nucleotides; e.g. DNA and RNA).35 

The most abundant polymers found in nature are cellulose 3 and chitin 2 which belong to the 

polysaccharide group. Cellulose 3 is a plant-structural polymer with glucose subunits, present 

in the cell wall of plants,38 and chitin 2 is a polymer of amino glucose with a major structural 

role in the exoskeleton of certain animals39. 

 

 

Figure 1.8 Structures of chitin 2 and cellulose 3.  

 

1.4.2 Antimicrobials 

Antimicrobials are materials which are active against microbes.40 The term ‘microbes’ 

represents a range of organisms including bacteria, fungi, viruses, algae, archaea and 

protozoa.41 Some of these microorganisms are harmful, causing diseases and damaging 

materials. Therefore, the antimicrobials are important in our daily life. Antimicrobials are either 

cytotoxic (kill microbial cells) or cytostatic (prevent microbial cell growth) to the microbes.40 

There are leaching-based antimicrobials such as, silver ion and antibiotics, and non-leaching 

antimicrobial materials such as, surfaces attached with quaternary ammonium groups, 

quaternary phosphonium groups, antibacterial peptides and chitosan/modified chitosans.42 

Non-leaching antimicrobials kill the microbes on contact and thereby have reduced 

environmental impacts compared to leaching biocides. 

The most common and the most studied microbial organism is bacteria. The adherence of 

bacteria on surfaces and their subsequent growth, proliferation, biofilm formation and 
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degradation of the adhered material cause damage to the surfaces, foul smells and health 

problems to those who come in contact with the surface.43 Bacterial infection is a common 

health concern in textile fields because the surfaces of natural fibres used to produce textile 

materials can be act as a platform for biofilm formation. Disinfection and use of antibacterial 

surfaces are two general methods to prevent the bacteria from infecting or deteriorating 

materials.44   

Commonly, bacteria are of two types: Gram-positive, which has a cell envelope made up of 

cytoplasmic membrane and a cell wall of peptidoglycan layer with covalently bound teichoic 

acid, teichuronic acid and proteins on it (e.g. Staphylococcus aureus) and Gram-negative, of 

which the outer cell membrane is encased in a 1-3 µm thick lipopolysaccharide layer (e.g. 

Escherichia coli).45,46 The outer cell wall and cytoplasmic membrane of the bacterial cell have 

a significant role in protecting the shape and life of bacteria and henceforth, any damage to 

these membranes can impact bacterial survival.46 

In addition to action against microbes, antimicrobial agents should satisfy standards of high 

efficiency and low impact on environment. The important characteristics that a biocidal 

material should possess can be summarised as: broad spectrum activity, cost-effectivity, non-

toxicity or non-irritant action, high biodegradability, low volatility, durability, good water 

solubility, high stability and odour free.7 

1.4.3 Antimicrobial Polymers 

Antimicrobial polymers attract the attention of scientists as, these can be tethered onto the 

surfaces to produce contact-active antimicrobial surfaces.44,47 Antimicrobial polymers were 

first known to the scientific world when Cornell and Dunraruma reported the biological activity 

of polymers and copolymers they prepared from 2-methacryloxytroponones, in 1965.44 As the 

need for environmentally friendly disinfecting agents has increased, along with considerable 

development in the polymer field, the number of FDA-approved antimicrobial polymers has 

significantly increased. Antimicrobial polymers exhibit good efficiency, low toxicity, reduced 

environmental impact and better resistance than their monomeric components.48 

Antimicrobial polymers are of three types: polymeric biocides (which are polymers of biocidal 

monomeric units or polymers with biocidal side chains, e.g. 4 and 5, Figure 1.9), biocidal 

polymers (in which the biocidal activity is associated with the entire macromolecule, e.g. 

chitosan 1 and 7, Figure 1.9) and biocide-releasing polymers (which are the polymers releasing 
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biocide molecules, e.g. β-cyclodextrin stabilized Ag-chitosan49 6, Figure 1.9).44,48 The 

characteristic properties of an ideal antimicrobial polymer listed by Kenawy et al., can be 

summarised as low cost, non-toxic, water-insoluble when used for water disinfection, possesses 

long-term stability at the temperature of its intended application and broad-spectrum 

activity.50,51  The properties such as, non-toxicity, biodegradability and biocompatibility of 

chitosan 1 make it the most attractive antimicrobial biopolymer.48 

Antimicrobial polymers can also be categorized into two classes according to their bioactivity 

mechanism- passive or active polymers.48 Poly(ethylene glycol) (PEG), poly(n-vinyl-

pyrrolidone), polypeptoid, phospholipid polymers, poly(dimethyl acrylamide) and poly(2-

methyl-2-oxazoline) are typical examples for passive antimicrobial polymers. Polymers with 

active antimicrobial action, generally comprise the active agent-functionalized polymers. The 

active agents may be any cationic biocides, bioactive peptides, and antibiotics (e.g. polymers 

functionalized with quaternary ammonium). Polyguanidine, polyethylenimine and N-

halamines are examples of active biopolymers. Passive polymers repel the microbes with 

hydrophilic/hydrophobic repulsion, electrostatic repulsion, or low surface free energy while 

the active polymers kill the microbes by either electrostatic or biocidal interactions (Figure 

1.10). 
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Figure 1.9 Examples of polymeric biocides (4 and 5), biocide-releasing polymer (6) and 

biocidal polymers (1 and 7). 
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Figure 1.10 Schematic representation of mechanism of antimicrobial polymer action 

(recreated from the depiction by Huang et al.).48 

1.4.4   Antimicrobial Surfaces through Antimicrobial Polymer Attachment 

The contamination of the surfaces by microbial biofilm formation is a challenging problem in 

medical devices, textiles, food packing, marine devices and membrane-based systems.52 To 

solve this problem the surface has to be made capable of repelling or killing the approaching 

microbial cells and thereby prevent the biofilm formation on it. Biofilms are a thick (up to 150 

µm) microbe accumulation52 consisting of a polysaccharide matrix on which the microbial cells 

are embedded and, these cells are about 1000 times more resistant towards biocides compared 

to ordinary cells.44 The difficulty in removing the biofilms from the surfaces point towards the 

importance of protecting the surfaces from biofilm development. Antimicrobial surfaces have 

thus, become one of the fundamental subjects of recent research in material science and in 

medicine. 

Antimicrobial surfaces can be produced by loading standard biocides (silver, quaternary 

ammonium compounds, triclosan or antibiotics) on the material matrix and then the 

antimicrobial effect of the surface is a result of elution of the biocide.44,52 Even though, these 

biocides perform efficiently, the surfaces become exhausted and the released biocides can 

cause environmental problems. An alternative method is the application of chemical, electrical, 

or optical energy externally for the catalytic biocide production by the surfaces. The 

development of contact-active antimicrobial surfaces by immobilizing antimicrobial polymers, 

is another option. Such surfaces do not leach the biocidal components, thereby do not exhaust, 

and should have less environmental impact. 
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Tethering of antimicrobial macromolecules on the surfaces to produce antimicrobial surfaces 

can be achieved by chemical grafting, plasma polymerization, layer-by-layer technique and the 

grafting-from method of attaching cationic polymer chains via atom transfer radical 

polymerization (ATRP) of acrylates.44   

The first proposed model for the action of contact-active antimicrobial surfaces attached with 

bioactive polymers is depicted in the figure followed (Figure 1.11 (a)). This accepted model 

has been put forward by Tiller et al. in 2001.44,47 The model discusses a polymeric spacer effect 

contact-killing mechanism which proposes that the attached polymer should be capable of 

penetrating into the microbial cell and in turn disturbing the phospholipid bilayer by reaching 

the cytoplasmic membrane, to kill the microbe.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.11 Polymeric spacer effect model (a) and phospholipid sponge effect model (b) of 

contact killing (recreated from the depictions by Siedenbiedel et al., Tiller et al. and Bieser et 

al.).44,47,53 
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A phospholipid sponge effect is an alternative model of contact-killing concept (Figure 1.11 

(b)).44,53 In this mechanism the adsorption of the negatively charged phospholipids by the 

antimicrobial coating leads to the removal of these molecules from the microbial cell and death 

of the microbe. 

Chitosan 1 acts as a biocidal polymer and its polycationic nature results in the contact killing 

of microbes- it is an active antimicrobial polymer. Chitosan 1 has become an important 

academic and industrial research entity due to its polymeric, antibacterial, biodegradable, non-

toxic, cost-effective, and sustainable nature. Chitosan 1 is an easy-to-handle antimicrobial with 

surface attaching properties making it an interesting entity in material science. Moreover, 

chitosan 1 satisfies most of the required characteristics for an antimicrobial compound as listed 

previously (Section 1.4.2), thereby, being recognized as a substantial environmentally friendly 

antimicrobial agent and as a material of academic as well as industrial research interest. 

 

1.5 Chitosan – Structure and Preparation 

1.5.1    Chitin 

Chitin 2 (Figure 1.8) is the second most abundant biopolymer after cellulose, and a sustainable 

starting material for the preparation of chitosan 1.39,54 Chitin 2 is the structural polymer present 

in the exoskeleton of certain insects and crustaceans, and in the cell wall of fungi and algae, 

and is obtained as a by-product from the fishery industry.52,55–57 Chitin was first discovered in 

1811 by Henri Braconnot during a study on the composition of edible mushrooms.56,58 In 1823, 

Odier found chitin as a hornlike material during the KOH-treatment of cockchafer elytra.59 

Braconnot gave the name fongine  to chitin and later it was called chitine by Odier. The name 

‘Chitin’ originated from a Greek word ‘chiton’ which means covering.39 

An enormous number of chitin sources have been recognized since its discovery.59 These 

include unicellular organisms such as, some amoebae, ciliates and silicaceous diatom frustule, 

where the physical structure is almost completely made from chitin 2.60,61 Microorganisms such 

as, fungi, molds, algae and yeast are also sources of chitin 2.37,62 Crustaceans, particularly 

decapods (such as, shrimp, crab and lobster) contain high amounts of chitin with respect to 

their total dry weight.60  Crustacean shell, a waste material from the shellfish industry, is thus, 

extensively utilised as commercial source of chitin by chemical industries.60,63 The accessible 

amount of chitin from all these sources is 1.5 × 105 tons per year.64  
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Extraction of chitin from crustacean shell waste involves three main steps: deproteinization, 

demineralization and decolouration (Figure 1.12).62,63,65,66 The first two steps, deproteinization 

and demineralization, can be achieved by using alkaline conditions (with NaOH, KOH or 

NaHCO3) and strong acid (typically conc. HCl), respectively. According to No et al67 the 

optimal conditions for the removal of protein is 3.5 % (w/v) NaOH at 65 ℃ for 2 hours and 

that for mineral removal is 1N HCl at ambient temperature for 30 minutes.68 Alternatively, 

biological methods in which, proteolytic enzymes can replace chemically harsh bases for 

deproteinization and weak organic acids (e.g. lactic acid and acetic acid) can be used for 

demineralization. The last step, decolouration is achieved through chemical oxidation. 

 

  

                                       

 

 

 

    

                                                          

                                                      

 

 

 

 

Figure 1.12 Diagrammatic representation of extraction of chitin 2 from crustacean (shrimp, 

crab and lobster) shells (created from the reports by Annu et al., Younes et al., Dutta et al. 

and Islam et al.).62,63,65,66 

1.5.2   History of Chitosan 

According to Crini et al., the history of chitin/chitosan can be divided into five eras; the period 

of discovery (1799 - 1894), the period of confusion and controversy (1894 - 1930), the period 

of exploration (1930 - 1950), the period of doubt (1950 - 1970) and the period of application 

(from 1970).59 The discovery of chitosan 1 can be attributed to Charles Rouget who, in 1859, 

reported that chitin can be converted to an organic soluble derivative through strong alkali 

treatment.59,69,70 However, the name ‘chitosan’ was introduced in 1894, 35 years after its 

discovery, by Felix Hoppe-Seyler. During the period 1930-1950 chitosan received substantial 

attention by researchers related to chitosan film and fibre production, and the first use of 
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chitosan in papermaking, textile, photography and as an adhesive.59 Developments in the 

isolation, production and fundamentals of chitosan emerged in the period from 1950 to 1970. 

The first industrial production of chitosan was reported in Japan in 1971, since then, 

applications of chitosan in various industries have been established.59 

Chitosan 1 is often considered as a “compound of the 21st century”70 for the significant 

advances in chitosan studies and applications. Chitosan has become an interesting subject of 

both chemical and industrial research. Two major historical incidents, the regulation on the 

sea-dumping of unprocessed crustacean shells in 1970s and the industrialization of the 

production of chitosan in 1971, have triggered ongoing progress in chitosan industries and 

research.59  

1.5.3   Structure of Chitosan 

Chitosan 1 is N-deacetylated chitin (Figure 1.7) and it is poly(β-(1→4)-D-glucosamine) 

containing a few N-acetyl-D-glucosamine moieties. Structurally, chitosan 1 can thus be 

described as a linear co-polymer of randomly distributed D-glucosamine and N-acetyl-D-

glucosamine monomers bonded together by glycosidic linkages, with predominant D-

glucosamine content. The structure of chitosan 1 is more precisely represented as shown by the 

figure below (Figure 1.13), indicating the partial deacetylation with some (lower than 50 mol 

%) C2-acetamido groups remaining.63      

 

 

Figure 1.13 Chemical Structure of chitosan (x << y).  

 

Chitosan 1 has a heterogeneous polymer structure made up of more than 50 % of D-

glucosamine monomer units.71 The degree of deacetylation (DDA) of chitosan should always 

be 50-100 % or in terms of degree of acetylation (DA) and chitosan can be defined as the family 
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of chitin derivatives with DA less than 50 %.72 Chitosan has reactive amino groups at C2, in 

addition to the reactive hydroxyl groups at C3 and C6 (Figure 1.13). 

 

1.5.4    Preparation of Chitosan 

Chitosan 1 presents in its original form (than its acetylated form, chitin 2) only in certain fungi, 

Mucorocea and commercially prepared by the chemical deacetylation of chitin 2.73 Preparation 

of chitosan 1 from the natural resources can be attained through four steps including the 

deacetylation of chitin 2 following the three steps in the isolation of chitin as mentioned above 

(Figure 1.12). The deacetylation of chitin 2 to obtain chitosan 1 can be done either 

enzymatically or chemically.63  

The enzymatic method utilizes chitin deacetylases (CDAs, EC 3.5.1.41) enzyme for 

biotransformation of chitin 2 into chitosan 1.63,72,74 CDAs perform the deacetylation by 

catalysing the hydrolysis of N-acetamido groups in chitin 2. CDA has been found to be present 

in bacteria, fungi and in a few insects. The enzyme has been extracted, for the first time, from 

the fungi Mucor rouxii. The fungi Absidia coerulea, Aspergillus nidulans and Colletotrichum 

lindemuthianum are the other sources of CDAs. Even though, the enzymatic deacetylation 

offers an ecological strategy, it is less efficient unless specific conditions are used. This 

biotechnological chitosan production is economically unfavourable because the process is 

multi-step and the enzyme production is expensive.74    

The chemical deacetylation of chitin 2 to produce chitosan 1 can make use of either acid or 

alkali hydrolysis.63,72 However, the alkali deacetylation is the accepted method as acid 

deacetylation causes disruption to the glycosidic linkages. The alkali deacetylation can be 

either heterogeneous or homogeneous. The heterogeneous method involves hot concentrated 

NaOH treatment (>80 ℃) of chitin 2 for a few hours to yield chitosan 1 with DDA ~85-95 % 

and an irregular distribution of acetyl and deacetyl glucosamine units. In contrast, the 

homogeneous deacetylation produces less deacetylated chitosan 1 of an average DA of 48-55% 

with uniformly distributed acetyl groups. Here, chitin 2 is dispersed in concentrated NaOH at 

25 ℃ for 3 hours to produce alkali chitin and then, dissolved in crushed ice at 0 ℃. The average 

characteristics of chitosan 1 have been found to be dependent upon the various factors such as, 

temperature, reaction time, the alkali reagent and its concentration involved in the deacetylation 

process.63,75–77 The industrial production of chitosan 1 from chitin 2 is represented by Scheme 

1.1.  
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Scheme 1.1 Scheme for industrial preparation of chitosan 1 by deacetylation of chitin 2.78 

 

1.6   Properties of Chitosan 

Chitosan 1 is a semi-synthetic polyaminosaccharide having a range of properties.79 Chitosan 1 

has been recognized as the only known natural alkaline polysaccharide whilst, the others are 

either neutral or acidic. The free amino groups present can be protonated in acidic media (pH 

< 6) and are responsible for the polycationic property of chitosan.71 The positive charge on the 

polymer chain provides chitosan 1 the ability to form complex with anionic species. 

Chitosan reactivity is contributed by the three reactive functional groups present at C2, C3 and 

C6 positions (Figure 1.7) which are amino, primary and secondary hydroxyl groups. The 

number and position of amino groups in the polymer chain affects the physical and chemical 

properties of chitosan. 

The properties of chitosan 1 are recognized as physio-chemical, environmental and 

biomedical/pharmaceutical. The physio-chemical characteristics include molecular weight, 

viscosity, degree of deacetylation, polyelectrolyte behaviour, polyoxysalt formation, ability to 

form films, metal chelations, optical and structural properties.65,80,81 Chitosan 1 has some 

notable and interesting environmental properties, such as bioavailability, biocompatibility, 

biodegradability, non-toxicity and humidity adsorption.55,56,71,72 Furthermore, the biomedical 

and pharmaceutical properties comprise wound healing, analgesic, antitumor, antimicrobial, 

antioxidant, haemostatic, mucoadhesive, surface active, hypocholesterolemic and drug 

carrying characteristics of this compound.81–86 In addition, a recent study has reported 

 



23 
 

chitosan’s anti-growth and anti-adherence properties against the cariogenic Streptococci.87 

Most of the biological properties and physiochemical characteristics have been proven to be 

closely related to each other (see Section 1.6.1). The properties of chitosan 1 can be 

summarised as follows (Table 1.3). 

Table 1.3 Properties of chitosan 1. 

Physio-chemical Environmental Biomedical/Pharmaceutical 

 

Molecular weight80 

Viscosity65 

Degree of deacetylation80 

Polyelectrolyte81 

Polyoxysalt formation65 

Film forming65 

Metal chelating65 

Optical and structural65 

Biocompatibility66 

Biodegradability82 

Renewable65 

Non-toxic81 

Humidity adsorption82 

 

Antimicrobial84 

Antitumor81 

Analgesic82 

Wound healing81 

Antioxidant83 

Haemostatic82 

Mucoadhesive81 

Drug delivery85 

Anticariogenic87 

 

1.6.1   Relationship Between Chitosan Structure and Properties 

The important properties of chitosan 1, like solubility and antibacterial nature, are directly 

linked to its structure with the amino groups present in the backbone being responsible for these 

properties. The amino group can easily be protonated thus providing the cationic nature of the 

polymer.88 Even though many hypotheses about the bactericidal activity of chitosan 1 exists, 

most studies emphasise the contribution of the poly-cationic behaviour. The electrostatic 

interactions between the positively charged polymer and the anionic components of the cell 

membrane of microbes leads to the perturbation of the membrane structure and leakage of 

intracellular constituents and in-turn destruction and inhibition of microorganisms.81,86,89 Other 

properties of chitosan 1 such as, pH dependant solubility, polycationic character and some 

biomedical activities can also be explained by the presence of amino groups on the polymer 

chain. 

The molecular weight (MW) and degree of deacetylation (DDA) of chitosan 1 together have a 

significant role in controlling chemical properties including stability, reactivity, solubility, pH, 
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viscosity and biodegradability and thus, have impact on the biomedical properties. The stability 

of chitosan 1 directly depends on the MW as, chitosan with high MW is more stable than the 

polymer with lower MWs. The protonation of the free NH2 groups at pH < 6, is responsible for 

chitosan solubility, therefore the DDA, or the number of free amino groups in chitosan 1 is the 

important factor that determines its solubility. In general, a DDA of around 85 % offers good 

aqueous solubility at pH < 6. 

1.6.2 Antibacterial Properties 

As mentioned above, chitosan 1 is a known green antimicrobial agent and exhibits broad-

spectrum activity against fungi, Gram-positive and Gram-negative bacteria.90,91 Even though, 

the mechanism of biological activity of chitosan 1 has not been well established, the 

dependence of the activity on MW, DDA, solubility, viscosity, pattern of acetylation, source 

of chitosan, positive charge content on the polymer back bone and modification of chitosan 1 

have been studied.88,91,92,93 Conditions such as, the temperature and pH, the structural 

characteristics of the microbes, cell growth phase and cell age are other factors that influence 

antimicrobial activity. 

In general, low MW chitosan 1 with high DDA is more active compared to that with high MW 

and low DDA. However, the MW effect on the antibacterial activity of chitosan 1 is a 

perplexing concept with contradictory results derived from independent studies.93 In 1989, 

Hirano et al. reported a better inhibition for low MW (1.5-4.5 kDa) chitosan samples than for 

a higher MW (6.5-12 kDa) entities.93,94 This report is not in agreement with the later studies by 

Sudarshan et al. in 1992,  by Tokura et al. in 1997 and by Jeon and Kim in 2000, reporting that 

the high MW (9.3 kDa and >10 kDa respectively) as an important factor for inhibition of 

bacteria by chitosan.93,95–97 Another study of chitosans of varying MWs of 28-1671 kDa has 

investigated that the antibacterial activity has a direct dependence on the molecular weight.98 

Antibacterial activity of chitosan 1 has, however, been stated to increase with MW for Gram-

positive (S. aureus) bacteria and to decrease with MW for Gram-negative (E. coli) bacteria.99 

The influence of pH together with the MW effect on the inhibitory action of chitosan 1 was 

first put forward by Tsai et al. in 2006.100 According to this report, low molecular weight 

chitosan 1 shows better inhibition properties than that of chitosan 1 with higher molecular 

weights at neutral pH with the reverse action at pH 6. This result has later been thoroughly 

examined by Chang and co-workers taking into consideration of the collective effects of 
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temperature, pH and MW on the microbe repulsion/killing.93 They found that as the pH changes 

from acidic to neutral, the bio-activity relationship of chitosan 1 with its molecular weight 

becomes opposite. The water solubility and zeta potential (ZP) value variations with pH 

explains this observation. The ZP represents the available positive charge on the polymer due 

to -NH3
+ ions.  The study using chitosans with six different MWs (3.3-300 kDa) against Gram-

positive (Staphylococcus aureus) and Gram-negative (Escherichia coli) bacteria at various 

pHs, has provided a comprehensive description. The solubility and ZP decreases while MW 

increases, at pH 7.0 and thus, the chitosan activity reduces or even disappears with higher 

molecular weights and low MW chitosans show greater activity. At acidic pH values, the 

solubility and ZP increases with MW and thereby, the bioactivity of chitosan 1 is in proportion 

with the molecular weight. 

The cell envelope structure of the bacteria affects the activity against it to a considerable extent 

and this is supported with the strong inhibitory action of chitosan against Gram-positive 

bacteria (with MIC around 80 µg mL-1 against S. aureus101) and a weaker action towards Gram-

negative bacteria (MIC value ≥ 1000 µg mL-1).102 These two classes of bacteria differ in their 

outer cell envelope structure. The outer cellular part of the Gram-positive bacteria is composed 

of a single cytoplasmic membrane enveloped by a cell wall made of thick peptidoglycan layer 

and teichoic acids (lipoteichoic acid anchored to the membrane and wall teichoic acid attached 

to peptidoglycan103) whereas, the Gram-negative bacteria contains a thin peptidoglycan layer-

made cell wall between two lipid membranes.91,104 The teichoic acid backbone of Gram-

positive bacteria is negatively charged due to the presence of phosphate ions.   

The exact mechanism of antibacterial activity of chitosan 1 is difficult to understand as it is 

influenced by many factors. In general, the antibacterial action involves three interaction stages 

such as, interaction with (i) outer cellular constituents, (ii) cytoplasmic membrane and (iii) 

cytoplasmic components.102 However, different mechanisms for chitosan biocidal action have 

been put forward by researchers though, not all have been experimentally evidenced. The 

inhibition/killing of microbes by chitosan is assumed to be a consequence of a series of 

molecular processes. One can recognize three modes of action for the antibacterial performance 

of chitosan comprising (i) the electrostatic interaction of chitosan 1 with cell wall, (ii) the 

penetration into the cell nucleus, and (iii) the metal chelation.90    

The most commonly accepted mode is the electrostatic interaction of the protonated amino 

groups of chitosan 1 with the negatively charged surface of the microbes (Figure 1.14 (a)).105 
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The interaction between NH3
+ ions on the polymer backbone and the cell membrane triggers a 

double interference: (i) inhibition of microbial growth by internal osmotic imbalance provoking 

through cell permeability deviations, and (ii) damaging the bacteria due to the hydrolysis of 

peptidoglycans on the cell wall and in turn, the leakage of the electrolytes present inside the 

cell.90  

An alternative mode of action is the penetration of chitosan molecule into the cell nucleus and 

binding to DNA of the microorganism which causes mRNA and protein synthesis inhibition. 

However, this mechanism demands the capability of chitosan molecule to cross the complex 

cell wall of bacteria and reach the cytoplasmic membrane (as shown in Figure 1.14 (b))106 and 

has been reported by Raafat et al., as less probable.  

The third mechanism is based on the chelation property of chitosan 1. The unprotonated amino 

groups on chitosan chain take up metal ions such as, Ca2+ and Mg2+ of essential nutrients for 

the cell growth, by chelation and thereby, hinder the flow of such nutrients and lead to the cell 

death. The chelation mode occurs only at higher pH values because at these pH conditions, the 

amino groups exist unprotonated and free electrons on the nitrogen atoms are available to 

coordinate to the metal ions to form chelates (Figure 1.14 (c)).90     
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Figure 1.14 A schematic representation of antimicrobial action of chitosan 1 through (a) 

electrostatic interaction between the positive charge on the protonated chitosan and the 

negative charge on the microbe cell wall, (b) penetration of polymer into the microbe nucleus 

and (c) chelation of metal ions on microbe cell by unprotonated amines. 
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1.7 Applications of Chitosan 

Due to the versatile structure and properties (both physiochemical and biochemical) of chitosan 

1, it has been reported to be utilised in a diverse range of areas. Most of its applications are 

based on utilising its antimicrobial activity and non-toxicity. In addition, the renewability, 

biocompatibility, biodegradability and low-allergenicity of this material are important for 

chitosan to be considered for biomedical applications.83 The ease of derivatisation of chitosan 

is another attractive factor along with, physical properties including, high surface area, 

porosity, conductivity and tensile strength, for its growing applications. It is easy to make 

different shapes and forms of chitosan and modified chitosans as, films, nano particles, gel, 

membrane, fibres, beads, powder, sponge and solution which are applicable in many fields.83,107 

The major use of chitosan lays in the medical field, ranging from drug delivery applications to 

artificial tissue.65 Apart from the medical applications, chitosan has also been reported to have 

a number of industrial uses.  

1.7.1 Pharmaceutical and Biomedical Applications 

Chitosan 1 has been used in pharmaceutics in the form of membrane, nanoparticles, 

microparticles and film, in addition to its natural powdered form. A large number of chitosan 

derivatives have also been reported to be applied in medical fields. Tissue engineering, wound 

dressing, artificial skin, artificial kidneys, burn treatment, drug delivery, ophthalmology etc. 

are some significant areas in which chitosan has provided an appreciable role.83,65  

Tissue engineering is the process of developing and manipulating laboratory-grown cells, 

tissues and organs. The polycationic nature and the degree of deacetylation of chitosan and its 

derivatives offer an acceleratory effect on the tissue engineering process.65,108 Chitosan fibres, 

films, various chitosan derivatives and chitosan-coated surgical gauze exhibit great wound 

healing  and scar-reducing activity by accelerating collagen synthesis and the propagation of 

fibroblasts.65,109,110,111 The homeostatic properties has made chitosan to be FDA-approved 

wound curing material.88 Chitosan can form membranes with high permeability and tensile 

strength, which can be used as artificial kidney membranes. The structural similarity of 

chitosan to glycosamino glycans also makes it suitable for developing artificial skin. The ability 

of chitosan to form tough, water-absorbent and biocompatible films with high oxygen 

permeability makes it a promising candidate in burn treatment.65  
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The muco-adhesive nature of chitosan and the protonation/deprotonation changes of free amine 

groups in it in response to pH changes in the medium are responsible for the drug delivery 

applications of this material.112 Chitosan has characteristics such as optical clarity, mechanical 

stability, gas permeability, optical correction, immunologically compatibility and wettability, 

which are the requirement of an ideal contact lense.113 Therefore, it has been proposed that it 

could be applied in ophthalmology in place of synthetic polymers.65 In addition, the 

antimicrobial, wound healing and film forming capabilities of chitosan enhance its use in ocular 

bandage lens development.65,114   

1.7.2 Industrial Applications 

Different applications of chitosan 1 demand its different properties. The molecular weight, 

hydrophobicity, cationic nature, antioxidant character, biodegradability, surface activity and 

non-toxicity make it useful in many industries. Cosmetics, water engineering, paper industry, 

agriculture, food processing, packaging materials and textile industry are the major fields 

taking advantage of industrial applications of chitosan and its derivatives.65  

Three main areas of cosmetics, such as hair care, skin care and oral care make use of this 

potential compound.65 The complementary nature of chitosan to hair (chitosan is a cationic 

polymer and hair is negatively charged) along with its gel forming ability, make chitosan 1 a 

promising component in hair care agents like shampoos, hair tonics, rinses and hair colorants. 

Chitosan and its derivatives are widely used in skin care for moisturising and as ingredients in 

skin caring substances because of their low cost, positive charge and high molecular weight. 

Chitosan has the capacity to prevent tooth decay and freshen the breath and therefore, is used 

as a content in toothpaste and mouthwashes. The antifungal property of this material makes it 

useful in cleaning false teeth.  

The metal chelating ability and polycationic behaviour of chitosan are widely applied in waste 

water management.115 There is evidence for the application of chitosan and/or its derivatives 

as adsorbents to remove metal ions from water and colour from dyehouse effluents.116,117 

Chitosan is incorporated in paper making due to its resemblance to cellulose and is used to 

produce biodegradable food wrappers.65 The textile industry makes use of chitosan and 

derivatives to produce antistatic and soil-repellent textiles with improved dyeability and also, 

to remove colour from textile mill effluent.113 They have further applications in medical related 

textile fibre manufacturing.118  
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1.7.3 Applications in Chemistry 

Chitosan has received great consideration as a potential material of different applications in 

chemistry. Chromatography, electrochemistry, catalysis, membrane technology, polymer 

science and green chemistry are some of the areas where chitosan has been used extensively. 

Almost all of its possible forms such as, solution, ionic liquids, films, powder, coating, fibre, 

membrane, composite, blend and sensor have found uses in chemistry.69 Thin-layer 

chromatography can make use of chitosan for nucleic acid separation.113 Chitosan has been 

utilised to produce eco-friendly solvents in green chemistry.69 In catalytic chemistry, chitosan 

has played a role as a catalyst support.119 Membranes made of chitosan and chitosan blends 

with other materials (e.g. albumin) have been employed in organic liquid mixture separation, 

hemodialysis, water purification, artificial skin along with drug targeting.69 

Environmental chemistry applications have also been reported for chitosan. The intrinsic 

properties of chitosan including biodegradability, pollutant-binding capability, adaptability 

etc., make it an interesting candidate in environmental chemistry.119 Wastewater treatment is 

the most advantageous amongst the environmental applications which can apply chitosan-

based compounds as coagulating and flocculating agents.    

Chitosan can be cross-linked with various enzymes and thereby act as support for enzymes.69 

This capacity is useful in biochemistry applications of chitosan. Chitosan and its derivatives 

have been used as biosensors and biodevices. Chitooligosaccharides formed by 

depolymerization of chitosan have received attention in tremendous biotechnological 

utilizations.  

 

Applications of chitosan that have been reviewed and studied are summarised in the Figure 

1.15. The importance and interest of chitosan research can be understood from this summary 

of its wide utilization in most areas of daily life.    
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Figure 1.15 Applications of chitosan summarized and categorized according to the difference 

in the fields of utilization.65,69,113,119 
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1.8 Derivatives of Chitosan 

The structural modification of chitosan 1 has great impact on its application because its 

properties, responsible for its versatile applications, are dependent upon its structure (see 

Section 1.6.1).  

The interest towards chitosan derivatives has increased due to the potential to enhance desirable 

characteristics. Several research groups have reported studies on promising chitosan 

modifications (see Section 1.8.2). The ease of functionalising -NH2 and -OH groups in chitosan 

1 (Figure 1.7) has paved way to the development of numerous chitosan derivatives and their 

successful applications. Modifications of chitosan 1 are capable of expanding its applications 

due to improvement of its solubility, surface area, porosity and other properties.120 Chitosan 

derivatization involves the introduction of functional groups on the reactive amino and 

hydroxyl groups. Different methods for derivative preparation are used depending upon the 

nature of the group being introduced, the properties to be modified and the further applications. 

There are three active sites vulnerable to modification on the chitosan polymer chain: 1° amino 

group at C-2 and, 1° and 2° hydroxyls at C-6 and C-3 (Figure 1.16).121  

Graft copolymerization and blending are interesting methods of chitosan modification. 

Functional derivatives with desirable properties and thereby, improved uses, can be prepared 

by using a grafting technique which involves covalent binding (grafting) of molecules onto the 

chitosan backbone. Also, blending chitosan 1 with other polymers is an effective and simple 

process to obtain modified chitosan. The derivatization of chitosan may produce N-modified 

chitosan, O-modified chitosan or N,O-modified chitosan.121 The most common derivatization 

of chitosan is the N-substitution from functionalisation of the primary -NH2 groups.122 In 

addition, O-substitutions, those with the hydroxyl group modification, can be achieved, 

however, this generally necessitates the protection of the more reactive -NH2 group to facilitate 

the comparatively less active -OH group functionalisation and deprotection at the end.122,123    
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Figure 1.16 The possible sites of modification on chitosan and the functional groups that can 

be grafted (adapted from Sahariah et al.)73 

 

1.8.1 Protecting Groups in Chitosan Chemistry 

As stated above, chitosan 1 modification can be achieved through selective or non-selective 

methods to produce C2-N-functionalized chitosan, C6-O-functionalized chitosan and C2-N, 

C6-O- functionalized chitosan.121,124,125  In spite of the less nucleophilicity of the C-6 hydroxyl 

group, it reacts with the electrophiles as does the amino group most likely due to lower steric 

hindrance. Therefore, for the selective production of N-modified or O-modified chitosan 

derivatives, the use of protecting groups (to protect -OH groups or -NH2 groups 

correspondingly) becomes significantly important in chitosan chemistry. A general scheme for 

the use of protecting groups in chitosan modification is represented in the following figure 

(Figure 1.17).    
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Figure 1.17 Schematic illustration of the use of protecting groups (PG) in chitosan selective 

modification (recreated from Rajoka et al.).121 
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Protecting groups that have been reported to be used in chitosan chemistry are benzaldehyde, 

phthaloyl, acetyl, trimethylsilyl (TMS), tert-butyldimethylsilyl (TBDMS) and triphenylmethyl 

(Scheme 1.2). Benzaldehyde, phthaloyl and acetyl are amino protecting groups that produce 

N-protected chitosans 8, 9 and 10, respectively whilst, trimethylsilyl, tert-butyldimethylsilyl 

and triphenylmethyl are hydroxy protecting groups that give O-protected chitosans 11, 12 and 

13, respectively. 

 

 

 

    

           

Scheme 1.2 Scheme for the use of protecting groups in chitosan chemistry.126 
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1.8.2 Examples of Modification of Chitosan 

Numerous studies on chitosan modification have been reported. Selected examples are given 

below. 

1.8.2.1 O-Derivatives of Chitosan (via N-Protection/Deprotection) 

O-Quaternary ammonium chitosan: A derivative of chitosan 1 (low MW 50 kDa and DDA 

90%), with excellent antibacterial activity and improved water solubility, was prepared by Li 

et al.127 Chitosan 1 was treated with benzaldehyde to form N-benzylidine chitosan (BCS) 8. In 

the next step, O-quaternary ammonium-N-benzylidine chitosan 14 was prepared by grafting 

the C6-OH of 8 with quaternary ammonium groups via reaction with 2,3-epoxypropyl trimethyl 

ammonium chloride (ETA). Finally, the amino groups in 14 were deprotected (Scheme 1.3) to 

give O-quaternary ammonium chitosan (OQCS) 15. The derivative, OQCS 15, bears 

antibacterial groups- quaternary ammonium and free amino groups. The presence of O-

quaternary ammonium groups also enhanced the solubility of 15 over chitosan 1. 

 

 

          

   

Scheme 1.3 Synthesis of O-quaternary ammonium chitosan.127 
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Hydrazide Derivative of Chitosan: Chitosan 1 (medium MW 200 kDa and DDA 88%) was 

modified by introducing a hydrazide group at the C6 position through a four-step reaction: 

protection of C2- amino group, reaction with epichlorohydrin, reaction with benzhydrazide and 

deprotection of amino group.128 In this study, a solution of 8 in aqueous NaOH was reacted 

with epichlorohydrin to permit addition of an epoxide group at C6 and the resultant derivative 

16 was then converted to hydrazide N-protected derivative 17 by the reaction with 

benzhydrazide. Finally, the O-hydrazide chitosan derivative 18 was prepared by the removal 

of benzaldehyde group from C2 (Scheme 1.4). 

 

 

 

          

    

 

Scheme 1.4 Synthesis of hydrazide derivative 18 of chitosan 1.128 
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C3,C6-O – Derivatives of Chitosan: 3,6-O-[N-(2-Aminoethyl)-acetamide-yl]-chitosan (AACS) 

19 is a novel derivative of chitosan 1 (high MW 480 kDa and DDA 93.5%) with improved 

water solubility and antibacterial activity which was prepared in a recent study.129 The 

synthesis of AACS 19 is shown in Scheme 1.5. The process included formation of BCS 8 

followed by grafting of C3 and C6-OH groups with a carboxymethyl group and then 

deprotection of amino group, forming 21 followed by reaction with ethylenediamine to give 

AACS 19.  

 

 

    

             

    

      Scheme 1.5 Synthetic steps for chitosan derivatives (AACS 19) through N-benzylidene 

protection-deprotection strategy.129 
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O-Hydroxyethyl chitosan: Liu et al. in 2011 reported the synthesis of a novel derivative of 

chitosan 1 (medium MW 220 kDa and DDA 76.65%), C3,C6-O-hydroxyethyl chitosan (HC) 

22 with enhanced solubility, anticoagulation and antibacterial properties.130 In this case the C2-

NH2 group of chitosan 1 was protected with a N-phthaloyl protecting group by reaction with 

phthalic anhydride solution in DMF at 130 oC under nitrogen atmosphere, giving N-phthaloyl 

chitosan 10. Chlorohydrin was then reacted with 23 to give 3,6-O-hydroxyethyl-N-phthaloyl 

chitosan 24. Lastly, hydrazine hydrate acted as the deprotecting agent to convert 24 to 22 

(Scheme 1.6). 

 

          

 

  

                               Scheme 1.6 Synthesis of O-hydroxy ethyl chitosan 22.130 
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Chitosan-triazolyl Conjugate: Synthesis of O-alkynyl chitosan 25 and its chemo selective 

conjugation with a PEG-like amino-azide to produce triazolyl-chitosan 26 has been reported 

by Oliveira et al.131 The process utilized the medium MW chitosan 1 (DDA 84%) and the 

phthaloyl protection/deprotection technique. N-Phthaloyl-O-alkynylated chitosan 25 was first 

prepared from 10 and then, submitted to an azide-alkyne coupling reaction (click reaction) with 

11-azido-3,6,9-trioxaundecan-1-amine to give 27, which then underwent deprotection 

producing 26 (Scheme 1.7). This study produced a straightforward route for the synthesis of a 

novel polymer 25 having an alkyne group and with improved conjugation with drugs and other 

biomolecules containing an azide group. 

 

 

        

 

 

   Scheme 1.7 Synthesis of O-alkynyl chitosan 25 and chitosan-triazolyl conjugate 26.131 
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Using a similar multi-step protection-deprotection process, synthesis of a quaternary 

ammonium derivative of medium MW (275 kDa) chitosan 1 has been reported.132  

1.8.2.2 N- Derivatives of Chitosan 

N-derivatives of Chitosan via Schiff base Reduction: Synthesis of a series of N-substituted 

derivatives of chitosan 1 (low MW and DDA 88%) has been reported by Sashiwa and 

Shigemasa.133 N-alkylation of chitosan 1 was achieved by the reaction with various aldehydes 

in aqueous MeOH (Scheme 1.8). Chitosan 1 was converted to Schiff bases (28 – 40 and 8) with 

the corresponding aldehydes and then, to the corresponding N-alkyl derivative 41 – 54 by 

reductive amination. 

 

 

 

 

 

 

Scheme 1.8 Synthesis of N-alkylatyed derivatives of chitosan through reductive amination of 

chitosan-Schiff bases.133 
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1.8.2.3 N, O- Derivatives of Chitosan 

O-Quaternary ammonium-N-acyl thiourea Derivative of Chitosan: A derivative of a low MW 

(50 kDa) chitosan 1 with DDA 90%, with excellent antibacterial activity and improved water 

solubility, was prepared by Li et al.127 The derivative- O-quaternary ammonium-N-acyl 

thiourea chitosan 55- bearing two antibacterial groups - quaternary ammonium and thiourea 

groups - exhibited attractive antibacterial properties. The presence of O-quaternary ammonium 

groups also enhanced the solubility of chitosan. The thiourea derivatives of chitosan have been 

proved to be able to inhibit microbes to a greater extent compared to natural chitosan 1.134,135 

Chitosan 1 was converted to O-quaternary ammonium chitosan (OQCS) 15 by the previously 

described methods (Scheme 1.3) which was then reacted with chloroacetyl thiourea to produce 

O-quaternary ammonium-N-acyl thiourea chitosan (OQNATUCS) 55 (Scheme 1.9).  

 

 

              

 

 

        Scheme 1.9 Synthesis of O-quaternary ammonium-N-acyl thiourea derivative of 

chitosan 55.127 
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Ammonium Salt Derivatives of Chitosan: A study on the synthesis of chitosan-based 

antibacterial compounds by the chemical grafting of quaternary ammonium salts to the chitosan 

(medium MW 250-300 kDa and DDA 97%) macromolecular chains has been reported.136 This 

study involved the synthesis of ammonium salts, 4-bromobutyl-benzalkonium bromide (BZK-

Br), 4-bromobutyl-pyridinium bromide (PYA-Br), 4-bromobutyl-triethylammonium bromide 

(TEA-Br), which were reacted with chitosan 1 to yield the corresponding quaternary 

ammonium salt derivatives 56-58 (Scheme 1.10). 

 

 

        

 

 

    Scheme 1.10 (A) Synthesis of BZK-Br, TEA-Br and PYA-Br; (B) Modification of chitosan 

with ammonium salts by Oyervides et al.136 
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1.9 Surface Modification by Chitosan Grafting 

The non-toxic, biocompatible and antimicrobial actions of chitosan 1, along with its chelating 

properties, make it a promising candidate for the development of antimicrobial surfaces in 

medical fields.137 The surface attaching capability of chitosan 1 and its derivatives has also 

been widely applied in many other areas, to modify the surfaces of various substances, 

including metals, natural fibres, synthetic fibres and non-metals. Chitosan modifications have 

received attention over conventional surface modification methods due to low-cost, 

renewability and other aspects, such as environmental friendliness.138,139,140 The form of 

chitosan (natural or derivative) used and the method of attachment are varied according to the 

property to be induced or improved and according to the field of application (see Section 1.9.2). 

 

1.9.1 Different Methods for Surface Attachments of Chitosan 

Research into surface modifications by chitosan 1 has revealed that different techniques can be 

used for different surfaces. Additionally, the property to be modified has an important role in 

determining the method of surface attachment. Countless examples of modifying different 

surfaces with various forms of chitosan and differing attaching mechanisms can be reviewed.  

While most research has involved the modification of fibres, some can be noted as examples 

of surface treatment of metals and other surfaces. Materials such as, titanium,141 steel,142 

graphite143, nanosilver144, peptoids145, heavy metals146, metal complexes147 and metal alloys148 

have been proven to undergo chitosan-surface modification. Fibres, both natural and synthetic, 

have been successfully modified using chitosan 1. Flax (linen)149,150, cotton138,151,152, silk139,153, 

wool15,140 and polyester154 are some of the fibres that have been reported for such modification.  

As the types of surface are different, the method applied for chitosan-coating is also varying. 

Some of these utilised techniques are:  diazonium chemistry (making use of the reduction of 

aryldiazonium salts for organic coatings)142, silanation in which a silane coupling agent is 

used141,140  (Section 1.9.2.6(a)), enzymatic oxidation which includes oxidation of substrate 

surface with an enzyme as the pre-step for the grafting of chitosan 1149,153 (Sections 1.9.2.1(a) 

and 1.9.2.3(a)), electrospraying - a liquid atomisation technique utilising electrical forces to 

achieve chitosan coating which was successfully applied to produce antibacterial wool fabric 

for medical purposes155, layer-by-layer method comprising of the deposition of layers of 

chitosan in multiple steps (Section 1.9.2.2(b))138,148, irradiation cross linking - a non-toxic 
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procedure to produce chitosan-antimicrobial coating on a previously UV-irradiated substrate 

using a cross linker like citric acid .14 

 

1.9.2. Examples of Surface Modification by Chitosan 

Numerous examples for surface modification using chitosan 1, which are different in respect 

to the types of surface, method applied and/or the form of chitosan used, can be put forward.  

1.9.2.1. Chitosan onto Flax (Linen) Fibre 

(a) Modification via Laccase-assisted Grafting  

Silva et al.149 reported a way to attach chitosan 1 (medium MW 190-375 kDa and DDA 75%) 

onto natural fibres like flax by using an enzymatic oxidation of phenolic groups present on the 

fibre-surface. They succeeded in producing fibres with excellent antibacterial activities. The 

lignin content of the cell wall was made use of in this approach. The suggested mechanism 

involves the reaction of phenolic subunits with laccase via a one-electron oxidation and the 

following enzymatic or non-enzymatic reactions of the resultant radical from the first step. In 

the second stage, o-quinones formed in the first step react with the amino groups of chitosan 1 

(Scheme 1.11). This work demonstrated the use of laccase to graft chitosan 1 onto natural 

fibres, for the first time to give chitosan-grafted flax fibres 59 and 60. The main objective of 

the study was to produce linen (flax) with high resistance to biodeterioration and oxidation. 

Nevertheless, the enzymatic method is less efficient compared to chemical methods. 
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Scheme 1.11 Chitosan grafting to flax fibres through oxidation of lignin content using 

laccase.149,153 

 

(b) Modification via Chitosan Impregnation 

 In 2014, work on protection of flax fibre-based yarns against natural soil degradation by 

chitosan (low, medium and high MW) was reported.150 This study focused on the improvement 

of biodegradation-resistance of flax fibres. A simple technique - immersing flax into a solution 

of chitosan 1 in 1 % acetic acid (resulted in the crosslinking between -OH of fibres and the 

protonated chitosan 1 through hydrogen bond and ionic interaction), shaking and drying the 

impregnated sample - was carried out. The following optical microscopy, cell growth, ATR-

 

59 

60 
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FTIR and sugar quantification tests gave evidence for the complete covering of fibre surface 

with chitosan 1. This physical coating of chitosan 1 prevented (better prevention by low MW 

chitosan) the natural biodegradation of the fibres by preventing access to fibres by the enzymes 

capable of degrading lignocellulosic materials and inhibiting the cellulase. Enzymatic and 

bacteriological degradation protocols using Aspergillus niger cellulase and Cellvibrio bacteria 

were performed and the complete protection of chitosan-impregnated fibres against 

biodegradation was confirmed. 

1.9.2.2. Chitosan onto Cotton 

(a) Modification via Cellulosic Oxidation 

To improve the activity of cellulosic fabrics toward the anionic reactive dyes,  Kitkulnumchai 

and co-workers developed a strategy comprising the oxidation of cellulosic residue followed 

by reductive addition of chitosan 1 of low MW (50 kDa) and 85% of DDA.151  

  

 

           

 

   Scheme 1.12 Grafting of chitosan via oxidation of cellulosic residue on the fibre surface by 

Kitkulnumchai et al.151 

 

 

1 

61 
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They studied the effect of different oxidising agents on chitosan-grafting and enhancement of 

dye uptake with cotton. The research suggested the use of potassium periodate for the oxidation 

of cellulose in cotton or any cellulosic fibres as the first step for chitosan-grafting as the 

optimal. Chitosan 1 was attached through the aldehyde groups produced by the oxidation of 

fibre-cellulose to give 61 (Scheme 1.12). 

 

(b) Modification via Layer-by-Layer Deposition of Chitosan Derivatives 

Cheng et al. reported an excellent technique to prepare antimicrobial cotton fabrics using 

Layer-by-Layer deposition of quaternised N-halamine chitosan derivative (Q-CS-HDH) 62 and 

poly-(2-acrylamide-2-methylpropane sulfonic acid sodium salt) (PAMPAS) on the cotton 

fabric surface (Figure 1.18).138 In this research, the biocidal property of N-halamines was 

combined with the antibacterial properties of chitosan 1 through a Layer-by-Layer (LbL) 

method. This method was introduced by Decher et al.156 and  is a self-assembly technique 

involving the sequential adsorption of oppositely charged polyanions and polycations157 to 

form composite thin films on the surface of substrate without much damage to the tensile 

strength. Moreover, the LbL technique is a cost-effective, simple and environmentally friendly 

coating method and uses water as solvent at ambient temperature. In this study, the cotton 

sample was immersed successively in the polycationic solution of Q-CS-HDH in acetic acid 

and the polyanionic PAMPAS-deionised water solution.138 The Layer-by-Layer method 

proceeds through ionic interactions between layers and therefore, less efficient compared to 

covalent immobilization techniques. 
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Figure 1.18 Process of formation of Q-CS-HDH/PAMPAS multilayers via LbL technology (recreated 

from the report by Cheng et al.)138 
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(c) Modification via Fibre-reactive Derivative of Chitosan 

A fibre-reactive derivative of chitosan 1 (low MW, DDA 92%), namely O-acrylamidomethyl-

N-[(2-hydroxy-3-trimethyl ammonium) propyl] chitosan chloride (NMA-HTCC) 63, was 

prepared and applied onto cotton fabric to modify antimicrobial durability.152 The technique 

used was the cold pad-batch method in which the sample cotton fabric was padded with an 

aqueous solution of NMA-HTCC 63 containing an alkaline catalyst and kept sealed to prevent 

contact with air at room temperature for 24 hours. The mechanism suggested for this method 

is covalent bond formation between the cellulosic groups on the fibre and the fibre-reactive 

acrylamidomethyl group in the chitosan derivative giving 64 (Scheme 1.13).  

 

 

 

      

 

 

Scheme 1.13 Reaction between cellulosic group of cotton fibre surface and acrylamidomethyl 

group of NMA-HTCC by Lim et al.152 
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1.9.2.3. Chitosan onto Silk Fibres 

(a) Modification of Silk via Enzymatic Oxidation 

The enzymatically-initiated chitosan 1 (low MW and 75-85% DDA) grafting to silk fibres was 

successfully outlined by  Sampaio et al., in 2014.153 This study revealed the potential of 

enzymatic oxidation to give polymer coating on silk fibres under mild conditions. An 

analogous approach to that used with flax (Scheme 1.11) was carried out except here 

mushroom tyrosinase was used to oxidise the phenolic groups of tyrosyl residue on the fibres 

into O-quinone. 

  

(b) Chitosan Grafting using Anhydrides 

A two-step grafting of chitosan 1 of high MW and 85% DDA onto silk fibres has been outlined 

by Davarpanah et al. in which, the acylation of degummed silk with an anhydride was the first 

step producing 65, followed by the grafting of chitosan 1 to give the grafted material 66 

(Scheme 1.14).139 Succinic anhydride and phthalic anhydride were tried as acylating agents 

and the study suggested the use of succinic anhydride was optimal. The outcome of this 

research was the establishment of an environmentally friendly method of potential production 

of antibacterial chitosan modified silk fibres. 

            

Scheme 1.14 Grafting of chitosan to acylated silk fibre through an anhydride linkage by 

Davarpanah et al., X=OH or NH2.
139 

65 

66 
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1.9.2.4. Chitosan onto Wool Fibres 

(a) Grafting of Chitosan Through Anhydride Bridge 

 The weak binding of chitosan 1 onto wool was overcome by using an anhydride linkage 

through acylation of wool fibres as a pre-step in a similar approach to that used for silk, 

mentioned above. This method of using anhydrides for chitosan modification of wool was first 

reported in 2009, by Ranjbar-Mohammadi et al.15 The method received attention as it proved 

to produce strong binding of chitosan 1 (having high MW and 85% DDA) to wool and protect 

the chitosan properties (solubility, adsorption capacity etc.) compared to other conventional 

cross-linking techniques, using glyoxal, glutaraldehyde or citric acid as a cross-linking 

agent.158  

 

1.9.2.5. Chitosan onto Polyester Fibres   

(a) Modification Through Gamma Irradiation 

An excellent method for improving the antibacterial ability of poly-(ethylene terephthalate) 

(PET)  fibres has been reported, in which the PET fibres were first gamma radiated and then 

grafted with acrylic acid to obtain acrylic acid-grafted PET (PET-AA), followed by chitosan-

grafting by esterification under acidic condition to give PET-CS 67 (Scheme 1.15).154,159 Here, 

chitosan 1 with a low MW, 160 kDa and 75% DDA was attached through  its hydroxyl group, 

leaving the amino group free. Due to the introduction of this active amino group to PET fabric 

surface, this method enhanced the antibacterial efficiency of the fabric.154   

 

                        

  

      Scheme 1.15 Grafting of chitosan onto the PET surface through gamma irradiation.154,159  

67 
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(b) Grafting of a Chitosan Derivative by Low-temperature Oxygen Plasma Treatment 

Instead of conventional energy-consuming and environmentally-polluting antistatic finishing 

techniques for polyester fibres, the combined effect of low-temperature oxygen plasma 

treatment and chitosan derivative-grafting was developed in 2016.160 The fibres were pre-

treated with low-temperature oxygen plasma and then with N,O-carboxymethyl chitosan 

(NOCS) 68 (Figure 1.19) synthesized from chitosan 1 of low MW and 85% DDA. The low-

temperature oxygen plasma treatment provided active sites on the fabric surface and thus 

improved the physical attachment of NOCS.  The resultant fabric exhibited antistatic and 

antibacterial properties. 

 

                                                     

 

                                              Figure 1.19 Structure of NOCS 68. 

 

 

1.9.2.6. Chitosan onto Metals 

(a) Modification of Titanium 

Renoud et al. utilised silanation for chitosan-grafting to titanium metal and succeeded to 

produce antibacterial surfaces for medical implantations.141 Chitosan 1 (low MW) was 

covalently attached to a titanium substrate, giving 69 using a silane by a two-step process, 

consisting of the attachment of triethoxysilylbuteraldehyde (TESBA) to the metal surface 

followed by the grafting of chitosan 1 through an aldehyde group tethered to the silane (Scheme 

1.16). The method provided a biocompatible material with improved bioactive properties.  
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 Scheme 1.16 Attachment of chitosan to titanium surface through silanation by Renoud et al.141 

 

(b) Modification of Stainless Steel 

A simple method of chitosan covalent-grafting to stainless steel has been developed by Le and 

co-workers.142 This study was interesting as it was the first attempt to apply diazonium 

chemistry for the attachment of chitosan 1 to a surface. The first step involved was the grafting 

of an aryldiazonium layer, with the second step being the spontaneous grafting of chitosan 1. 

The method has been shown to be an easy two-step process (Scheme 1.17 and 1.18) that 

requires mild conditions and water as solvent and improved the corrosion resistance of the 

substrate. This method of attachment will be discussed separately in section 1.9.3. 

From the above discussed surface-modification processes, it can be noted that the methods of 

chitosan-surface attachment are varying from surface to surface and are also dependent upon 

the outcome expected. Most of the work has been done on natural textile fibers149,150,151,152,153 

to improve either dye uptake or antibacterial activity. Many simple methods have been used, 

where the application of ‘Diazonium Chemistry’ can be described as the simplest but, strong 

nevertheless a robust covalent method.142 
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1.9.3 Aryl Diazonium Chemistry Technique for Surface Modification 

Diazonium chemistry is a straightforward technique evidenced to be successful in surface 

modifications of both conducting and insulating substances.161 It includes the reduction of 

aryldiazonium salts as a strategy for organic coatings and was first developed by Pinson et 

al.162 Over many conventional deposition techniques like physical vapour deposition, atomic 

layer deposition, electrochemical deposition etc.,  diazonium chemistry has numerous benefits 

such as a one-step, low-cost, quick and providing strong covalent grafting of aryl-layers with 

desired functionalities.163,164,165,166 

1.9.3.1. Application of Diazonium Chemistry for Chitosan Attachment 

Le et al. achieved the covalent grafting of chitosan 1 (medium MW 190-300 kDa and 70-80% 

DDA) onto stainless steel through aryldiazonium self-adhesive layers in 2014.142 The literature 

reported that this was the first attempt to attach chitosan onto a surface by applying diazonium 

chemistry. The method they followed, has two main steps; grafting of polyaminophenylene 

(PAP) film followed by the diazotisation and then, covalent grafting of chitosan 1.  

The first step was based on a GraftFastTM process (diazonium-induced anchoring process)167 

for the easy formation of the self-adhesive aryldiazonium layer, that required mild conditions 

of room temperature and open air. In this step, 0.25 M H2SO4 solution was added to a mixture 

containing p-phenylenediamine and NaNO2 and stirred to obtain a solution of diazonium salt 

of 4-aminoaniline (N2
+-C6H4-NH2). This diazonium salt was reduced with iron powder and 

then the sample steel was introduced into the solution and the steel surface was grafted with 

PAP film to make PAP-Steel 70 (Scheme 1.17).142  
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Scheme 1.17 Formation of PAP layer on stainless steel surface; (a) Phenyl and Azophenyl 

radical Formation, (b) Polyaminophenyl layer grafting by Le et al.142 

 

In the second step, the PAP layer of 70 was diazotised with acidic sodium nitrite solution and 

then the spontaneous grafting of chitosan was carried out by simple droplet deposition of an 

aqueous acetic acid solution of chitosan 1 powder, giving CS-Steel 71 (Scheme 1.18).142 

 

 

 

70 



57 
 

 

   

   

 

Scheme 1.18 (a) Diazotisation of the grafted polyaminophenyl layer; (b) Spontaneous 

grafting of chitosan with aryldiazonium self-adhesive surface by Le et al.142 
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1.9.3.2 Further Examples of the Application of Diazonium Chemistry in Chemical 

Grafting 

 

Zeb and team have modified the surface of titanium nitride with desired organic functionalities 

by applying diazonium chemistry.161 Again, this was on a metal substrate and they followed 

the same grafting technique as for the polyaminophenyl layer attachment on stainless steel 

(Scheme 1.17)142. This work demonstrated a simple method for strong and uniform coating on 

metal substrate as an alternative for conventional, time-consuming and expensive deposition 

techniques such as physical vapour deposition168, atomic layer deposition169 and 

electrochemical deposition163. 

 

Two studies on grafting of an aryl diazonium salt on organic waste materials by two different 

research groups have been reported by Fioresi et al.170 and Belbekhouche et al.171 Both the 

works received attention as ways for producing surface coating on non-conductive materials 

by diazonium chemistry. One of these methods involved the modification of cocoa shell to 

improve its value and applications.170 Fioresi et al developed spontaneous aryl diazonium salt 

grafting strategies and proved that the lignin content of cocoa shell is responsible for the 

immobilisation of the phenyl layer. Aryldiazonium modification was also used to enhance the 

performance of olive pit particle as immobiliser of nanocatalysts.171 This research outlined the 

application of diazonium chemistry as a promising first step for surface modification of 

bioproducts. It should be noted that these two examples did not use chitosan or its derivatives 

in their grafting. 

 

The mechanism of surface grafting of aryl diazonium layer on olive pits involves an in-situ 

generation of diazonium salts from various aromatic amines and spontaneous covalent 

attachment of an aryl diazonium layer with desired functional groups through the cellulosic 

residue on the outermost surface. The process is demonstrated below (Scheme 1.19). 171 
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Scheme 1.19 Possible mechanism of aryl grafting to olive pits by Belbekhouche et al.171 
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1.10 Research Objectives 

This research was carried out with a major aim to utilise the non-toxic and antibacterial 

properties of chitosan, a renewable biopolymer sourced from shellfish waste, by adhering it to 

the fibres- Phormium tenax (NZ flax) and hemp hurd, using surface chemistry techniques to 

develop antibacterial functionalised natural materials. This project has the following objectives:    

Objective 1: The first objective of this study is to synthesise chitosan derivatives which can be 

further attached onto the natural fibres. This involves synthesis of chemo selective O-amine 

substituted derivatives of chitosan through N-protection-deprotection strategy, characterization 

of the prepared derivatives and testing their antimicrobial activities. 

Objective 2: The second objective is to investigate the use of diazonium-based surface 

modification techniques to attach compounds onto the Phormium tenax fibres and hemp hurd. 

Objective 3: To prepare antibacterial Phormium tenax (NZ flax) fibres and hemp hurd by 

chitosan modification of the fibre surface. This objective includes the chitosan or derivative 

attachment onto the aryl diazonium modified fibre. 

Objective 4: The final objective of this study is to compare the aryl diazonium-based chitosan 

grafting onto the fibres with other surface grafting techniques- grafting with succinic anhydride, 

citric acid and epichlorohydrin. This will involve surface morphology analysis and 

investigation of the antibacterial activity of the modified materials compared to the untreated 

fibres itself. 
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2.1 Introduction 

The overall aim of this project was to synthesize antibacterially functionalized natural materials 

from the fibres PTF and HH. Commercially available chitosan 1 was a major focus of 

investigation for grafting onto the fibres to make them antibacterially active. In addition, 

attempts to prepare C6-O-amine grafted chitosans was also performed in order to enhance their 

bioactivity in fibre-grafting. This chapter discusses the synthesis of these chitosan-amine 

analogues. 

Chitosan 1 has three active sites that are available for functionalization. These are C2-NH2, C3-

OH and C6-OH (Figure 1.7). The C2 position is the most modifiable among these active sites 

owing to the high nucleophilicity of the amine group at this position. C6-OH is the second most 

active due to it having less steric hinderance than the C3-OH. This study involved the 

modification of C6-OH of chitosan to produce derivatives with free amino groups which are a 

motif with known antibacterial actions.127–130,172 

As discussed in the introductory chapter (see Section 1.8), the synthesis of selective C6-O-

functionalised chitosan requires protection of C2-NH2 group before reaction of C6-OH, 

followed by deprotection. This study investigated the use of benzaldehyde and phthalic 

anhydride as N-protecting groups to synthesize chitosan derivatives with sample codes BD and 

PD, respectively.  Chitosan derivatives targeted in this study can be represented by the general 

structure given in Figure 2.1.     

                                                                

 

Figure 2.1 General structure of C6-O-amine functionalised chitosan analogues  

synthesized in this study. 

Chitosan 1 used in this study was the commercially available, low molecular weight (LMw) 

powder chitosan with a DDA of 75-85 %. LMw chitosan with a higher DDA, has been reported 

to have better antimicrobial activity62 and therefore, was chosen for this study. 

 

BDs and PDs 
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2.2 Results and Discussion 

2.2.1 Preparation of C6-O-amine Derivatives (BDs) from C2-N-Benzylidene 

Chitosan 

The modification of chitosan 1 to BDs through C6-O-functionalisation was achieved through 

four steps (Scheme 2.1): 

(i) Protection of C2-NH2 by reaction with benzaldehyde to obtain 8 

(ii) Addition of epoxide ring at C6-OH by reaction with epichlorohydrin producing 16 

(iii) Addition of amine functionality through epoxide ring opening to produce 

benzylidene protected functionalised chitosan 

(iv) Deprotection of C2-NH2 to obtain the final derivatives 

 

This process was adapted from a previous study published by Mohamed and El-Ghany128 

(Scheme 1.4) reporting the synthesis of antibacterial hydrazide derivatives of chitosan, with a 

difference in the amines used here in this study. The process here was confirmed by comparing 

the FTIR, PXRD, XPS and morphology from SEM results of the starting material 1, the 

intermediates (8, 16 and the benzylidene protected functionalized compounds) and the final 

products. Each of these steps is discussed separately in this section. 
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Scheme 2.1 Scheme for the synthesis of BDs. 

 

The amine protection by using aryl aldehydes such as, benzaldehyde, salicylaldehyde, m-

tolualdehyde has been reported to be promising, because their chitosan-Schiff bases make 

hydroxyl groups more accessible for reactions by disrupting the interchain packing.123,173 

However, the benzaldehyde protection of chitosan amino groups was investigated in this study, 

as it has been reviewed to be frequently utilized as a promising protecting method in chitosan 

chemistry.128,129,172,174–178  
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Chitosan 1 was converted to Schiff base 8 according to a procedure inspired by two 

independent reports.128,179 Chitosan 1 was dissolved in 1 % AcOH and diluted with methanol. 

Benzaldehyde was added and the mixture was stirred at 60 ℃ for 4 hours and then at room 

temperature for 20 hours, providing the desired product 8 as a brownish yellow powder. The 

procedure had the combined benefits as being straightforward and utilized mild conditions. 

Even though the reaction was straightforward, filtration of the product was difficult due to its 

viscosity- taking almost three hours to filter 1 g of the dried product. The first attempt of this 

reaction yielded a brownish yellow hard solid which hindered the progress of further steps 

because of the difficulty of grinding it into a fine powder. According to a previous report174 of 

the synthesis of benzylidene chitosan 8 the reaction conditions of 60 ℃ for the full reaction 

time was tried, unfortunately with the same result. The use of excess of MeOH (~200 mL for 

1 g of starting material) to wash the product, but with the same temperature conditions from 

Mohamed and El-Ghany,128 provided 8 as a solid that could easily be ground into anticipated 

powder form. 

The mechanism of the Schiff base formation from chitosan 1 involves a series of reversible 

reactions (Scheme 2.2). This involves the formation of a carbinolamine180 72 as an 

intermediate, through the attack of electron lone pair on the chitosan nitrogen  onto the 

electropositive carbonyl carbon of benzaldehyde.181 Acetic acid acts as an acid catalyst which 

protonates the carbonyl oxygen and the acetate ion thus formed, deprotonates the quaternary 

amine to give 72. Acetic acid has another role in this- protonation of the hydroxyl group on 72, 

inducing the protonated hydroxyl group to eliminate as water producing imine 8. 
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Scheme 2.2 Mechanism of synthesis of N-benzylidene chitosan 8.181 

Synthesis of 8 was primarily confirmed by FTIR spectroscopy. Comparison of FTIR spectra 

of 8 with that of chitosan 1 (Figure 2.2) provided evidence of the desired modifications taking 

place. Appearance of sharp absorption peaks at 1639 cm-1 corresponding to C=N (imine) 

stretching vibrations and, at 755 and 690 cm-1 from the out-of-plane mono substituted benzene 

ring strongly supported the formation of N-benzylidene chitosan 8. The broad band around 

3600-3200 cm-1 with a doublet in the spectrum of chitosan 1, is due to the combined effect of 

the -OH stretching vibration, the extension vibration of -NH group and the intermolecular 

hydrogen bonds of the polysaccharide. The doublet at 3360 and 3292 cm-1 results from the -

NH2 stretching in chitosan 1 was not observed after the benzaldehyde-functionalization, as 

expected. The single broad peak at 3353 cm-1 in the spectrum of 8 corresponds to the hydrogen 
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bonded -OH group. The four characteristic peaks of the saccharide structure at 1150, 1060, 

1026 and 895 cm-1 (C-O-C stretching and β(1→4) glycoside bridge) in the chitosan 1 spectrum 

were also present in the spectrum of the amine-protected sample 8. Symmetric -CH and -CH2 

stretching vibrations of the pyranose ring could be detected from the peak at 2874 cm-1. The 

weak signals at 1646 and 1578 cm-1 correspond to amide bands I and II from acetamide units 

in chitosan 1 (Figure 1.13). A strong absorption at 1578 cm-1 for 8 (a sharper peak than in the 

chitosan 1 spectrum) resulting from the bending vibration of benzene was clearly observed, in 

addition to the new peaks at 1554, 1449 and 858 cm-1 in the spectrum of 8. These peaks showed 

further confirmation for the presence of a benzene ring and -C=N- group. Therefore, FTIR 

results produced strong evidence of conversion of 1 to 8 and was in agreement with the previous 

studies.128,175 

 

Figure 2.2 FTIR spectra of (a) chitosan 1 and (b) N-benzylidene chitosan 8. 
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An epoxide ring was attached to 8 through its reaction with epichlorohydrin at room 

temperature for 20 h, to obtain O-epoxy-N-benzylidene chitosan (EBCS) 16. The epoxide ring 

was installed as it was seen to be an ideal means to add amines with its high reactivity due to 

built-in ring strain.182 Prior to the reaction with epichlorohydrin, 8 was immersed in 0.001 

molL-1 of aqueous NaOH solution for 15 min, to allow deprotonation of the primary hydroxyl 

group. The mechanism (Scheme 2.3) involves nucleophilic attack on the least hindered carbon 

of the epoxide ring of epichlorohydrin by the deprotonated hydroxyl group.183,182 The epoxide 

ring opens to produce an ether bonded chlorohydrin 73 which then, undergoes an internal 

epoxidation with elimination of HCl resulting in the formation of O-methyloxirane-N-

benzylidene chitosan (EBCS) 16. The epoxide ring opening and closing takes place through 

two concerted SN2 reactions.182  

 

          

 Scheme 2.3 Mechanism of epoxide ring attachment through hydroxyl group of 8 and the 

formation of 16. 

 

FTIR spectra (Figure 2.3) of 16 showed new peaks compared to that of 8. The peak at 919 cm-

1 corresponding to the asymmetric epoxy ring deformation (reportedly 912-920 cm-1 for a 

glycidyl group)184 gave evidence of epoxide attachment. Appearance of another new peak at 

831 cm-1 due to the symmetric ring deformation showed further evidence of an epoxide in 

agreement with the literature value of the range 830-877 cm-1 reported for 1,2-epoxyalkane 

symmetric ring deformation.184 The signal at 1232 cm-1 emerged from the epoxy ring breathing 

(depicted in the Figure 2.3) vibration.  

8 73 16 
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Figure 2.3 FTIR spectrum of O-epoxy-N-benzylidene chitosan (EBCS) 16. 

 

The next step was grafting of an amine group. This was achieved through the epoxide ring 

opening of 16 with the desired amine, acting as a nucleophile, under basic conditions.  Aqueous 

NaOH (0.001 molL ˗1) solution was used as the hydroxyl catalyst, maintaining a system pH of 

~9. The procedure was adopted from Mohamed and El-Ghany128 using the same NaOH 

concentration as stated in Fringuelli et al.185 Briefly, O-epoxy-N-benzylidene chitosan 16 was 

dispersed in water containing a catalytic amount of NaOH for 15 min with stirring at room 

temperature. The amine (0.012 mol per 1g of 16) was added to the mixture and amine-grafted-

N-protected products (74 - 80) were obtained after stirring for 20 h followed by filtration and 

drying of the resulting solid. 

The pH of the reaction system and concentration of NaOH was crucial for the formation of the 

selective ring opening product- β-hydroxy compounds.185 Strongly basic conditions influence 

the product selectivity. The alkoxide ion formed during the epoxide ring opening by a 

nucleophile (Scheme 2.4) provided basicity and therefore, only a catalytic amount of NaOH 

was required.    

Epoxide ring opening reactions have received attention due to the feasibility of these reactions 

to produce a variety of pharmaceutical, chemical and bioactive compounds.186 The driving 

force of the ring opening reactions is an inherent strain of 27 kcal/mol associated with the three-

membered heterocyclic ring. Epoxide ring opening can either be SN1 or SN2 and can occur 

under acidic or basic conditions. However, an asymmetric epoxide is susceptible to ring 
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opening through SN2 mechanism under basic conditions in which, the nucleophile attacks at 

the less substituted carbon of the ring (Scheme 2.4 (a)). Acidic-environment ring opening 

generally results in a product with a substitution at the more hindered carbon of the heterocyclic 

epoxide ring (Scheme 2.4 (b)). 

As stated above, the basic conditions provided by the NaOH present allows for nucleophilic 

amine attack at the least hindered carbon. 

 

          

 

 δ+ 

 δ+ 

    

Scheme 2.4 General mechanism of epoxide ring opening reactions under basic and acidic 

conditions.186 

Reaction of N-Boc-ethylenediamine with the epoxide ring was first investigated. N-Boc-

ethylenediamine was considered because, one amino group of this amine was readily available 

for nucleophilic attack on the epoxide ring and the Boc-protected amine was predicted to easily 

be deprotected at the same step of benzaldehyde removal to ultimately provide a tethered 

primary amine-functionalised chitosan. Reaction of 16 with N-Boc-ethylenediamine under the 

pre-described conditions generated the intermediate product 74 having benzylidene and Boc-

protected amines (Scheme 2.5).  

 

 

(a) Epoxide ring opening under basic conditions 

(b) Epoxide ring opening under acidic conditions 
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Scheme 2.5 Grafting of N-Boc-ethylene diamine through epoxide ring opening of 16. 

 

The FTIR spectrum of 74 clearly evidenced the epoxide ring opening by the disappearance of 

the characteristic peaks of epoxide ring at 831, 919 and 1232 cm˗1. Strong absorption due to 

CH2 stretching vibrations appeared at 2928 and 2854 cm-1 and confirmed the attachment of 

additional ethylene groups, from the added amine. Strong peaks at 1456 cm-1 (C-H bending of 

methyl groups) and 1369 cm-1 with a weak shoulder at 1393 cm-1 (characteristic of Boc group) 

187 were also seen for 74. The FTIR spectrum obtained for 74 is given below (Figure 2.4). 

 

74 

16 
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Figure 2.4 FTIR spectrum of compound 74. 

 

The final step in this series of synthesis to obtain the final desired free amine-grafted chitosan 

analogue was removal of the amine protecting groups. In the case of the above discussed 

example of amine grafting, there were two groups to be removed- benzaldehyde and the Boc 

group, to generate free amines for these functionalities. These two groups were removed in a 

single step producing 81, by the reaction of 74 with aqueous HCl (0.25 molL-1) at room 

temperature for 24 h. Successful deprotection was achieved and was confirmed with the loss 

of imine, aromatic and Boc group IR peaks at 1639, 755 and 690 and, 1369 cm˗1, respectively, 

leaving behind the peaks corresponding to CH2 vibrations and other typical chitosan peaks 

(Figure 2.5).    
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Figure 2.5 FTIR spectrum obtained for the compound 81. 

 

The mechanism of imine hydrolysis with HCl in the presence of water is depicted in Scheme 

2.6. The first step involves the formation of an iminium ion via the protonation of the imine 

nitrogen of the benzaldehyde-protected amine-chitosan analogue (deprotection of 74 is 

described here and is applicable also to other amine-grafted N-benzylidene chitosan analogues, 

75 - 80) which then, undergoes addition of water. The following proton transfer and 

deprotonation lead to the elimination of benzaldehyde and the generation of the functionalised 

chitosan derivative 81 with free amines. 
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Scheme 2.6 Mechanism of deprotection of amine groups of 74 producing the desired amine-

grafted chitosan 81.188 

The same procedure was followed to synthesize BDs (82 – 87) with different amines being 

used including ethylenediamine, N-Boc-propanediamine, benzylamine, 2-morpholinoethane-

1-amine, 3-morpholino-propan-1-amine and methylbenzylamine (Table 2.1). 

 

74 

81 



75 
 

Table 2.1 List of amines used, and the corresponding chitosan analogues (BDs) formed. 

         

Amine used (R-NH2) R- group attached 

Benzylidene 

protected 

amine-chitosan 

analogue 

Derivative 

(BD) 

 
N-Boc-ethylenediamine 

 
 

 

 

74  

 

 

81 

 
Ethylenediamine 

 

 
 

75 82 

 
N-Boc-propanediamine 

 
 

 

 

76 

 

 

 

 

83 

 
Benzylamine  

77 84 

 
2-Morpholinoethane-1-amine  

78 85 

 
3-Morpholinopropan-1-amine  

79 86 

 
(R)-α-Methylbenzylamine 

 
 

80 87 

16 

74 – 80  

(quant.) 

BD (81 – 87) 

(quant.) 
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Benzylamine-grafted chitosan 84 showed interesting results in its FTIR spectrum with the 

peaks at 749 and 700 cm⁻1 from the mono-substituted benzene ring, even after the deprotection 

step (removal of benzaldehyde). However, this was not observed in the spectra of the final 

products 72, 74, 76, 80 and 82, that formed from the grafting of amines not containing a 

benzene ring. This was a proof of successful attachment of benzylamine and in turn, was 

evidence of amine grafting through the above discussed steps. A strong peak at the range 1515 

– 1525 cm⁻1 from secondary N-H bending and in addition, a shift of C=N peak (1639 cm⁻1 in 

benzaldehyde-protected entities) and amide peak (1647 cm⁻1 in chitosan) towards N-H 

vibration peak (around 1630 cm⁻1) were commonly detected for all the amine-grafted chitosan 

derivatives 81 - 87. These changes in FTIR spectra confirmed the amine attachment to chitosan 

as depicted in Scheme 2.1. For compounds 85 and 86 containing a morpholine group, strong 

C-H stretching vibrations at 2919 and 2851 cm⁻1 and, C-O-C characteristic peak at 1246 cm⁻1 

were observed as a proof of the presence of the morpholine moiety. 

2.2.1.1 Powder X-Ray Diffraction (PXRD) Studies   

Further confirmation of the functionalization of chitosan through this benzaldehyde protection-

deprotection strategy was achieved from powder X-ray diffraction (PXRD) studies. PXRD 

tests were performed for chitosan 1, N-benzylidene chitosan 8, O-epoxy-N-benzylidene 

chitosan 16, amine-grafted N-benzylidene chitosans 74 - 80 and their N-deprotected analogues 

81 - 87. The results were investigated and differences in crystallization behavior were observed 

as an evidence of modification. X-ray diffractograms were acquired using PANalytical 

Empyrean diffractometer with Cu Kα radiation of a wavelength of 0.15406 nm at 8.04 keV. 

The crystallinity was studied from the relative intensities recorded in the scattering range of 

10º-50º (2θ).  

Chitosan 1 exhibited two major PXRD peaks at 2θ = 10º and 20º which is in agreement with 

the previous reports.127,175 Disappearance of the peak at 2θ = 10º and, broadening and 

weakening of the peak around 2θ = 20º (slight shift towards 23º) were observed for the amine-

grafted chitosan derivatives. In the case of compounds 8 and 16, an intense peak at 2θ = 20º 

was found but, the peak at 2θ = 10º disappeared. These observations are shown in the Figure 

2.6.  
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Figure 2.6 PXRD of chitosan 1 and modified chitosans 8, 16, 81 and 83. 

 

The PXRD peaks at 2θ = 10º and 20º indicate the existence of amorphous and crystalline 

regions, respectively.172 Chitosan 1 exhibited these two peaks due to the strong intermolecular 

and intramolecular hydrogen bonds developing from the presence of a large number of -OH 

and -NH2 groups in its structure.128 These hydrogen bonds are responsible for an ordered 

structure of the polymer. The observed lower intensity of 2θ = 20º for 81 and 83 showed lower 

crystallinity of these modified analogues compared to chitosan 1. This strongly supported the 

incorporation of new functional groups in the polymeric backbone and the utilization of the 

original functional groups of the polymer. Chitosan derivatives reportedly have less polymeric 

chain organization than pure chitosan.189,190 Attachment of new functional groups through the 

-OH groups of 1 caused a significant reduction in the amount of hydrogen bonds between the 

polymer chains by forcing the chains further apart from each other, which results in destruction 

of its original crystalline structure. The observed shift of the 2θ = 20º peak towards 2θ = 23º 

for the amine-grafted chitosan analogues is in agreement with the previous literature.175  
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2.2.1.2 X-Ray Photo Electron Spectroscopy (XPS) Investigation 

An X-ray photo electron spectroscopy (XPS) investigation of chitosan 1 and the modified 

analogues (81 - 87) provided interesting results on functionalization. XPS survey (wide-scan) 

spectra obtained for chitosan 1, N-protected chitosan 8, O-epoxide-N-protected chitosan 16 and 

amine-grafted chitosans 83 and 86 are displayed in Figure 2.7. The compounds 83 and 86 from 

this series were selected for XPS study because these compounds were observed to exhibit the 

higher antibacterial activity (see Section 2.2.1.4). The relative atomic percentages of carbon, 

nitrogen and oxygen from the XPS spectra analysis are also presented along with the spectra. 

The modifications of chitosan 1 in this study, involved attachment of only carbon, nitrogen and 

oxygen elements which are already present in unmodified chitosan 1. Therefore, monitoring of 

transformations was not straightforward. XPS survey spectra for the above-mentioned 

compounds were not considerably different in their pattern exhibiting C 1s (285 eV), N 1s (399 

eV) and O 1s (532 eV) but, there was observed differences in their elemental compositions. 

The relative atomic percentages of carbon, nitrogen and oxygen observed in XPS survey 

spectra are summarized in Table 2.2 (a), with these differences in atomic percentages of the 

elements obtained from survey spectra providing evidence of the desired modifications.  

Analysis of the obtained relative atomic percentage values revealed the successful protection 

of -NH2 groups in 8 and 16 with a lower N 1s composition (4.31 and 4.45 %, respectively) 

compared to that of unmodified chitosan 1 (5.41 %) along with the respective higher carbon % 

of 70.28 and 72.47 % (instead of 67.90 % for chitosan 1) from benzaldehyde and epoxide 

moieties. Evidence for the amine attachment and the formation of 83 and 86 was obtained from 

the increased N 1s % (with the corresponding values 5.92 and 5.81 %) for these compounds. 

The least O 1s % (23.08) was observed for 16 which, supported the -OH functionalization and 

this was noticed to have increased after the epoxide ring opening generating a new -OH group. 

The elemental composition of carbon for the N-protected intermediates- 8 and 16 and, the 

newly synthesized derivatives (83 and 86) was detected to be higher than that of chitosan 1 

which, could be ascribed to the addition of carbons from phenyl methyl, methyl oxirane and 

amines, respectively. All these results gained from the XPS survey spectra studies revealed the 

successful transformations outlined in Scheme 2.1.  
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                     Figure 2.7 XPS survey spectra of chitosan 1 and analogues 8, 16, 83 and 86. 
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Analysis of high-resolution spectra, in addition to the quantification of wide-scan spectra, 

provided further evidence for chitosan derivatization. The high-resolution C 1s, N 1s and O 1s 

XPS spectra of chitosan 1 and derivatives 8, 16, 83 and 86 are given in Figure 2.8 (C 1s), 

Figure 2.9 (N 1s) and Figure 2.10 (O 1s). The relative component percentages of each of these 

elements in different environments observed in the corresponding XPS high-resolution spectra 

are also listed (Table 2.2) and Table 2.3 displays the summary of component percentages of 

carbon, nitrogen and oxygen atoms associated with different functional groups. 

 The C 1s spectrum obtained for the unmodified chitosan 1 was best fit with three components, 

in agreement with the literature.131,142,191 The dominant component was at 286.5 eV and the 

other two smaller components were present at 284.9 and 288.1 eV. The lowest binding energy 

component at 284.9 eV was ascribed to C-C and C-H type carbons whereas, the peak at 286.5 

eV was assigned to a set of hetero carbons from C-OH, C-NH2, C-O-C and C-N-C=O and 288.1 

eV to O-C-O and N-C=O carbons. Compound 8 produced a C 1s high-resolution spectrum 

which, was fitted with the same components as in the case of 1 but, with a higher intensity of 

the peak at 284.9 eV showing an increase in the component percentage from 16.29% to 24.28% 

(Table 2.3). This was due to the incorporation of C=C type carbons131 from the benzene ring 

of the newly-installed benzylidene group. A considerable diminishing of the peak at 288.1 eV 

was also observed and this could be understood as due to the disappearance of N-C=O group 

carbons. Although, the C-NH2 carbons were expected to disappear, according to the anticipated 

N-protection in 8, the corresponding decrease in the component at 286.5 eV was not observed 

as in the previously reported phthaloyl protection by Oliveira et al.131 This could be clarified 

by the emergence of C=N (imine) groups, the carbon component of which could be fitted in 

the same region as that of C-NH2 in agreement with the previous literature.192 The C 1s 

spectrum for 16 also showed the same three components as in the case of 1 and 8. However, 

for 16 the component at the binding energy of 286.5 eV was noticed to be higher than that 

found in 1 and in 8. This increment was attributed to the appearance of C-O-C from the installed 

epoxide along with, the expected O-substitution developing another C-O-C bonding (Scheme 

2.3). 

The N 1s high-resolution spectrum interpretation produced results supported chitosan 

modification according to N-protection-deprotection strategy (Scheme 2.1). The resolved N 1s 

spectra of the unmodified chitosan 1 was fit with two components at binding energies 399.7 

and 401.8 eV. These components correspond to nitrogen atoms from C-N/NH2/N-C=O and 

protonated ammonium groups (NH3
+), respectively.131,191 The largest component obtained at 
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399.7 eV with a component percentage of 4.11 % and the smaller ammonium constituent 

contributed 1.03 % of the total 5.41 % of nitrogen present in 1 (Table 2.3). The spectra of 8 

and 16 clearly produced new C=N (imine) peak of nitrogen at 398.8 eV as the major N 1s 

component (3.28 and 3.49 %, correspondingly), as predicted from a previous study by Kehrer 

et al.192 A smaller peak at 400 eV was also found for both the compounds due to C-N bonds 

being present. Analysis revealed that the amine-grafted-N-deprotected entries 83 and 86 

regained NH2 (at 399.7 eV) and NH3
+ (at 401.8 eV) components. Here, the 399.7 eV peaks 

were dominant for both the derivatives and in addition, the higher concentrations of ammonium 

nitrogen (than in chitosan 1) were detected, indicating the existence of more free amino groups. 

All these observations evidenced the chitosan functionalization through C2-NH2-protection, 

grafting of new amine and deprotection of C2-NH2. 

The oxygen spectra for all the five compounds (1, 8, 16, 83 and 86) were fit with three peaks 

at 531.3, 532.8 and 534 eV, having varying intensities. These peaks were attributed to oxygen 

atoms from N-C=O, C-OH/C-O-C and O-C-O groups, respectively. The unmodified chitosan 

1 and benzylidene-chitosan 8 gave similar peaks for the three O 1s components which indicated 

no considerable differences in oxygen atoms present, as expected. Compound 16 produced an 

XPS spectrum with significantly lower concentrations of the three types of oxygens and 

supported the -OH functionalization and inclusion of larger numbers of other atoms (C’s) to 

the structure, reducing the relative concentration of O. The highest C-OH/C-O-C component 

and the lowest N-C=O and O-C-O components were observed for 83 and 86, which was 

expected.  
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Figure 2.8 XPS high resolution C 1s spectra of chitosan 1, N-benzylidene chitosan 8, O-

epoxy-N-benzylidene chitosan 16 and the amine-grafted derivatives 83 and 86. 
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  Figure 2.9 XPS high resolution N 1s spectra of chitosan 1, N-benzylidene chitosan 8, O-

epoxy-N-benzylidene chitosan 16 and the amine-grafted derivatives 83 and 86. 
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Figure 2.10 XPS high resolution O 1s spectra of chitosan 1, N-benzylidene chitosan 8, O-

epoxy-N-benzylidene chitosan 16 and the amine-grafted derivatives 83 and 86. 
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Table 2.2 

(a) Elemental composition (% C, N, O) as determined from the XPS survey spectra 

Compound 
                                   Atomic % 

C (1s) 285eV              N (1s) 399 eV                    O (1s) 532 eV 

 1     67.90 5.41 26.69 

 8     70.28 4.31 25.42 

 16     72.47 4.45 23.08 

 83     68.71 5.92 25.37 

 86     68.80 5.81 25.39 

 

(b) C (1s) component distribution as obtained from the high-resolution spectra 

Compound 

                                      Atomic % C (1s) 

C-C/C-H/C=C 

284.9 eV 

C-NH2/C-OH/C-O-C/C=N 

286.5 eV 

O-C-O/N-C=O 

288.1 eV 

1 23.99 53.77 22.24 

8 34.55 52.59 12.86 

16 27.45 55.60 16.95 

83 21.38 59.64 18.99 

86 22.83 61.38 15.79 

 

 

(c) N (1s) component distribution as obtained from the high-resolution spectra 

Compound                                    Atomic % N (1s) 

C=N 

398.8 eV 

C-N/NH2/N-C=O 

399.7 eV/400 eV 

NH3
+ 

401.8 eV 

1 - 75.93 24.07 

8 76.21 23.79 - 

16 78.65 21.35 - 

83 - 62.83 37.17 

86 - 66.54 33.46  

 

(d) O (1s) component distribution as obtained from the high-resolution spectra 

Compound 

Atomic % O (1s) 

N-C=O 

531.3 eV 

C-OH/C-O-C 

532.8 eV 

O-C-O 

 534 eV 

1 6.32 72.17 21.51 

8 6.38 72.46 21.16 

16 5.61 73.80 20.59 

83 4.22 88.16 7.62 

86 3.67 91.21 5.13 
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Table 2.3 Summary of component percentages of C, N, O in different functional groups 

calculated from XPS results for compounds 1, 8, 16, 83 and 86.  

 Component percentage (relative at %)  

1 8 16 83 86 

 

C 1s 

 

C-C/C-H/C=C 

 

16.29 

 

24.28 

 

19.90 

 

14.69 

 

15.71 

 C-NH2/C-OH/C-O-

C/C=N 

36.51 36.96 40.29 40.97 42.23 

 O-C-O/N-C=O 15.10 9.04 12.28 13.05 10.86 

C 1s 

total 

  

67.90 

 

70.28 

 

72.47 

 

68.71 

 

68.80 

       

N 1s C-N/NH2/N-C=O 4.11 1.03 0.95 3.72 3.87 

 C=N - 3.28 3.49 - - 

 NH3
+ 1.30 - - 2.20 1.94 

       

N 1s 

total 

  

5.41 

 

4.31 

 

4.45 

 

5.92 

 

5.81 

       

O 1s N-C=O 1.69 1.62 1.29  1.07 0.93 

 C-OH/C-O-C 19.26 18.42 17.03 22.37 23.16 

 O-C-O 5.74 5.38 4.75 1.93 1.30  

O 1s 

total 

  

26.69 

 

25.42 

 

23.08 

 

25.37 

 

25.39 
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2.2.1.3 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) was performed to analyze the surface morphology of 

unmodified chitosan 1 and the selected amine-grafted final products (83 and 86; the most 

antibacterially active compounds from BD series). SEM is the most commonly used technique 

to analyze surface morphology, particle size and microstructure of materials including crystals 

and amorphous polymers.193 In this microscopic method, images are generated after scanning 

the material surface with an intense and focused beam of electrons.194,195 These electron beams 

produce signals containing surface topography information. 

In this study, the powder chitosan samples (1, 83 and 86) were subjected to SEM examination 

(using Hitachi SU-70 FESEM instrument) to observe the morphological changes as a 

supporting evidence for the modification. The scanning was performed under an acceleration 

voltage of 5.0 kV and at a working distance of 16.0 mm at two different magnifications with 

the size of the scale 50 µm and 100 µm. The SEM images obtained are displayed below (Figure 

2.11). 

SEM images showed some changes in the particle sizes and morphology for the modified 

chitosan analogues compared to original chitosan 1. The particle size change could more 

clearly be detected at 100 µm scale. Particle sizes of the modified chitosans were observed 

larger than that of chitosan 1, with the largest surface area for 83. Chitosan (1) surface was 

comparatively more irregular and appeared to be porous while both the derivatives 83 and 86, 

were observed to possess a smooth and homogeneous surface with some cracks and with a 

small rough area for 83. The modified surfaces appeared to have a coating and some layers 

could be detected on them. These observations strongly supported the functionalization of 

chitosan 1 that resulted in different particle sizes and surface morphologies of the new 

materials. 
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Figure 2.11 Scanning electron microscopy (SEM) images at two different magnifications for 

chitosan 1 and derivatives 83 and 86. Scale bars 100 µm and 50 µm. 

 

2.2.1.4 Antibacterial Activity Testing 

Antibacterial activity of the synthesized BD-compounds (81 - 87) were then investigated 

alongside of chitosan 1 and the intermediates 8 and 16. Low molecular weight chitosan which 

was used in the derivative synthesis, reportedly exhibits higher antibacterial activity at neutral 

pH (pH = 7)93,100 (for more details see Section 1.6.2), therefore the bio testing was performed 

under neutral pH conditions. To achieve this, the compounds were used in their powder form 

without dissolving in any solvents (chitosan 1 is soluble at pH < 6) and it was made sure that 

the medium used was neutral. In this study, Mueller Hinton broth (MHB) in Type I water was 

used as the medium (conc. 20 %) which, when tested at 25 ℃, was confirmed to be neutral.  

The bacterial strain used in the antibacterial activity study was Staphylococcus aureus 16207, 

a representative Gram-positive bacterium since it was reported that chitosan 1 generally 
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possesses a strong inhibitory action against Gram-positive bacteria (with MIC around 80 µg 

mL-1 against S. aureus101) and a weaker action towards Gram-negative bacteria (with MIC 200 

µg mL-1 against E. coli196). The cell envelope structure differences are responsible for this 

discrepancy in activity of chitosan against the Gram-positive and Gram-negative bacteria, as 

described previously (Section 1.6.2). Additionally, the reason for considering S. aureus for this 

investigation was that it is commonly associated with food products due to human handling, 

which causes ailments from minor skin infections to life-threatening diseases.197 

Bioactivity tests of the powder samples were achieved using the dynamic shake flask method198 

followed by absorbance measurements instead of the classical zone inhibition and serial 

dilution techniques. This method allowed the evaluation of bioactivity under dynamic contact 

conditions using the samples as their suspensions in the growth medium and irrespective of 

their solubility and mobility. Generally, studies on chitosan’s antibacterial activity have been 

performed using chitosan solution in acetic acid.  The adopted shaking flask method permitted 

testing without using acetic acid, which itself has a broad-spectrum activity at low 

concentrations199 (MIC has been given as 0.16-0.31 %). 

The working bacterial solution used in the entire antibacterial testing study had a bacterial 

concentration of 5×105 CFU mL-1, which was prepared from a stock solution of McFarland 

standard, according to previous reports.200,201  The experiments were performed at least thrice 

and in triplicate to ensure reproducibility. The antibacterial tests were started with an initial 

screen using just one concentration where 10 mg mL-1 of the powder samples were suspended 

in the medium. The absorbance or optical density at 600 nm (OD600) of the working bacterial 

solution was recorded after 20 h of treatment with the respective compounds at 37 ℃, from 

which, the activity was calculated as bacterial reduction percentage using the formula:  

                 

                            Reduction % =  

     

ODB = absorbance (OD) of S. aureus bacterial inoculum, ODM = absorbance of medium (MHB) 

and ODS = absorbance of the inoculum after treatment with the sample of interest.87  

The results obtained from the initial screen, visual inspection and average reduction % 

calculated are displayed in Figures 2.12, 2.13 and Table 2.4, respectively. Samples exhibiting 

higher bacterial reduction (at least 95 %) were further considered for minimal inhibitory 

(ODB – ODM) - (ODS – ODM) 

             (ODB – ODM) 
× 100 
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concentration (MIC) determination. The seven derivatives 81 - 87 along with chitosan 1 were 

found to exhibit excellent initial test results with an almost complete growth reduction, all 

within a range of 98 – 100 % (Figure 2.13) and hence, considered for MIC testing. However, 

the activities of N-protected intermediates 8 and 16 were observed to be lower and these were 

not further tested. The observed lower bioactivity of these compounds (8 and 16) showed that 

amine protection on chitosan greatly impacted its ability to inhibit/kill bacteria. 

 

Figure 2.12 Bacterial growth (initial assay) after 20 h incubation at 37 °C of inoculum treated 

with compounds 1, 8, 16, 81 - 87compared to control medium and control S. aureus. The clear 

wells indicate no or minimal bacterial growth. 

 

Table 2.4 Initial screen for antibacterial activity against S. aureus of chitosan 1 and BDs 81-

87 in terms of bacterial reduction % calculated from OD600nm values. 

Sample 
Absorbance (OD600)  

(Mean ± SD)* 

Average Reduction % 

± SD 

Sterility control (MHB) 0.040 ± 0.0005 - 

Growth control (S. aureus) 0.903 ± 0.0010 - 

1 0.056 ± 0.0020 98.2 ± 0.5 

8 0.818 ± 0.0050 9.4 ± 1.4 

16 0.801 ± 0.0030 11.3 ± 1.2 

81 0.044 ± 0.0020 99.5 ± 0.4 

82 0.040 ± 0.0008 100.0 ± 0.0 

83 0.047 ± 0.0008 99.2 ± 0.2 

84 0.042 ± 0.0009 99.7 ± 0.1 

85 0.040 ± 0.0010 100.0 ± 0.0 

86 0.040 ± 0.0006 100.0 ± 0.0 

87 0.040 ± 0.0004 100.0 ± 0.0 

*Mean of nine readings (from three independent experiments performed in triplicates); 

SD=Standard deviation. 

 



91 
 

 

 

 

 

Figure 2.13 Comparison of OD600nm values (a) and average bacterial reduction percentages 

(b) obtained from initial screen of chitosan 1 and BDs 81-87. (The experiment was done 

thrice and in triplicates and the average of the results are compared. Error bars show the 

standard deviation for the measurement). 

 

Minimal inhibitory concentration (MIC) was determined as the lowest concentration of the 

derivatives that inhibited the visible growth of bacteria or those with the same OD value as that 

of the control MHB. MICs were determined from the OD measurements of the bacterial 

cultures after treatment with different concentrations (10-0.010 mg mL˗1) of the respective 

powder suspensions under the same conditions as the initial assay. Figure 2.14 displays a 

representative 96-well microtiter plate prepared for the OD reading in the MIC testing. The 

MIC values obtained are given below (Table 2.5). The MIC of streptomycin was also assessed 

under the same conditions as a positive control. 
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Figure 2.14 Microtiter plate prepared for MIC determination of compounds 1, 82 and 81. 

 

 

                                         Table 2.5 MIC of BDs against S. aureus. 

Compound MIC (mg mL ˗1) 
(range) 

1 0.080 - 0.160 

81 0.625 - 1.25 

82 2.5 - 5 

83 0.040 - 0.080 

84 0.160 - 0.312 

85 1.25 - 2.5 

86 0.080 - 0.160 

87 1.25 - 2.5 

Streptomycina 0.33 - 0.66 µg mL ˗1 

                                         aStandard antibiotic (positive control) 

 

 

 

The results from the antibacterial activity testing revealed that the amine-grafted derivatives 

synthesized from N-benzylidene protected chitosan possess different degrees of activity against 

S. aureus bacteria, with the MICs ranging from 5 mg mL ˗1 to 0.080 mg mL˗1. The observed 

bioactivity exhibited by these compounds can be arranged from the most active compound to 

the least active one as: 83 > 1 = 86 > 84 > 81 > 85 = 87 > 82. Compound 83 was detected to be 

the most active compound among this series with an inhibitory action two times higher than 

Conc.  

mg mL
 ˗1

 

                                   Sample 

              1                          82                       81 

10 

 

5 

2.5 

1.25 

0.625 

0.312 

Control 

Bac. 

Control 

MHB 
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that of chitosan 1 (with the corresponding MICs of 0.080 and 0.160 mg mL˗1). The second most 

active entry 86 showed the same activity (in terms of MIC) compared to the unmodified 

chitosan 1. All other compounds also inhibited/killed bacteria but, at higher concentrations. 

Variation in the observed bioactivity of compounds 81 – 87 can be attributed to the differences 

in the side chains (-R, Figure 2.15) that were attached from different amines. Compound, 83, 

with the attached (3-aminopropyl)amino group on the polymer backbone, showed the 

anticipated greater activity than chitosan 1. This side chain with a free -NH2 resulted from the 

epoxide ring opening reaction of 16 with N-Boc-propanediamine and the following Boc-group 

removal. Similar result was expected for compound 81 which was also synthesized by attaching 

another Boc-protected amine (N-Boc-ehtylenediamine) followed by Boc-removal. The activity 

of this compound was, however, four times lower than 83. These two compounds differ in the 

length of the aliphatic chain from the added amines, with a two-carbon chain for 81 and a three-

carbon chain for 83. A similar effect was observed when the bioactivities of the second most 

active compound 86 and compound 85, those were prepared by the addition of morpholino 

amines, were compared. The inhibition by 86, which is 3-morpholinopropan-1-amine-

derivative, was four times greater than that exhibited by 2-morpholinoethane-1-amine-

derivative 85. Benzylamine-substituted compound 84 also inhibited S. aureus but, at double 

the MIC compared to chitosan 1. Even though, compound 82, synthesized by attaching 

ethylenediamine (an amine having two free -NH2 groups), was expected to show considerable 

activity, it was the least active among BDs 81 – 87. 

As noted previously, the initial assay (Table 2.4) revealed that the N-protected analogues 8 and 

16 inhibited bacteria only around 10 % even at the higher concentration of 10 mg mL˗1 whilst, 

the others including chitosan 1, were effective in bacterial reduction with a reduction % almost 

around 100. After MIC determination, the N-protected precursors (76 and 79) of the most active 

N-deprotected 83 and 86 were also subjected to susceptibility testing against S. aureus at a 

concentration of 10 mg mL˗1. The observed bacterial reduction percentages were low and close 

to that of 8 and 16 (see Table 2.6). These observations were in agreement with the broadly 

accepted role of free C2-NH2 group in chitosan antibacterial activity mechanism and reinforced 

the evidence for the amine protection-deprotection strategy of chitosan modification (Scheme 

2.1). 
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Figure 2.15 Figure comparing the side chain added in 81 – 87 and MIC values (mg mL˗1). 

Structure of chitosan 1 is also given. 

 

  Table 2.6 Results from the susceptibility testing of compounds 76 and 79. 

*Mean of nine readings (from three independent experiments performed in triplicate). SD = 

Standard deviation 

 

 

 

Sample 
Absorbance (OD600)  

(Mean ± SD)* 

Average Reduction % 

± SD 

Sterility control (MHB) 0.040 ± 0.0020 - 

Growth control (S. aureus) 0.874 ± 0.0080 0 

76 0.705 ± 0.0060 20.2 ± 0.03 

79 0.726 ± 0.0090 17.8 ± 0.10 

1 81 - 87 

from N-Boc-

ethylenediamine   
from ethylenediamine   

81 
82 83 

from N-Boc-propanediamine   

84 87 86 85 

 

(1.25-2.5) 

(0.08-0.16) 

(0.08-0.16) (1.25-2.5) 

(0.625-1.25) 
(2.5-5.0) (0.040-0.080) 

(0.160-0.312) 
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2.2.1.5 SEM Analysis of Bacterial Cell Morphology 

Scanning electron microscopy (SEM) experiments were performed to investigate the 

antibacterial mode of action exhibited by the BD-compounds. The most active compounds 83 

and 86 were selected for this purpose and compared with chitosan 1. The experiment involved 

SEM morphological examination of control S. aureus (of concentration 5×105 CFU mL-1) and 

the bacteria exposed to the selected compounds 1, 83 and 86 at double the MIC concentrations 

for 3 hours. The images at three different magnifications (at the size of the scale: 2.0, 5.0 and 

10.0 µm) were captured, which are displayed in Figure 2.16. The images clearly showed a 

normal spherical morphology and microstructure and a well-preserved cell membrane of S. 

aureus bacteria, and bacterial cells dividing (duplicating) could also be observed. However, 

after exposure to the compounds the bacterial morphology appeared to be distorted. The cell 

membranes were deformed and started bursting even after only 3 hours of contact. 

The mechanism of action revealed here agrees with the most accepted mode of chitosan 

bioactivity which is by means of its electrostatic interaction with the negatively charged cell 

wall of the microbes (see Section 1.6.2).90,105 The expected damage to the cell membrane and 

leakage of intracellular contents are evident in the images. Compound 83 reduced the number 

of bacteria to the lowest and it was very difficult to find a normal-appearing cell due to severe 

damage to the envelope structure of the bacteria. Even though, 86 showed a higher reduction 

in bacteria than 1 in this shorter period (3 hours) as observed from SEM images, the MIC range 

of both appeared to be in the same region (Table 2.5). These observations gave confirmation 

that 83 is the most active against S. aureus and 86 gives a considerable bacterial reduction more 

rapidly than unmodified chitosan 1.   
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Figure 2.16 Scanning electron microscopy (SEM) images of control S. aureus and after 

treatment with compounds 1, 83 and 86 for 3 h. 
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2.2.2 Synthesis of a Fluorescent Derivative of Chitosan 

After completing the initial antibacterial testing and obtaining improved results it was decided 

to obtain further evidence to show the synthetic scheme to obtain 81 - 87 was indeed proceeding 

as expected. This was due to the fact the primary characterisation relied only on IR 

spectroscopy, due to the fact the materials are not soluble enough to study using NMR. It was 

considered that if a fluorescent amine was attached in a similar way the attachment of the amine 

groups could be visualized and this could give more evidence that the procedures to prepare 81 

- 87 were not just modifying the structure of chitosan 1, perhaps by just breaking it down into 

lower molecular weight, and more bioactive fragments.   

A fluorescent derivative of chitosan 1, dansylethylenediamine-chitosan 88, was therefore 

prepared through the benzaldehyde protection-deprotection approach, to get further 

confirmation of the synthetic methodology (step (iii) Scheme 2.1) adopted for the attachment 

of amine. This was achieved by attaching a fluorescent amine, N-(2-aminoethyl)-5-

(dimethylamino)naphthalene-1-sulfonamide (89), via an epoxide ring opening of 16 to obtain 

N-benzylidene-fluorescent amine-chitosan precursor, 6-O-dansylethylenediamine-2-N-

benzylidenechitosan (90), followed by its N-deprotection. 

2.2.2.1 Synthesis of N-(2-Aminoethyl)-5-(dimethylamino)naphthalene-1-sulfonamide 89 

Fluorescent amine 89 was synthesized by condensing commercially available 5-

(dimethylamino)naphthalene-1-sulfonyl chloride (also known as dansylchloride) and N-Boc-

ethylene diamine, producing t-butyl-2-[5-(dimethylamino)naphthalene-1-

sulfonamido]ethylcarbamate 91, followed by removal of the Boc group. This procedure was 

adapted from a previous report by Hatai et al.,202 who reported dansylchloride readily 

undergoes condensation with primary aliphatic or aromatic amines to produce stable 

fluorescent sulfonamide-adducts.203  Even though, the direct use of ethylenediamine in 

condensation with dansylchloride to synthesize 89 in one step has been reported,203 the N-Boc-

ethylenediamine (first producing 91) was utilized in this study to ensure the protected amino 

group was intact until further required in the reaction with 16.  

The procedure involved addition of dansyl chloride in dry DCM to a solution of the amine in 

dry DCM at 0 ℃ under a nitrogen atmosphere followed by stirring at room temperature for 24 

hours, then an aqueous work up. Finally, column chromatography purification yielded 91 (76 

%). The deprotection of Boc group was achieved through the reaction with TFA in DCM 

followed by basification with NaHCO3 to produce the desired fluorescent amine 89 (Scheme 
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2.7). Overall, this two-step sequence provided 89 in 92 % yield, higher than the reported yield 

of 60 % for the one-step transformation.203 

 

 

                  

 

                                   Scheme 2.7 Synthesis of fluorescent amine 89. 

 

NMR spectroscopy data confirmed the formation of 91 and 89 and was in agreement with the 

literature data.202–206 The obtained 1H NMR spectra are shown in Figure 2.17. The 1H NMR of 

91 showed the successful condensation between dansyl chloride with N-Boc-ethylenediamine 

by the appearance of six environments of aromatic hydrogens (at 8.54, 8.27, 8.23 7.58-7.54 

7.53-7.49 and 7.19 ppm) from the dansyl moiety, in addition to a broad singlet at 4.78 ppm and 

a multiplet ~ 3.03-2.98 ppm, corresponding to the -NH and -CH2 hydrogens, respectively, from 

-CH2NHSO2 group. A singlet at 2.89 ppm due to six hydrogens from the -N(CH3)2 of the dansyl 

group was also seen. Moreover, peaks for nine hydrogens from the Boc group -CH3 (1.39 ppm) 

and, for -NH and -CH2 hydrogens of -CH2NHBoc group (5.35 and 3.18-3.14 ppm) were also 

observed. 13C NMR analysis gave additional evidence for the compound 91 with sixteen 

distinguishable carbon peaks (see more below).  

 

91 

89 
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Comparison of NMR spectra of 89 with that of 91 provided confirmation of Boc deprotection. 

The disappearance of the signals attributable to the Boc-group was observed for 89 from the 

analysis of its 1H NMR spectrum, as expected. Furthermore, new 1H NMR signals at 2.72 ppm 

and in the region 2.96-2.90 ppm, those belong respectively to -CH2NH2 and -CH2NHSO2, were 

detected as a strong proof of the desired conversion of 91 into 89.  

   

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 2.17 400 MHz 1H NMR spectra of compounds 91 (a) and 89 (b) in CDCl3. 

Carbon environments present in both the compounds 89 and 91 were analysed with the help of 

13C NMR and the desired evidence of formation of these two compounds were observed. The 

carbon spectrum of 91 (Figure 2.18 (a)) displayed sixteen different carbon atoms 

environments, as expected from its structure. The conversion of 91 to 89 with the loss of Boc 

group was confirmed from the disappearance of signals at 156.4 ppm (C=O), 79.8 ppm (D; 

C(Me)3) and 28.3 ppm (t-butyl (CH3)3) from its 13C NMR spectrum (Figure 2.18(b)).  
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Mass spectrometry provided further confirmation of the synthesis of 91 and its conversion into 

89. Observation of the molecular ions [M+H]+ and [M+Na]+ for compound 91, having 

measured molecular weights 394.1800 and 416.1631, respectively, were consistent with the 

corresponding molecular formulae C19H28N3O4S and C19H27N3O4SNa. The mass spectrum of 

89 detected the mass of the molecular ion [M+H]+ as 294.1272 which was in agreement with 

the calculated value of 294.1276 for the molecular formula C14H20N3O2S. Melting point of the 

amine 89 (m.p.  153-155 ℃) was found to be similar to literature values.203,205 Images of 89 

under visible and UV light were captured to see its fluorescence. A comparison of the two 

photographs is given below (Figure 2.19).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.18 100 MHz 13C NMR spectra of compounds 91 and 89 in CDCl3. 
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Figure 2.19 Images captured for compound 89 under visible light (a) and UV light (b). 

 

2.2.2.2 Synthesis of 6-O-(N-(2-Aminoethyl)-5-(dimethylamino)naphthalene-1-

sulfonamide)-chitosan or Dansylethylenediamine-chitosan 88 

The reaction between the epoxide analogue of chitosan, 16, and fluorescent amine 89 was then 

performed according to the synthetic route (step (iii) of Scheme 2.1) described in Section 2.2.1 

for addition of other amines. Briefly, 16 was dispersed in water containing a catalytic amount 

of NaOH (0.001 mol L-1) for 15 min, stirring at room temperature. Fluorescent amine 89 (0.012 

mol per 1g of 16) was added to the mixture and 6-O-dansylethylenediamine-2-N-

benzylidenechitosan 90 was obtained as a fluorescent yellow solid (quant.) after stirring for 20 

h followed by filtration and drying of the precipitate. During filtration, special care was taken 

to remove the unattached fluorescent compound by thorough washing with MeOH and acetone 

in sequence, with the frequent checking of the washings for fluorescence, under UV light. 

Washing was continued until the washings were no longer fluorescent. Dried compound 90 

was then subjected to the reaction with aqueous HCl to remove benzaldehyde to generate a 

fluorescent yellow powder of 88 (quant.).  

The whole reaction is schematically summarized in Scheme 2.8. The mechanisms for amine 

attachment and benzaldehyde removal involved in this reaction were same as described in 

Scheme 2.5 and Scheme 2.6, respectively.   

 

 

 

 

(a) (b) 
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Scheme 2.8 Scheme for synthesis of fluorescent chitosan-derivative 88 from 16. 

 

FTIR of both fluorescent compounds 90 and 88 (Figure 2.20 (b) and (c)) were analyzed and 

the successful attachment of the amine and the deprotection of the benzylidene were observed. 

The FTIR spectrum of 90, as expected, displayed the characteristic peaks of benzylidene 

chitosan 8 and that of dansylethylenediamine 89 whilst that for 88 showed the disappearance 

of benzylidene group but, with the presence of the characteristic chitosan signals along with 

the peaks from 89. The spectrum obtained for 89) is also shown (Figure 2.20 (a)) for 

comparison. The signals observed in the spectra of both 90 and 88, which could be ascribed to 

the amine 89, were at: 3396 and 3295 cm⁻1 due to the amino (-NH) stretching; 3000-2870 cm⁻1 

(-CH, -CH2); 2797 cm⁻1 due to the absorption by -N-CH3 of dansyl moiety; 1574/1572 cm⁻1, 

1528/1526 cm⁻1, 1454 cm⁻1, 944 cm⁻1 and 784 cm⁻1 (general naphthalene ring vibrational 

frequencies); a sharp absorption by SO2 group at 1145 cm⁻1.207 Additionally, the absorption by 

the benzylidene group (at 1638 cm⁻1 (C=N), 859; 753; 688 cm⁻1 (out-of-plane mono substituted 

benzene) Figure 2.2) was obvious in the spectrum of 90. The disappearance of these 

benzylidene peaks in 88 was seen in its spectrum. Also, a broad band around 3600-3200 cm⁻1 

appeared for the chitosan compounds 90 and 88 which was not found in 89’s spectrum. This 

emerged from the -OH of chitosan.  

89 16

 
 89 

88 90 
(quant.) (quant.) 
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Figure 2.20 FTIR spectra of compounds 89 (a), 90 (b) and 88 (c). 
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These two compounds (90 and 88) along with 16 were placed under UV light to see whether 

they exhibit fluorescence. Photographs of these three were captured under visible light and UV 

light, and compared to see the difference. The obtained images are given below (Figure 2.21). 

As anticipated, compounds 90 and 88, were observed to be fluorescent whilst, 16 did not 

fluoresce. Therefore, the fluorescence of compounds 90 and 88 was, indeed, developed from 

the attached amine 89. These observations supported the successful addition of the amine and 

the observed fluorescence of 88 was an indication of the retention of the attached amine after 

the benzylidene deprotection. This study therefore suggested that the epoxide-opening, amine 

addition procedures used to prepare 81 – 88 were proceeding as anticipated and the bioactivity 

observed was indeed due to the addition of new amine functional groups.   

 

 

 

 

 

 

Figure 2.21 Comparison of photographs captured for compounds 16, 90 and 88 under visible 

light (a) and UV light (b). 
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2.2.3 Preparation of C6-O-Derivatives (PDs) from C2-N-Phthaloyl Chitosan  

Investigation into amine protecting groups used in chitosan chemistry led to investigating the 

use of phthalic anhydride in this study. A review of literature revealed numerous reports on the 

effective employment of N-phthaloyl protection in chitosan derivatization as illustrated in 

Section 1.8.2.1.130,131,208–210 N-Phthaloylation of chitosan 1 has received considerable research 

interest due to its ability to affect chitosan solubility making it soluble in aprotic polar organic 

solvents.123 The advantage of increased solubility of the phthaloyl-protected precursor is that it 

can then be utilized in the O-substitution reactions, with such reactions often needing to be 

carried out in organic solvents. Moreover, N-phthalimide chitosan 10 was an excellent 

candidate due to its reported ability to be analyzed through NMR spectroscopy because of its 

improved solubility in organic solvents. This property made phthalimide protection appear 

more advantageous over benzaldehyde protection.  

It should be stated, however, that reports of weakening of mechanical properties of chitosan 1 

due to severe depolymerization of the polymer chain as a consequence of phthalimide 

deprotection with hydrazine monohydrate has been reviewed.123,211,212 Nevertheless, this 

phthalimide protection/deprotection strategy of O-functionalization of chitosan 1 was 

examined in this study to see if this could be mitigated.    

Synthesis of PDs was achieved using a procedure concurrent to that employed in the synthesis 

of BDs as described in Section 2.2.1 but, with a difference in the N-protecting group. 

Attachment of amines was achieved through the same epoxide ring opening approach reported 

by Mohamed and El-Ghany.128 The N-protecting group used was a phthalimide as such there 

was a difference in the first and last steps of the sequence. Synthetic steps can be summarized 

as listed below and the schematic representation of these steps is given in Scheme 2.9. 

(i) Protection of C2-NH2 of chitosan 1 by reaction with phthalic anhydride to obtain 

10 

(ii) Addition of epoxide ring at C6-OH by reaction with epichlorohydrin 

(iii) Addition of amine functionality through epoxide ring opening to produce 

phthalimide protected functionalised chitosans 

(iv) Deprotection of C2-NH2 to obtain the final derivatives. 
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Scheme 2.9 Synthetic scheme for the synthesis of PDs. 

 

The procedure for the first attempt of amine protection was inspired from two previous 

independent reports by Fangkangwanwong et al. and Liu et al.130,213 According to these papers 

the synthesis of phthalimide protected chitosan was achieved with phthalic anhydride dissolved 

in DMF under nitrogen atmosphere at temperatures of 100 and 130 ℃, respectively and 

reaction times of 6-12 hours. Both groups used DMF (100 %) as the solvent. The same reaction 

conditions, with a temperature of 120 ℃, was then applied in an attempt to form 10. Briefly, 

chitosan 1 was added to phthalic anhydride and DMF followed by stirring the mixture at 120 

℃ for 6 h under nitrogen atmosphere. The mixture was then poured into ice cold water to 
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precipitate the product, which was collected and dried under vacuum to give a brown powder. 

The poor solubility of phthalic anhydride at temperatures below 120 ℃209 directed the use of 

the higher reaction temperature in this study.  

The mechanism for the phthaloyl protection of chitosan 1 can be understood from the proposed 

mechanism for the formation of phthalimide derivatives by Kushwaha et al.214 Scheme 2.10 

represents the synthesis of phthaloyl protected chitosan 10 in accordance with the mechanism. 

The nucleophilic amine in chitosan 1 attacks the carbonyl carbon of phthalic anhydride yielding 

a tetrahedral intermediate which then undergoes ring opening to form an acyclic intermediate 

92. Further heating causes re-cyclisation of 92 and removal of water yields the phthaloyl 

protected chitosan analogue 10. 

 

            

   

  Scheme 2.10 Mechanism for the synthesis of N-phthaloyl protected chitosan 10. 

Characterization of the product synthesized by the above discussed procedure was carried out 

using 1H NMR and FTIR. Unfortunately, the observed results were different from those 

predicted for the compound 10 and therefore, this compound was designated as 10a in this 

study. The product could be dissolved in DMSO-d6, as expected, and so, subjected to NMR 

assessment. Inspection of the 1H NMR spectrum of 10a revealed the presence of multiple peaks 

in the aromatic region (with additional peaks at 7.3-7.5 ppm) instead of an expected single 

multiplet at 7.5-7.9 ppm, corresponding to the aromatic ring of the phthaloyl group. 

 

1 

92 

10 
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Furthermore, the FTIR spectrum showed an unexpected ester band at 1284-1256 cm⁻1, weak 

peaks at 2700-2600 cm⁻1 and a significant weakening of the hydroxyl absorption signal (3600-

3200 cm⁻1) indicating the involvement of hydroxyl group in the reaction (10a in Figure 2.22 

and Figure 2.23). 

The results from the first attempt directed further investigation into reports on the synthesis of 

N-phthaloyl chitosan 10. Research by Kurita et al.215 that outlined an evaluation of the synthesis 

of N-phthaloyl chitosan gave a satisfactory explanation for the noticed disparities associated 

with this step. The literature suggested a possible O-phthaloylation at C6-OH in addition to the 

C2-N-phtaloylation by using 100 % DMF as the solvent, schematically represented in Scheme 

2.11. The product formed was found to contain a mixture of two types of chitosan-phthaloyl 

units such as, N-phthaloyl chitosan and N,O-phthaloyl chitosan, and designated as 10a. The 

spectral report from their studies215,216 is in agreement with the results described above and 

pointed to the possible formation of analogue 10a instead of N-phthaloylated compound 10. 

The literature reported that multiple 1H NMR signals at aromatic region, 7.3-7.5 ppm and 7.5-

7.9 ppm, were due to O-phthaloylation and N-phthaloylation, respectively. The IR bands at 

~1290-1260 cm⁻1 of an ester group and weak signals in the region 2700-2600 cm⁻1 

corresponding to free carboxyl groups also suggested incomplete cyclisation or partial O-

phthaloylation.     

 

    

  

 

Scheme 2.11 Phthaloylation of chitosan 1 using 100 % DMF as a solvent. 
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Regioselective N-phthaloylation was later achieved by Kurita et al.215 through investigation of 

different reaction conditions. The presence of a hydroxy-bearing co-solvent, especially water, 

was found to be key to obtaining N-phthaloyl chitosan, selectively. The proposed new reaction 

conditions were the addition of 5 % water as co-solvent and the reaction time of 6-24 hours.  

Using these newly suggested reaction conditions, the synthesis of N-phthaloylated chitosan 10 

was attempted again (Scheme 2.12). Briefly, chitosan 1 was added to a solution of phthalic 

anhydride in DMF containing 5% water as a co-solvent and then, the mixture was stirred at 

120 ℃ under nitrogen atmosphere for 24 hours. The mixture was cooled to room temperature 

and the product was isolated in ice cold water and filtered, washed with MeOH. Finally, drying 

under vacuum yielded the targeted compound 10 quantitatively, as a cream powder. It was 

noticed that in the presence of water (5 %) in the reaction mixture turned it into a homogeneous 

solution in 1h and then became a gel-type substance. As the reaction proceeded, when the gel 

was formed, vigorous stirring was required to break this gel. It should be noted that this was 

not observed during the reaction in 100 % DMF, and indicated that the solubility of 

regioselective N-phthaloyl chitosan 10 was less compared to that of its N,O-substituted 

derivative 10a. The product was analyzed using 1H NMR and FTIR spectra and found that 

selective and quantitative N-phthaloylation was achieved (Scheme 2.12). The spectra obtained 

for the selective compound 10 were compared with those of 10a (Figures 2.22 and 2.23).  

 

               

 

Scheme 2.12 Synthesis of regioselective N-phthaloyl chitosan 10. 

 

Analysis of the 1H NMR of these two compounds, 10 and 10a, confirmed the successful 

application of the recommended regioselective phthaloylation process. A wide band 
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collectively representing N- and O- phthaloyl groups was observed at 7.30-7.90 ppm in the 

spectrum of 10a. It is obvious that the use of 5% water as a co-solvent selectively produced 10 

as can be seen considerable diminishing (only a negligible peak was observed) of O-phthaloyl 

signals at 7.30-7.50 ppm in the 1H NMR spectrum. The peak in the region 7.60-7.90 ppm 

verified the presence of the N-phthaloyl hydrogens. Furthermore, a broad signal was found at 

~ 13.29 ppm corresponding to -OH of carboxylic acid group in the spectrum of 10a which was 

not present in the spectrum of 10. The signal at 4.31 ppm observed in the 10a spectrum 

indicated the exact O-substitution as depicted in the structure of 10a (Scheme 2.11), that could 

not be found in the spectrum of the selective compound 10. These observations confirmed the 

synthesis of compound 10.   

 

   

  

 

 

 

 

   

  

  

 

 

 

 

 

 

Figure 2.22 400 MHz 1H NMR obtained for compounds 10a and 10 in DMSO-d6. 
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FTIR spectral analysis of compound 10 in comparison with that of 10a (Figure 2.23) provided 

further evidence of N-phthaloylation of chitosan without undergoing any partial O-

phthaloylation, under the conditions in Scheme 2.12. The IR spectrum of 10a showed weak 

carboxyl signals at 2700-2600 cm⁻1 and medium ester peaks at 1284-1256 cm⁻1 (indicating O-

phthaloylation) along with the signals representing N-phthaloylation; strong peaks at 1775 and 

1705 cm⁻1 corresponded to phthalimide C=O groups, 1386 cm⁻1 of C-N stretching vibration and 

aromatic C-H out-of-plane deformation signal at 719 cm⁻1. The spectrum of 10 did not show 

the characteristic peaks of O-phthaloylation but, the N-phthaloyl signals were still present. 

These observations indicated the desired selective phthalimide attachment at the amine 

functional of chitosan 1, via the utilization of DMF containing 5% water as the solvent. 

 

                                  Figure 2.23 FTIR spectra of compounds 10a and 10. 
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The second step in the synthesis of PDs was to install an epoxide group at the C6-OH of 10, so 

as to allow further addition of amines. The significance of this step in the amine addition in 

this synthesis was previously described in the epoxidation step of BD-synthesis (Section 2.2.1). 

One of the options for the procedure for this step could be the one adapted from Mohamed and 

El-Ghany128 that was utilised for the synthesis of epoxy-benzylidene-protected chitosan 16 

from 8. However, review of the literature revealed that epoxide installation to phthaloyl-

protected chitosan 10 has been reported by Fangkangwanwong et al.213 In the case of 

benzylidene-protection strategy, the attachment of methyl oxirane involved dispersion of N-

benzylidene chitosan 8 in aqueous NaOH (0.001 mol L⁻1) followed by addition of 

epichlorohydrin and stirring at room temperature for 20 hours (Scheme 2.3). 

Fangkangwanwong et al, in contrast, first dissolved the protected chitosan 10 in DMF and then, 

a catalytic amount of KOH/isopropanol was added prior to the addition of epichlorohydrin. 

The procedure reported by Fangkangwanwong et al is schematically represented below 

(Scheme 2.13).  

         

 

Scheme 2.13 Epoxidation of phthaloyl chitosan reported by Fangkangwanwong et al.213 

 

The epoxidation step was decided to be performed using a combination of these methods with 

the reaction conditions that were used in BDs synthesis being adapted. The schematic 

illustration of the reaction carried out is given in the Scheme 2.14. Compound 10 was dissolved 

in DMF and aqueous NaOH with stirring for 15 minutes and then, epichlorohydrin was added 

and the stirring was continued at room temperature for 20 hours to yield methyloxirane-

phthaloyl chitosan 93, quantitatively, as a white powder upon filtration.  

  

 

10 6-O-methyl oxirane-2-N-
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quant. 
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Scheme 2.14 Synthesis of 6-O-methyloxirane-2-N-phthaloyl chitosan 93. 

 

Epichlorohydrin addition to phthaloyl chitosan 10 occurs preferentially at C6-OH rather than 

the C3 hydroxyl group, due to the less steric hindrance at C6 position compared to C3 position. 

The mechanism involves deprotonation of the alcohol and its subsequent nucleophilic attack 

on the epoxide ring. The mechanism is described in detail in the Section 2.2.1 and 

schematically given in the Scheme 2.3.182,183  

1H NMR and FTIR studies confirmed the formation of 93. The spectra obtained for compound 

93 is given below (Figure 2.24). 1H NMR analysis showed evidence for the installation of the 

epoxide ring, with the newly appeared signal at 2.50-2.70 ppm corresponding to the methylene 

proton of the oxirane ring.213,217 The N-phthaloyl and pyranose protons were also present in the 

spectrum at 7.60-7.90 ppm and 3.40-5.70 ppm, respectively and confirmed the structure of 93. 

The IR spectrum showing absorptions of oxirane ring deformations at 919 and 831 cm⁻1 and 

epoxy C-H stretching vibrations at 2923 cm⁻1, in addition to the characteristic N-phthaloyl and 

chitosan peaks, further, proved the epoxidation of 10. These IR observations were in agreement 

with the literature values184,213,218 and comparable with the IR results of epoxidation of 

benzylidene chitosan 8 (Section 2.2.1, Figure 2.3). 
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Figure 2.24 400 MHz 1H NMR in DMSO-d6 (a) and FTIR (b) spectra of compound 93. 

 

The next step was to add the desired amine via attack on the epoxide ring, as in the synthesis 

of BDs (Section 2.2.1). A previous report of the amine-functionalization of chitosan 1 was 

achieved at a temperature of 80 ℃.219 Therefore, the addition of amine to 93 was first 
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amine-functionalized-benzylidene chitosan in the Section 2.2.1, with a difference of using a 

small amount of DMF and a reaction temperature of 80 ℃ (Scheme 2.15). DMF was used to 

facilitate the dissolution of the phthaloyl-protected precursor 93. These conditions, 

unfortunately, ended up with the formation of a hard gel after 20 hours of stirring, and failed 

to produce the desired amine-functionalized analogue. One reason for this gel formation could 

be similar as noticed from the report by Fangkangwanwong et al,213 where the cross-linking of 

the polymer chains of 93 occurred at temperatures ≥ 60 ℃.  

   

     

 

 

Scheme 2.15 Epoxide ring opening of 93 using N-Boc-ethylenediamine at 80 ℃. 

 

After this unsuccessful attempt, a change in the reaction temperature was trialled, in accordance 

with Oliveira et al.131 where they reported a successful reaction of propargylamine with 

phthaloyl-protected chitosan at 40 ℃. The ring opening reaction of 93 was, therefore, tried at 

this temperature of 40 ℃, maintaining all other reaction conditions of the Scheme 2.15.  

Briefly, epoxy-N-phthaloyl chitosan 93 was stirred in water containing a catalytic amount of 

NaOH (0.001 molL˗1) and a small amount of DMF, then N-Boc-ethylenediamine was added 

and the stirring was continued at 40 ℃ for 20 hours. The desired product (N-Boc-
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ethylenediamine)-N-phthaloyl chitosan 94, was precipitated in ice cold water as a white powder 

(quant.) (Scheme 2.16). The reaction proceeded via SN2 mechanism (for more details see the 

Section 2.2.1, Scheme 2.4). 

 

 

    

         

 

 

Scheme 2.16 Synthesis of 94 via epoxide ring opening of 93 using N-Boc-ethylenediamine at 

40 ℃. 

 

Results from spectral studies of 94 proved that the addition of an amine via ring opening of 93 

was accomplished. The 1H NMR spectrum (Figure 2.25) of the compound clearly showed a 

new strong signal characteristic of -CH3 protons of the Boc group at 1.30-1.45 ppm220, and a 

broad, weak peak was seen at ~ 6.80 ppm representing the proton from -NH-CO-, the Boc-

protected amine group. The FTIR obtained for compound 94 (Figure 2.26) also supported the 

successful addition of N-Boc-ethylenediamine which, opened the epoxide ring resulted in 

compound 94. The signals at 1368 cm⁻1 with a shoulder at 1393 cm⁻1 and at 1254-1283 cm⁻1 

(coupled vibration of C-N and C-O from carbamate group) were attributed to the Boc 

group.131,187,221 The epoxide ring peaks (at 919 and 831 cm⁻1) were no longer present in the 

spectrum of 94 and was evidence of epoxide ring opening. Another new peak was found at 

1539 cm⁻1 resulted from the absorption of CHN group (N-H deformation and C-N stretching). 

These spectroscopic data confirmed the desired amine attachment and the formation of 94. 
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Figure 2.25 400 MHz 1H NMR of compound 94 using DMSO-d6 as solvent. 

 

 

 

                                                    

 

 

 

 

 

 

 

 

 

 

                                              Figure 2.26 FTIR spectrum of compound 94. 

 

The same procedure was then used to add a range of 20 different amines to the epoxide-N-

protected chitosan analogue 93 to synthesize the corresponding amine-functionalized-N-

protected chitosan compounds 95 - 113, (Table 2.7). All of the desired products 95 - 113 were 

Boc -CH3 

-NH-CO 

Phthaloyl ArH 

T
ra

n
sm

it
ta

n
ce

 %
 

Boc 

CHN 

Phthaloyl    

C=O 

Ar 

ring 

94 

H2O DMSO 



118 
 

produced in quantitative yields and assessed with 1H NMR and FTIR to confirm their 

formation, which all gave data consistent with the required products.  

The final step in the synthesis of this series of amine-functionalized chitosan (PD) was to 

regenerate the free amino groups of the polymer by dephthaloylation. This step was 

accomplished by performing the deprotection of the C2-NH2 of compounds 94 - 113 by the 

reaction with hydrazine, producing the respective desired final O-amine-chitosan derivatives 

114 - 123 (Table 2.7). The deprotection reaction of 94, along with the proposed mechanism, is 

described below, which is also applicable to the dephthaloylation of the other N-protected 

analogues 95 – 113.  

Hydrazine has been reported to use as a common dephthaloylating agent in chitosan 

chemistry.131,213,219,222–225 According to the literature, the deprotection reaction involves the use 

of hydrazine monohydrate in water or ethanol at temperatures of 80 – 100 ℃ under nitrogen 

for varying reaction times from 1 hour to 24 hours. However, it was noted that Oliveira et al. 

achieved dephthaloylation at a lower temperature of 40 ℃ in 18 hours.131 The reason for the 

lowering of the reaction temperature, as described by the research group, was to prevent the 

reported polymer degradation during the deprotection reaction at higher 

temperatures.123,131,211,212 Therefore, this reaction conditions of mild temperature (40 ℃) and 

time of 18 hours were applied to synthesize the desired deprotected product 114 from 94 using 

hydrazine monohydrate in water as depicted below (Scheme 2.17).  

 

 

 

 

Scheme 2.17 Scheme for the synthesis of N-Boc-ethylenediamine-functionalised chitosan 114. 
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The proposed mechanism of the phthaloyl deprotection involves two steps and is illustrated in 

the Scheme 2.18.226,227 The first step is the nucleophilic addition of hydrazine to one of the 

carbonyl groups of the phthtalimide group of 94 producing an intermediate 124. In the 

following step, the electron lone pair on the free -NH2 of the hydrazine moiety attacks the other 

carbonyl in 124, resulting in formation of 114 by the removal of the protecting group as 

phthalhydrazide.  

 

 

 

  

 

 

            Scheme 2.18 Proposed mechanism of dephthaloylation of 94 producing 114.226,227 

 

Conversion of 94 to 114 was primarily confirmed using FTIR (Figure 2.27). The IR spectra of 

114 showed the expected features such as, the disappearance of the phthaloyl bands at 1775; 

1705 cm⁻1 (imide C=O) and at 719 cm⁻1 (aromatic C-H deformation). Additionally, the re-
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emergence of the doublet at ~ 3600-3200 cm-1 corresponding to the primary amine, as observed 

in the IR of the unmodified chitosan 1, with preservation of the remaining spectral features of 

the polymer backbone (for FTIR of unmodified chitosan 1 see Figure 2.2 (a)), further 

confirmed the dephthaloylation. The absorption at 1539 cm-1 corresponded to the CHN group 

generated from the amine attachment, and at 1252 cm-1 due to the carbamate C-N and C-O 

vibrations from the attached Boc-protected amine, were still observed and provided verification 

for the synthetic route (Scheme 2.9). Compound 114 was not soluble in DMSO, due to the 

removal of phthaloyl group, and hence, NMR spectroscopy was not possible. 

 

 

 

 

 

 

 

 

 

 

 

 

 

                 Figure 2.27 FTIR spectrum obtained for the dephthaloylated derivative 114. 

 

 

Using the same method for 115 - 133 gave the dephthaloyl derivatives, all in quantitative yield. 

Various amines used in the epoxide ring opening reaction of compound 93 and the 

corresponding chitosan derivatives obtained are listed in the table below (Table 2.7). 
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Table 2.7 List of amines used, and the corresponding chitosan analogues (PDs) formed. 

           

Amine used (R-NH2) R- group attached 
Phthaloyl 

protected 

derivative 

Derivative 

(PD) 

 
N-Boc-ethylenediamine 

 
 

 

94 

 

114 

 
Ethylenediamine 

 

 
 

95 115 

 
N-Boc-propanediamine 

 
 

 

96 

 

 

116 

 
Benzylamine  

97 117 

 
2-Morpholinoethane-1-amine  

98 118 

 
3-Morpholinopropan-1-amine  

99 119 

 
(R)-α-Methylbenzylamine 

 
 

100 120 

93 

94 – 113 (quant.) 

PD (114 – 133) 

(quant.) 
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n-Butylamine  

101 121 

 

Bis(3-aminopropyl)amine 
 

102 122 

 

N-(2-Aminoethyl)-1,3-

propanediamine 

 
103 123 

 

Bis(hexamethylene)triamine 
 

104 124 

 

N,N’-Bis(3-aminopropyl)-1,3-

propanediamine 

 
105 125 

 

3-Amino-1-propanol 
 106 126 

 

N,N-Diethylethylenediamine 
 

107 127 

 

3-Amino-1,2-propanediol 
 

108 128 

 

1-Amino-3,3-diethoxypropane  

109 129 

 

Diethylenetriamine  
110 130 

 

Propargylamine  
111 131 

 

N,N-Dimethylethylenediamine  
112 132 

 

N,N-Dimethylpropanediamine  
113 133 



123 
 

The attachment of other amines listed in the above table (Table 2.7) to 93, producing 

derivatives 95 – 113, and the following dephthaloylation of these compounds to give 115 – 133 

were primarily confirmed with spectroscopic analysis. Compound 96 formed form the addition 

of N-Boc-propane diamine, and its deprotected analogue 116, showed the desirable spectral 

results that were comparable to N-Boc-ethylenediamine-functionalized analogues 94 and 114. 

The results observed for ethylene diamine-derivatives 95 and 115 were in agreement with their 

desired structures and the only difference, as anticipated, was the absence of Boc-related 

signals both in the 1H NMR (for 95 only) and the IR, when comparing to the spectra of the 

Boc-protected amine analogues.  

Benzylamine and methylbenzyl amine attachment to 93 resulted in the formation of their 

respective N-phthaloylated chitosan derivatives 97 and 100, both of which showed the presence 

of a benzene ring with signals in the 1H NMR at 7.25-7.40 ppm together with the N-phthaloyl 

aromatic proton peaks at ~ 7.50-7.90 ppm. The 1H NMR spectrum of the benzylamine-

functionalized compound 97 is given in the Figure 2.28. 

 

 

 

 

 

 

 

 

 

 

Figure 2.28 400 MHz 1H NMR spectrum of benzylamine-functionalized N-phthaloyl chitosan 

97 in DMSO-d6. 
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IR spectra also confirmed the structure of these compounds and their deprotected analogues 

117 and 120, respectively. The presence of the benzyl moiety from the newly added amines 

was observed at 750 and 700 cm-1, for both the final derivatives 117 and 120, even after the 

removal of phthaloyl group. This confirmed the attachment of the desired aromatic amines. 

However, these aromatic absorptions were not present in the IR spectra of all other 

dephthaloylated compounds, as they did not contain an aromatic ring. 

For all analogues 94 – 113, the emergence of a new strong signal at ~ 1535 cm-1 corresponded 

to N-H deformation and C-N stretching of CHN group provided proof of amine attachment as 

depicted in the Scheme 2.9. The deprotected derivatives 114 - 133 showed evidence of the 

deprotection of C2-NH2 by the disappearance of phthaloyl C=O peaks at 1775 and 1705 cm-1 

in addition to the appearance of -NH2 doublet ~ 3600-3200 cm-1. FTIR of these compounds, 

however, showed the retention of CH, CH2 and CHN absorption signals as well as, the 

functional characteristics of the newly installed amines. 

Compounds 98, 99, 118 and 119, all contained a morpholine ring, from the added amines, 

exhibited the IR absorptions at 1234 cm-1 and ~1110 and 1070 cm-1 due to the morpholine C-

O-C vibrations, along with the other aforementioned general characteristic peaks of PDs. 

Another distinguishable amine used was propargylamine, producing compounds 111 and 131. 

The IR spectra of both the compounds (N-protected and deprotected) provided the proof for 

the addition of this amine by exhibiting the additional peaks of ≡C-H and C≡C stretching 

vibrations at 3291 and 2162 cm-1, respectively in regions characteristic for those 

functionalities.131 

 

2.2.3.1 Powder X-Ray Diffraction (PXRD) Studies 

The phthaloyl protection-deprotection strategy for chitosan functionalization was further 

confirmed using PXRD results. Unmodified chitosan 1 and its derivatives including N-

phthaloyl chitosan 10, O-epoxy-N-phthaloyl chitosan 93 and amine-grafted compounds 94 - 

133 were examined with PXRD. The results showed differences in crystallization behavior, 

confirming the desired modifications. X-ray diffractograms were acquired with the same 

method as described in the previous section (Section 2.2.1.1). A PANalytical Empyrean 

diffractometer with Cu Kα radiation of a wavelength of 0.15406 nm at 8.04 keV was used to 

perform this study. The crystallinity was studied from the relative intensities recorded in the 

scattering range of 10º-50º (2θ).  
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Diffractograms obtained for chitosan 1, N-phthaloyl chitosan 10, epoxy-N-phthaloyl chitosan 

93 and the representative derivatives 125 and 132 (compounds that were observed to exhibit 

higher antibacterial activity, described later in Section 2.2.3.4) are shown below in the Figure 

2.29. Chitosan 1 exhibited two major PXRD peaks at 2θ = 10º and 20º which is in agreement 

with the previous reports.127,175 The N-phthaloylated intermediates 10 and 93 exhibited an 

increased crystalline behavior with the presence of intense PXRD peaks at 2θ = 12º, 18º and 

27º, with a slight broadening of the peak at 2θ = 12º and 18º observed for 93 compared to 10.  

Disappearance of the peak at 2θ = 10º and, broadening and weakening of the peak around 2θ 

= 20º was observed for the amine-grafted chitosan derivatives 125 and 132. 

The PXRD peaks at 2θ = 10º and 20º indicate the existence of amorphous and crystalline 

regions, respectively.172 Chitosan 1 exhibited these two peaks due to the strong intermolecular 

and intramolecular hydrogen bonds developing from the presence of a large number of -OH 

and -NH2 groups in its structure.128 These hydrogen bonds are responsible for an ordered 

structure of the polymer.  

The diffractogram obtained for N-phthaloyl chitosan 10 was identical to that published by 

Kurita et al (see Figure 2.30 (C)).216 This was an additional confirmation for the formation of 

the desired regioselective N-Phthaloyl compound 10, with no O-phthaloylation occurring using 

water (5 %) as a co-solvent with DMF (Scheme 2.12), as desired. According to the literature, 

the product from the reaction performed in DMF (100 %), which resulted in O-phthaloylation 

along with the desired N-phthaloylation, exhibited a different PXRD pattern (Figure 2.30 (B)) 

of extremely weak and broad peaks. This behavior has been described owing to the amorphous 

nature of the N,O-phthaloyl chitosan due to the partial bulky O-substitution (see the structure 

of 10a in Scheme 2.11) giving  it a heterogeneous structure. N-phthaloyl chitosan 10, in 

contrast, showed improved crystallinity, as seen from the Figure 2.29, despite the presence of 

phthaloyl group. This result supported the uniform structure of the synthesized compound 10, 

and was in agreement with the literature.216      
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Figure 2.29 PXRD diagrams obtained for chitosan 1 and modified chitosans 10, 93, 125 and 

132. 

A slight decrease in the sharpness of the peaks at 2θ = 12º and 18º in the X-ray diffractogram 

was seen for compound 93 (Figure 2.29), despite having an N-phthaloyl group can be 

explained by the anticipated -OH substitution and thereby a moderate disruption of the uniform 

structure. However, the presence of the N-phthaloyl group still provided 93 a crystallinity 
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greater than that of the non-phthaloylated compounds (chitosan 1 and the amine-functionalized 

chitosan compounds 125 and 132).  

 

 

 

 

 

 

 

 

 

 

Figure 2.30 PXRD diagrams of chitosan (A), N,O-phthaloyl chitosan (B) and N-phthaloyl 

chitosan (C) published by Kurita et al.216 

 

The observed lower intensity of 2θ = 20º for 125 and 132 showed lower crystallinity of these 

amine-functionalized analogues compared to chitosan 1. This strongly supported the 

incorporation of new functional groups in the polymeric backbone and the utilization of the 

original functional groups of the polymer, in addition to the removal of N-phthaloyl groups. 

Chitosan derivatives reportedly have less polymeric chain organization than chitosan 

itself.189,190 Attachment of new functional groups on the -OH groups of 1 caused a significant 

reduction in the amount of hydrogen bonds between the polymer chains by forcing the chains 

further apart from each other, which results in destruction of its original crystalline structure. 
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2.2.3.2 X-Ray Photo Electron Spectroscopy (XPS) Investigation 

An X-ray photo electron spectroscopy (XPS) investigation of the chitosan functionalization 

(conversion of chitosan 1 to PDs 114 – 133) was performed and promising results were 

observed. This investigation included acquiring XPS survey (wide-scan) and high-resolution 

(core level) spectra for the elements C, N and O using Axis Ultra DLD XPS instrument as well 

as the analysis of these spectra using CasaXPS application.  

XPS survey (wide-scan) spectra obtained for chitosan 1, N-phthaloyl-protected chitosan 10, O-

epoxide-N-phthaloyl chitosan 93 and amine-grafted chitosans 125 and 132 along with the 

relative atomic percentages of carbon, nitrogen and oxygen are displayed in Figure 2.31. XPS 

results of PD series are discussed here with reference to the spectra obtained for the selected 

compounds 125 and 132 in comparison with that of pure chitosan 1 and N-phthaloyl precursors 

10 and 93. These two compounds, 125 and 132, were observed to exhibit the highest 

antibacterial activity amongst PDs (see Section 2.2.3.4) and therefore, selected for this XPS 

study discussion. 

Modifications of chitosan 1 in this study were via a N-phthaloyl protection-deprotection 

strategy, which was similar the N-benzylidene protection-deprotection strategy (Section 2.2.1), 

involved attachment of only carbon, nitrogen and oxygen elements which are already present 

in unmodified chitosan 1. Therefore, monitoring of transformations was not straightforward. 

XPS survey spectra for the above-mentioned compounds were not considerably different in 

their pattern exhibiting C 1s (285 eV), N 1s (399 eV) and O 1s (532 eV) but, there was observed 

differences in their elemental compositions. The relative atomic percentages of carbon, 

nitrogen and oxygen observed in XPS survey spectra are summarized in Table 2.8 (a), with 

these differences in atomic percentages of the elements obtained from survey spectra providing 

evidence of the desired modifications.  

Analysis of the obtained relative atomic percentage values revealed the successful protection 

of -NH2 groups in 10 and 93 with a lower N 1s composition (3.67 and 3.59 %, respectively) 

compared to that of unmodified chitosan 1 (5.41 %) along with the respective higher carbon % 

of 72.05 and 72.86 % (instead of 67.90 % for chitosan 1) from the inserted phthalic anhydride 

and epoxide moieties. Evidence for the amine attachment and the formation of amine-

functionalized analogues 125 and 132 was obtained from the increased N 1s % (with the 

corresponding values 5.46 and 5.71 %) for these compounds. A lower relative O 1s % (23.55) 

was observed for 93 which, supported the -OH functionalization. This relative percentage of O 
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1s was noticed to have increased after the epoxide ring opening generating a new -OH group 

for compound 132 (25.95 %), however, a decrease was observed for derivative 125 (21.37 %). 

This result of O 1s % for 125 was in contrast with that obtained for BDs (Section 2.2.1.2, 

Figure 2.7), which concluded an increment of this value for both the derivatives 83 and 86 

discussed there. Nevertheless, the result observed here, for compound 125 was reliable with its 

structure, containing a nine-carbon sidechain from the newly added amine, resulting in an 

anticipated reduction of the relative O 1s % and with the highest relative carbon percentage of 

73.17 %. The increased elemental composition of carbon for the N-protected intermediates 10 

and 93 and, the newly synthesized derivatives (125 and 132) compared to the unmodified 

chitosan 1 could be ascribed to the addition of carbons from phthalic anhydride, methyl oxirane 

and amines, respectively. All these results gained from the XPS survey spectra studies revealed 

the successful transformations outlined in Scheme 2.9.  
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   Figure 2.31 XPS survey spectra of chitosan 1 and analogues 10, 93, 125 and 132. 
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Analysis of high-resolution spectra, in addition to the quantification of wide-scan spectra, 

provided further evidence for chitosan derivatization and successful transformations. The high-

resolution C 1s, N 1s and O 1s XPS spectra of chitosan 1 and derivatives 10, 93, 125 and 132 

are given in Figure 2.32 (C 1s), Figure 2.33 (N 1s) and Figure 2.34 (O 1s). The relative 

component percentages of each of these elements in different environments observed in the 

corresponding XPS high-resolution spectra are also listed (Table 2.8) and Table 2.9 displays 

the summary of component percentages of carbon, nitrogen and oxygen atoms associated with 

different functional groups. 

 The C 1s spectrum obtained for the unmodified chitosan 1 was best fit with three components, 

in agreement with the literature.131,142,191 The dominant component was at 286.5 eV and the 

other two smaller components were present at 284.9 and 288.1 eV. The lowest binding energy 

component at 284.9 eV was ascribed to C-C and C-H type carbons whereas, the peak at 286.5 

eV was assigned to a set of hetero carbons from C-OH, C-NH2, C-O-C and C-N-C=O and 288.1 

eV to O-C-O and N-C=O carbons. Compound 10 produced a C 1s high-resolution spectrum 

which, was fitted with the same components as in the case of 1 but, with a higher intensity of 

the peak at 284.9 eV showing an increase in the component concentration from 16.29 % to 

27.30 % (Table 2.9). This was due to the incorporation of C=C type carbons131 from the 

aromatic ring of the newly-installed N-phthaloyl group.  The component at 286.5 eV was 

observed to diminish due to the disappearance of C-NH2 type carbons as a consequence of the 

desired N-phthalimide protection. The insertion of new CO-N-CO carbons of the phthalimide 

moiety contributed to the peak at 288.1 eV and therefore, a retention of the concentration of 

this component was observed. These observations were in agreement with the results of the 

previously reported phthaloyl protection by Oliveira et al.131 The C 1s spectrum for 93 also 

showed the same three components as in the case of 1 and 10. However, for 93 the component 

at the binding energy of 286.5 eV was noticed to be higher than that found in 10. This increment 

was attributed to the appearance of C-O-C from the installed epoxide along with, the expected 

O-substitution developing another C-O-C bond and therefore contribution to this peak (Scheme 

2.14). Compounds 125 and 132 exhibited C 1s high-resolution spectrum with the higher C-C 

(284.9 eV) component composition (24.60 % and 18.93 %, respectively) than the unmodified 

chitosan 1 (16.29 %) even after the removal of protecting group (C=C type carbons), resulting 

from the newly added amines. Moreover, the component at 286.5 eV corresponding to C-N/C-

OH carbons for both of these N-deprotected-amine-modified analogues were observed to be 

higher than the N-protected compounds 10 and 93.  
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The N 1s high-resolution spectrum interpretation produced results also supported chitosan 

modification according to N-phthaloyl protection-deprotection strategy (Scheme 2.9). The 

resolved N 1s spectra of the unmodified chitosan 1 was fit with two components at binding 

energies 399.7 and 401.8 eV. These components correspond to nitrogen atoms from C-

N/NH2/N-C=O and protonated ammonium groups (NH3
+), respectively.131,191 The largest 

component obtained at 399.7 eV with a concentration of 4.11 % and the smaller ammonium 

constituent contributed 1.03 % of the total 5.41 % of nitrogen present in 1 (Table 2.9). The 

spectra of 10 and 93 clearly showed new N 1s peak at 400.7 eV, that emerged due to the N-

phthalimide CO-N-CO type nitrogen atoms, along with the disappearance of NH3
+ component 

at binding energy 401.8 eV, as predicted from the study by Oliveira et al.131 The protection of 

NH2 groups in 10 and 93 was further evidenced from the diminishing of  the component at 

399.7 eV in their spectra. Analysis revealed that the amine-grafted-N-deprotected entries 125 

and 132 regained NH2 (at 399.7 eV) and NH3
+ (at 401.8 eV) components. The loss of CO-N-

CO peak at 400.7 eV in the spectra of these final derivatives strongly supported the anticipated 

deprotection of NH2.  

The oxygen spectra for all the five compounds (1, 10, 93, 125 and 132) were fit with three 

peaks at 531.3, 532.8 and 534 eV, having varying intensities. These peaks were attributed to 

oxygen atoms from N-C=O, C-OH/C-O-C and O-C-O groups, respectively. Phthaloyl 

analogues 10 and 93 gave similar peaks for the three O 1s components. The O 1s high-

resolution spectra of both of these compounds exhibited an increased relative composition of 

the component at 531.3 eV, which was ascribed to CO-N-CO/N-CO oxygens. This observation 

supported the successful incorporation of N-phthaloyl group. Chitosan 1 and dephthaloylated 

amine-functionalized compounds 125 and 132 showed similar O 1s components which 

indicated no considerable differences in the environment of oxygen atoms present in these three 

compounds. The component at 531.3 eV of 125 and 132 was reduced and became closer to that 

of 1, which was attributed to the elimination of CO-N-CO type oxygens. Therefore, the removal 

of N-phthaloyl group and the addition of new amines via epoxide ring opening in 125 and 132 

were confirmed. 

All these observations and results from XPS analysis confirmed the derivatization of chitosan 

1 by the synthetic route described above (Scheme 2.9) 
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Figure 2.32 XPS high resolution C 1s spectra of chitosan 1, N-phthaloyl chitosan 10, O-

epoxy-N-phthaloyl chitosan 93 and the amine-grafted derivatives 125 and 132. 
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     Figure 2.33 XPS high resolution N 1s spectra of chitosan 1, N-phthaloyl chitosan 10, O-

epoxy-N-phthaloyl chitosan 93 and the amine-grafted derivatives 125 and 132. 
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Figure 2.34 XPS high resolution O 1s spectra of chitosan 1, N-phthaloyl chitosan 10, O-

epoxy-N-phthaloyl chitosan 93 and the amine-grafted derivatives 125 and 132. 
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Table 2.8 

(a) Elemental composition (% C, N, O) as determined from the XPS survey spectra 

Compound 

                                   Atomic % 

C (1s)                              N (1s)                              O (1s) 

285 eV                            399 eV                             532 eV 

1 67.90 5.41 26.69 

10 72.05 3.67 24.28 

93 72.86 3.59 23.55 

125 73.17 5.46 21.37 

132 68.34 5.71 25.95 

 

(b) C (1s) component distribution as obtained from the high-resolution spectra 

Compound 

                                      Atomic % C (1s) 

C-C/C-H/C=C 

284.9 eV 

C-NH2/C-OH/C-O-C 

286.5 eV 

O-C-O/N-C=O/CO-N-CO 

288.1 eV 

1 23.99 53.77 22.24 

10 37.89 40.05 22.06 

93 38.14 41.15 20.71 

125 33.62 46.54 19.85 

132 27.70 53.22 19.07 

 

 

(c) N (1s) component distribution as obtained from the high-resolution spectra 

Compound                                            Atomic % N (1s) 

C-N/NH2/N-C=O 

399.7 eV 

CO-N-CO 

400.7 eV 

NH3
+ 

401.8 eV 

1 75.93 - 24.07 

10 65.22 34.78 - 

93 70.41 29.59 - 

125 67.59 - 32.41 

132 86.05 - 13.95  

 

(d) O (1s) component distribution as obtained from the high-resolution spectra 

Compound 

Atomic % O (1s) 

N-C=O/CO-N-CO 

531.3 eV 

C-OH/C-O-C 

532.8 eV 

O-C-O 

 534 eV 

1 6.32 72.17 21.51 

10 18.94 73.61 7.45 

93 16.88 74.50 8.62 

125 9.64 69.85 20.51 

132 4.44 77.26 18.30 
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Table 2.9 Summary of component percentages of C, N, O in different functional groups 

calculated from XPS results for compounds 1, 10, 93, 125 and 132.  

 Component % (relative at %)  

1 10 93 125 132 

 

C 1s 

 

C-C/C-H/C=C 

 

16.29 

 

27.30 

 

27.79 

 

24.60 

 

18.93 

 C-NH2/C-OH/C-O-C 36.51 28.86 29.98 34.05 36.37 

 O-C-O/N-C=O/CO-N-

CO 

15.10 15.89 15.09 14.52 13.03 

C 1s 

total 

  

67.90 

 

72.05 

 

72.86 

 

73.17 

 

68.34 

       

N 1s C-N/NH2/N-C=O 4.11 2.39 2.53 3.69 4.91 

 CO-N-CO - 1.28 1.06 - - 

 NH3
+ 1.30 - - 1.77 0.80 

       

N 1s 

total 

  

5.41 

 

3.67 

 

3.59 

 

5.46 

 

5.71 

       

O 1s N-C=O/CO-N-CO 1.69 4.60 3.98  2.06 1.15 

 C-OH/C-O-C 19.26 17.87 17.54 14.93 20.05 

 O-C-O 5.74 1.81 2.03 4.38 4.75 

O 1s 

total 

  

26.69 

 

24.28 

 

23.55 

 

21.37 

 

25.95 
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2.2.3.3 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) was also performed to analyze the surface morphology 

of unmodified chitosan 1 and the amine-grafted final products PDs 114 - 133. Results are 

discussed here with the representative compounds 125 and 132; the most antibacterially active 

compounds from PD series (see Section 2.2.3.4). In this commonly used microscopic technique 

to analyze surface morphology, particle size and microstructure of materials, images are 

generated after scanning the material surface with an intense and focused beam of electrons, 

which produce signals containing surface topography information.194,195  

In this study, the powder chitosan samples (1, 125 and 132) were subjected to SEM 

examination (using a Hitachi SU-70 FESEM instrument) to observe the morphological changes 

as a supporting evidence for their modification. The scanning was performed under the same 

conditions for the SEM study of BDs, as described in Section 2.2.1.3, with an acceleration 

voltage of 5.0 kV and at a working distance of 16.0 mm. Images were captured at two different 

magnifications. The SEM images obtained for chitosan 1 before and after modifications are 

displayed below (Figure 2.35). 

SEM images showed a comparatively smooth and dense surface morphology for pure chitosan 

1. Figure 2.35 shows noticeable changes in the particle sizes and morphology for the modified 

chitosan analogues 125 and 132. Both the particle sizes and the surface morphology of the 

modified chitosans from PD series were observed to be inconsistent with that of BDs (Figure 

2.11). The particle size of compounds 125 and 132 was observed to be relatively smaller, 

having the smallest size for 125. The surface morphology examination revealed that the PDs 

have more irregular surfaces compared to chitosan 1 and BDs. It is clearly seen from the SEM 

images shown in the Figure 2.35 compounds 125 and 132 were highly porous, in contrast to 

chitosan 1, with 132 exhibiting the highest porosity. These observations strongly supported the 

functionalization of chitosan 1 that resulted in different particle sizes and surface morphologies 

of the new materials. 
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Figure 2.35 Scanning electron microscopy (SEM) images at two different magnifications for 

chitosan 1 and derivatives 125 and 132. Scale bar: 100 µm and 50 µm. 

 

2.2.3.4 Antibacterial Activity Testing 

The synthesized PD-compounds (114 - 133) were investigated for their antibacterial activity, 

alongside unmodified chitosan 1 and intermediates 10 and 93. As stated in Section 2.2.1.4, low 

molecular weight chitosan which was used in the derivative synthesis, reportedly exhibits 

higher antibacterial activity at neutral pH (pH = 7).93,100 Therefore, the biological testing of 

PDs was also performed under neutral pH conditions and in their powder forms, as was also 

the case for BDs (see Section 2.2.1.4 for more details of experimental conditions applied). The 

bacterial strain used in the antibacterial activity study was S. aureus 16207, a representative 

Gram-positive bacterium, again because of the reasoning described earlier in the Sections 1.6.2 

and 2.2.1.4. Mueller Hinton broth (MHB) in Type I water with a concentration of 20 % and 

 

1 
100 µm 50 µm 

100 µm 
125 

50 µm 

132 100 µm 50 µm 
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pH=7 was used as the medium. Bioactivity tests of the powder samples were conducted using 

the ASTM E2149 dynamic shake flask method followed by absorbance measurements. 

The results obtained from the initial screen of PDs are displayed in Figures 2.36, 2.37 and 

Table 2.10. Photographic image of the observed S. aureus bacterial growth after 20 h 

incubation at 37 ℃ of inoculum treated with the powders of 1, 10, 93, 114 - 133 compared to 

control medium and control bacteria is given in Figure 2.36. Average bacterial reduction 

percentage calculated from the OD measurements after initial screen are presented in the Table 

2.10, and Figure 2.37 compares the obtained OD values and the reduction %. Samples 

exhibiting higher bacterial reduction (at least 95 %; entries displayed in green rows of Table 

2.10) were further considered for minimal inhibitory concentration (MIC) determination.  

 

 

Figure 2.36 Bacterial growth (initial assay) after 20 h incubation at 37 ℃ of inoculum treated 

with compounds 1, 10, 93, 114 - 133 compared to control medium and control S. aureus. 

 

Compounds 114 - 133 along with chitosan 1 were found to exhibit good initial test results with 

a growth reduction of 80-100 % (Figure 2.37). However, the activities of N-phthaloyl-

protected intermediates 10 and 93 were observed to be negative, and these were not further 

tested. The observed inactivity of these compounds (10 and 93) against S. aureus showed that 

amine protection on chitosan greatly impacted its ability to inhibit/kill bacteria. 
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Table 2.10 Initial screen for antibacterial activity against S. aureus of compounds 1, 10, 93 

and PDs 114 - 133 in terms of bacterial reduction % calculated from OD600nm values. 

Sample 
Absorbance (OD600)     

(Mean ± SD)* 

Average Reduction % 

± SD 

Sterility control (MHB) 0.040 ± 0.0004 - 

Growth control (S. aureus) 0.903 ± 0.0050 0 

1 0.056 ± 0.0020 98.2 ± 0.2 

10 0.977 ± 0.0060 NR** 

93 1.277 ± 0.0050 NR** 

114 0.096 ± 0.0020 93.5 ± 0.3 

115 0.048 ± 0.0010 99.1 ± 0.2 

116 0.132 ± 0.0030 89.3 ± 0.2 

117 0.041 ± 0.0008 99.9 ± 0.1 

118 0.136 ± 0.0040 88.9 ± 0.1 

119 0.101 ± 0.0020 92.9 ± 0.3 

120 0.191 ± 0.0020 82.5 ± 0.3 

121 0.093 ± 0.0010 93.8 ± 0.2 

122 0.089 ± 0.0020 94.3 ± 0.2 

123 0.041 ± 0.0009 99.9 ± 0.1 

124 0.088 ± 0.0020 94.4 ± 0.3 

125 0.042 ± 0.0007 99.7 ± 0.2 

126 0.050 ± 0.0009 98.8 ± 0.2 

127 0.089 ± 0.0010 94.3 ± 0.2 

128 0.096 ± 0.0010 93.5 ± 0.1 

129 0.040 ± 0.0005 100.0 ± 0.0 

130 0.206 ± 0.0030 80.8 ± 0.02 

131 0.051 ± 0.0010 98.7 ± 0.1 

132 0.058 ± 0.0008 97.9 ± 0.1 

133 0.067 ± 0.0020 96.8 ± 0.2 

*Mean of nine readings (from three independent experiments performed in triplicate).  

**No Reduction. SD = Standard deviation. 
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Figure 2.37 Comparison of OD600nm values (a) and average bacterial reduction percentages 

(b) obtained from initial screen of chitosan 1 and PDs 114 – 133. (The experiment was done 

thrice and in triplicates and the average of the results are compared. Error bars show the 

standard deviation for the measurement). 

 

Minimal inhibitory concentration (MIC) was determined as the lowest concentration of the 

derivatives that inhibited the visible growth of bacteria or those with the same OD value as that 

of the control MHB. MICs were determined from the OD measurements of the bacterial 

cultures after treatment with different concentrations (10 - 0.010 mg mL˗1) of the respective 

powder suspensions under the same conditions as of the initial assay. Figure 2.38 displays a 

representative 96-well microtiter plate prepared for the OD reading in the MIC testing of PDs. 

The MIC values obtained are given below (Table 2.11). The MIC of streptomycin was also 

assessed under the same conditions as a positive control. 
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Figure 2.38 Microtiter plate prepared for MIC determination of compounds 1, 125 and 126. 

 

 

Table 2.11 MIC of PDs against S. aureus. 

Compound MIC (mg mL ˗1) 
(range) 

1 0.080 - 0.160 

115 0.312 - 0.625 

117 2.5 - 5.0 

123 1.25 - 2.5 

125 0.020 - 0.040 

126 1.25 - 2.5 

129 1.25 - 2.5 

131 0.312 - 0.625 

132 0.016 - 0.020 

133 0.312 - 0.625 

Streptomycina 0.33 – 0.66 µg mL ̠ 1 

                                          aStandard antibiotic 

                                            

              

 

 

 

Conc.  

mg mL
 ˗1

 

                                   Sample 

 

              1                          125                       126 

10 

 

5 

2.5 

1.25 

0.625 

0.312 

Control 

Bac. 

Control 

MHB 
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Amine-grafted derivatives (PDs) 114 - 133 synthesized from N-phthaloyl protected chitosan 

possess different degrees of activity against S. aureus bacteria. It can be seen that there were 

nine compounds from this series exhibited inhibition > 95 % during the initial screen (Table 

2.11). These compounds were further tested with lower concentrations and found with the 

MICs ranging from 5 mg mL ˗1 to 0.020 mg mL˗1. Compound 132 was observed to be the most 

active compound among this series with an inhibitory action of MIC = 0.020 mg mL˗1, eight 

times more potent than that of chitosan 1 with the MIC of 0.160 mg mL˗1. The second most 

active entry 125 showed four times greater potency (in terms of MIC) compared to the 

unmodified chitosan 1. All other compounds also inhibited/killed bacteria but, at higher 

concentrations. 

The bioactivity differences between compounds 114 - 133 can be attributed, as also observed 

for BDs (Section 2.2.1.4), to the differences in the side chains (-R, Figure 2.39) that were 

attached from different amines. The most active compound, 132, was prepared by adding N,N-

dimethylethylenediamine. This compound with a side chain without any free amino groups, 

after attached to chitosan 1, showed excellent inhibition, even higher than the compounds (115, 

122 - 125 and 130) which were expected to be highly active owing to them have side chains 

that included polyamines. However, compound 125 showed the expected higher activity and 

this was attributed to the large number of amino groups and long carbon chain added from the 

newly inserted moiety. In contrast, the other polyamine derivatives 115, 122 - 124 and 130 

inhibited bacteria only at higher concentrations compared to chitosan 1, with 130 as the least 

to do this amongst the entire PDs synthesized in this study.  Compound 133 gave a weaker 

inhibitory action despite the similar newly added amine as that of the most inhibiting derivative 

132. These two compounds differ only in the length of the aliphatic chain from the added 

amines, with a two-carbon chain for 132 and a three-carbon chain for 133. The lower activity 

of Boc-protected amine-chitosan analogues 114 and 116 was ascribed to the Boc-protection of 

the amino group, leaving it unavailable to provide any antibacterial action. Benzylamine, 

methylbenzylamine and morpholino amine-substituted compounds, 117 – 120, in PD series did 

not show considerable inhibition of bacterial growth.    

After MIC determination, the N-protected precursors (112 and 105) of the corresponding most 

active N-deprotected analogues 132 and 125, were also subjected to susceptibility testing 

against S. aureus at a concentration of 10 mg mL˗1, as performed in the antibacterial testing of 

BDs. The observed bacterial reduction percentages were low (see Table 2.12). These 

observations were in agreement with the broadly accepted role of free C2-NH2 group in chitosan 
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antibacterial activity mechanism and reinforced the evidence for the amine protection-

deprotection strategy of chitosan modification (Scheme 2.9). 

 

   Table 2.12 Results from the susceptibility testing of compounds 105 and 112. 

*Mean of nine readings (from three independent experiments performed in triplicate). SD = 

Standard deviation. 

Sample 
Absorbance (OD600)    

(Mean ± SD)* 

Average Reduction % 

± SD 

Sterility control (MHB) 0.040 ± 0.001 - 

Growth control (S. aureus) 0.899 ± 0.004 0 

105 0.790 ± 0.003 12.7 ± 0.2 

112 0.875 ± 0.005 2.8 ± 0.6 
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        Figure 2.39 Figure comparing the side chain added in 114 – 133 and MIC values (mg 

mL˗1). Structure of chitosan 1 is also given. 

 

 

 

 

 

1 114 - 133 

114 115 117 

119 
123 121 120 

 

116 118 

122 

124 125 126 127 128

 
 124 

129 130 131 132 133 

(0.016 - 0.02) (0.312 - 0.625) (0.312 - 0.625) (1.25 – 2.5) 

(0.02 - 0.04) (1.25 – 2.5) 

(1.25 – 2.5) 

(2.5 - 5) (0.312 - 0.625) 

(0.08 - 0.16) 

(> 10) (> 10) (> 10) 

(> 10) (> 10) (> 10) (> 10) 

(> 10) (> 10) (> 10) 

(> 10) 
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2.2.3.5 SEM Analysis of Bacterial Cell Morphology 

Scanning electron microscopy (SEM) experiments were performed to provide insight into the 

mechanism involved in the bioactivity exhibited by the amine-functionalized compounds (PDs) 

synthesized via N-phthaloyl protection-deprotection strategy, as for BDs (Section 2.2.1.5). The 

most active compounds 125 and 132 were selected for this purpose and compared with chitosan 

1. The experiment involved SEM morphological examination of control S. aureus and the 

bacteria exposed to the selected compounds 125 and 132 along with pure chitosan 1, at double 

the respective MIC concentration for 3 hours. The SEM images were captured at three different 

magnifications (2.0, 5.0 and 10.0 µm) and were compared (Figure 2.40).  

The images clearly showed a normal spherical morphology and microstructure and a well-

preserved cell membrane of S. aureus bacteria before exposure to any compounds and bacterial 

cells dividing (duplicating) could also be observed. However, after exposure to all the 

compounds, the bacteria morphology appeared to be distorted. The cell membranes were 

deformed and started bursting even after only 3 hours of contact. 

The mechanism of action revealed here was the same as that observed in the study of chitosan 

derivatives synthesized by N-benzylidene protection-deprotection scheme (described in 

Section 2.2.1.5), and agrees with the most accepted mode of chitosan bioactivity by means of 

its electrostatic interaction with the negatively charged cell wall of the microbes (see Section 

1.6.2).90,105 The expected damage to the cell membrane and leakage of intracellular contents 

resulting in microbial inhibition can be obviously seen in the images. Compound 125 reduced 

the number of bacteria to the lowest value, as observed after 3 hours and caused severe damage 

to the envelope structure of the bacteria killing them rapidly. Even though 132 was the most 

active with the highest MIC (two times higher than 125) after 20 hours of contact, reduction in 

bacterial number by this compound in the shorter period (3 hours) of SEM study, was less than 

that achieved by 125 as observed from SEM images. However, both 125 and 132 

inhibited/killed bacteria more rapidly than unmodified chitosan 1. 
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Figure 2.40 Scanning electron microscopy (SEM) images of control S. aureus and after 

treatment with compounds 1 (0.312 mg mL˗1), 125 (0.080 mg mL˗1) and 132 (0.040 mg mL˗1) 

for 3 h. 

10.0 µm 5.0 µm 2.0 µm 

 Control S. aureus 

   S. aureus exposed to 1 

S. aureus exposed to 125 

   S. aureus exposed to 132 
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2.3 Summary 

Chitosan 1 was successfully converted to two O-amine functionalized analogues series, BDs 

81 – 87 and PDs 114 – 133, by N-protection-grafting-deprotection strategy, using two different 

N-protecting groups- benzaldehyde and phthalic anhydride, respectively. Preparation of both 

the series proceeded through an epoxide grafting on the corresponding N-protected compounds, 

8 and 10, followed by the epoxy ring opening using amines. Newly synthesized chitosan 

derivatives (81 – 87 and 114 - 133) were characterized through FTIR, XPS, PXRD and SEM. 

Antibacterial activity of these derivatives against S. aureus was also examined and compared 

with a focus of selecting the most bioactive compound for further use in fibre grafting. 

Compound 132, from the PDs series, was found to be the most active derivative and therefore, 

was utilized for the PTF and HH surface functionalization, along with chitosan 1, as discussed 

later in chapter 3.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 3 

Synthesis and Characterization of 

Chitosan- Functionalized 

Phormium tenax Fibre (PTF) and 

Hemp Hurd (HH) 
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3.1 General Outline; Linking Chitosan and Derivatives to Natural 

Materials 

The primary objective of this project was to synthesise antibacterial natural materials from 

Phormium tenax/ NZ flax fibre (PTF) and hemp hurd (HH). Increasing environmental concerns 

govern the demand for sustainable materials with potential applications in day-to-day life. 

Research on developing natural antibacterial fibres has thus received the attention of many 

researchers in recent years. This chapter discusses the investigation of functionalising PTF and 

HH with antibacterial chitosan and the most active chitosan derivative (from among the newly 

synthesized amine-functionalized chitosan analogues described in Chapter 2).  

Sustainability of indigenous PTF, which is currently under-utilized (for more details see 

Section 1.2), and HH, a by-product of the hemp industry that is usually considered as a waste 

material228 (more details have been given in Section 1.3), made these materials attractive for 

this research. Even though, hemp hurd has been reported as an antibacterial fibre with 78% 

bacterial colony forming unit (CFU) reduction,29 this fibre was considered along with the non-

antibacterial PTF, to investigate whether the attachment of chitosan enhances activity.              

It was thought that the cellulosic component of the materials could be converted to reactive 

chemical linkers to produce precursors for chitosan attachment onto the material surface. In 

this study, chitosan attachment was investigated using three different linking groups: aryl 

diazonium, succinic anhydride and epichlorohydrin, from a variety of previously 

reported14,15,141,142,229–231 linking groups in chitosan surface chemistry (see Section 1.9). The 

general scheme for the attachment of chitosan to cellulose is depicted in Scheme 3.1. The use 

of aryl diazonium-based surface chemistry to synthesize fibre precursors for chitosan grafting 

was predominantly examined and was compared with the other linkers to see its potential in 

chitosan-grafting onto cellulose fibres by comparing the antibacterial activities of the treated 

fibres. 
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Scheme 3.1 General scheme for the synthesis of chitosan-functionalised fibres using 

chemical linkers. 
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3.2 Aryl Diazonium Linking Between Chitosan and Fibres (PTF 

and HH) 

Diazonium-based chemistry has been reported to be utilized for surface modifications by a 

number of research groups.142,161,167,170,171,232–234 This study aims to take advantage of this 

efficient and versatile immobilizing technique that reportedly found applications in domains 

including electrochemistry, catalysis, bio-sensors, composites, adsorbents, molecular 

electronics and energy storage.171 The surfaces that have been modified using this technique 

includes metals (precious to industrial) such as, Au,235 Pt,236 Fe,237 Ni,236 Cu,236 steel,142 

titanium oxide238 and titanium nitride,161 carbon,239 semiconductors,240 synthetic polymers232 

and cellulose-based materials such as, olive pit,171 cocoa shell,170 coconut fibre241 and wood 

samples242 (rubber wood, jelutong, pulai, batai and terbulan). Most studies that use this surface 

modification method, in fact, deal with sp2 carbon and metallic materials and at a lesser extent 

metal oxides. However, the reviewed achievements with synthetic polymer surfaces and bio-

resourced materials inspired the investigation of using diazonium-based surface chemistry with 

PTF and HH. 

Diazonium chemistry is the least studied method of surface modification using chitosan 1 even 

though it is straightforward, one-step, low cost and can provide strong covalent grafting of a 

variety of desired functionalities on surfaces, that can later act as precursors for immobilizing 

chitosan 1 (or other polymers) on the surfaces (see Section 1.9.3). However, among the above-

mentioned materials, the diazonium method has only been reported to covalently graft chitosan 

1 to stainless steel (described in Section 1.9.3.1).  

Diazonium salts, with the chemical formula R-N≡N.X, are generally unstable and are known 

for violent decomposition.243 However, aryl diazonium salts, generally formed by the 

diazotization of aniline derivatives, are potentially more stable than aliphatic analogues, due to 

resonance stabilization of the positive charge on the diazonium ion of aryl salts. 

The principle behind aryl diazonium functionalisation of surfaces involves attack of aryl 

radicals from the diazonium salt by means of chemical, electrochemical or photochemical 

reduction (Scheme 3.2).232 Literature reveals that radical formation varies according to the type 

of substrate and can be induced in different ways. The documented ways of aryl radical 

formation include electrochemical reduction on conducting substrates, by using reducing 

agents such as, hypophosphorous acid, ascorbic acid and iron, via reduction by reductive 

+ ⁻ 
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substrates such as, iron and carbon, photochemical reduction in the presence of a sensitizer, 

thermolysis, solvolysis, microwave irradiation, ultrasonication and diazoate decomposition. 

 

 

 

 

 

Scheme 3.2 Schematic depiction of the general principle of surface grafting by aryl 

diazonium salts.232 R =  functional groups including -NO2, -COOH, -NH2, -OCH3, -SH, -OH, 

-Br, -Cl, -CH3 etc. 

The preparation of diazonium salts commonly involves diazotization of a primary amine with 

an aqueous solution of nitrous acid (HNO2).
243 Aqueous diazotization reactions are generally 

associated with some significant safety considerations due to the potential instability of the 

diazonium salts. Normally, nitrous acid is prepared from NaNO2 and a mineral acid (HCl, 

H2SO4 or HBF4). The more practical way of combining the primary amine and mineral acid, 

and subsequently adding NaNO2, is mostly used due to the fact that the presence of excess 

nitrous acid in the system leads to a rapid decomposition liberating toxic gases of NOx. 

Additionally, a stoichiometric amount of NaNO2 is used to prevent the formation of high 

concentration of HNO2. The temperature is an important safety parameter during the 

diazotization reaction. The temperature needs to be maintained below 5 ℃ as long as the 

diazonium salts exist in the system until further utilized, because most of the diazonium salts 

are unstable at temperatures > 5 ℃ in aqueous solutions, with their diazo group tending to be 

released as nitrogen gas. The hazardous nature due to violent decomposition and the explosive 

property of the diazonium salts recommend an in-situ preparation of these salts and their 

immediate consumption through further treatment. 

Use of isopentyl nitrite in acetonitrile as a diazotizing agent, in place of NaNO2, was reported 

by Chehimi et al.232 for a synthetic polymer (PMMA) surface, Belbekhouche et al.171 for olive 

pit, a bio-based material and, by Flavin et al.244 for functionalization of multilayer fullerenes. 

These studies utilized the thermal decomposition of the diazonium salt, prepared in situ from 

the reaction of the amine with isopentyl nitrite both present in the reaction system along with 
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the substrate, at 60 ℃ and under non-aqueous conditions. The olive pit powder modification 

by Belbekhouche et al. outlined grafting of a phenyl layer with various functional groups such 

as, -COOH, -SH and -NH2 by treating the substrate with isopentyl nitrite and the corresponding 

aniline derivative, with the amine to diazotizing agent ratio of 1:1.5.171 The literature put 

forward an overnight reaction in a mixture of acetonitrile/dichlorobenzene (1/2 v/v) at 60 ℃. 

The motive to investigate the possibility of chitosan 1 grafting onto PTF and HH surfaces using 

an aryl diazonium strategy was obtained from the above-mentioned covalent grafting of 

chitosan 1 onto stainless steel by Le et al.,142 together with the aryl diazonium modification of 

bio-based products, especially of olive pit powder by Belbekhouche et al.171 

This study examined the use of NaNO2 and isopentyl nitrite for diazotization using both 

aqueous and non-aqueous reaction conditions following these two different literature 

procedures reported for steel and olive pit. All these attempts are discussed in this section. 

3.2.1 Study of Diazotization Reactions 

This study involves the investigation of the synthesis of diazonium salts of two selected aniline 

derivatives, 4-nitroaniline and 1,4-phenylenediamine, using NaNO2 and isopentyl nitrite, and 

their immediate reduction and conversion into azo-coupled products. 4-Nitro aniline was 

selected with the idea of it providing a nitrophenyl layer on the fibre surface, with the nitro 

groups then being reduced to -NH2 for subsequent reaction, as was reported by Nazemi et al.245 

These amino groups could then be diazotized so act as a chemical linker for further chitosan 1 

grafting. On the other hand, 1,4-phenylenediamine that has two -NH2 groups, was examined 

for the selective diazotization of one amino group. This aniline derivative was already reported 

in the chitosan 1-grafting onto a steel surface,142 with the advantage of having free -NH2 groups 

on the phenyl layer on the surface which could be diazotized and used as tethering points for 

chitosan 1 attachment. 

The experiments started with the investigation of the use of acidic NaNO2 to prepare a 

diazonium salt and subsequent chemical reduction of the salt with hypophosphorous acid. This 

was done by synthesizing nitrobenzene 134 from 4-nitroaniline. At first, the amine group of 4-

nitroaniline was diazotized by reaction with acidic sodium nitrite according to a reported 

procedure.243 Briefly, 4-nitroaniline was dissolved in an aqueous solution of HCl and then, 1.1 

equivalent of NaNO2 was added to this system at 0 ℃ followed by stirring the reaction mixture 

for 30 minutes to obtain 4-nitrobenzenediazoniumchloride intermediate 135. The diazonium 

salt thus formed was subjected to a chemical reduction immediately by stirring with 50 % 
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H3PO2 and HCl solution at 60 ℃ for 1 hour to yield the desired product 134 (33 %) as a thick 

yellowish oil after extracting the organic phase and removing the solvent in vacuo. The overall 

process is depicted in the scheme below (Scheme 3.3). 

  

 

 

 

 

 

Scheme 3.3 Synthesis of nitrobenzene 134 from nitroaniline by NaNO2-diazotization followed 

by chemical reduction. 

The success of the diazotization reaction was confirmed through 1H NMR (Figure 3.1 (a)), 13C 

NMR (Figure 3.1 (b)) and FTIR (Figure 3.2) of the reduction product 134. Even though, the 

use of NaNO2 as a diazotizing agent was being investigated in this reaction, the spectral studies 

of the diazonium salt (4-nitrobenzenediazoniumchloride 135), that was assumed to be formed 

as an intermediate, could not be performed due to the pre-described safety concerns associated 

with its isolation.243 However, the spectral results of the final product 134 provided evidences 

for the successful use of acidic NaNO2 in the diazotization reactions under the described 

conditions (Scheme 3.3). 

The 1H NMR spectrum of 134 clearly showed five aromatic protons and three different 

environments in the region 7.45-8.22 ppm. The observed strong peak at 7.51 ppm corresponded 

to the two protons meta to the NO2 group (H-3). The one para proton (H-4) was seen at 7.69 

ppm, along with a strong signal at 8.21 ppm representing the two protons ortho to the nitro 

group (H-2). Analysis of this 1H NMR spectrum of 134 in comparison with the spectrum of 4-

nitroaniline, the starting material, revealed the successful conversion with the disappearance of 

peak at 6.71 ppm, corresponding to Ar-NH2, along with the appearance of a new ArH signal 

at 7.69 ppm. Moreover, the shift of the other four ArH bands from 6.89 and 7.92 ppm (meta 

(H-3) and ortho (H-2) hydrogens, respectively, to -NO2 of 4-nitroaniline) towards 7.51 and 

8.21 ppm provided evidence for this conversion. 

4-Nitroaniline 135 134 
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13C NMR spectrum observations provided further evidence. As can be seen from the Figure 

3.1, four different types of aromatic carbon were present in compound 134. The strong 13C 

NMR peak observed at 123.5 ppm was attributed to the two carbons (C-2 and C-6) at the ortho 

(to the nitro moiety) positions. Another strong signal was seen at 129.3 ppm corresponding to 

the two meta carbons (C-3 and C-5) as well as, a one-carbon peak at 134.6 ppm which was 

ascribed to the para carbon (C-4). The weak signal of the quaternary aromatic carbon was also 

observed at 148.2 ppm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 400 MHz 1H NMR (a) and 100 MHz 13C NMR (b) obtained for compound 134 in 

CDCl3. 

Analysis of the FTIR spectrum of 134, in comparison with that of the starting material, 4-

nitroaniline, gave further confirmation of the formation of the diazonium salt 135 and its 

subsequent reduction to nitrobenzene 134 under the reaction conditions given in Scheme 3.3. 
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The -NH2 twin peaks at 3482 and 3356 cm-1, corresponding to symmetric and asymmetric N-

H stretching vibrations, were observed in the spectrum of the starting material, 4-nitroaniline. 

These absorptions were not found in the spectrum of 134, providing evidence of the desired 

removal of the -NH2 group. Additionally, the strong absorption bands at 1522 and 1346 cm-1 

observed in the IR spectrum of the product 134 were respectively due to the asymmetric and 

symmetric stretching vibrations of NO2
 groups, and provided further evidence of the formed 

Ar-NO2 group. 

 

 

 

 

            

 

 

 

 

 

 

 

 

 

Figure 3.2 FTIR spectra of 4-nitroaniline and compound 134. 

 

Isopentyl nitrite was the other diazotizing agent investigated for the diazotization reactions in 

this study. 4-Nitroaniline was subjected to diazotization with isopentyl nitrite followed by 

reduction to obtain nitrobenzene 134. The reaction was similar to that described above, using 
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NaNO2 (Scheme 3.3), with a slight difference in the diazotization step, changing the solvent 

from aqueous HCl to acetonitrile; the aniline derivative was dissolved in acetonitrile and 

isopentyl nitrite was carefully added to this mixture cooled to 0 ℃ followed by the reduction 

of the N2
+ with hypophosphorous acid in HCl at 60 ℃ (Scheme 3.4) to produce 134 in 50 % 

yield. 

  

 

 

 

 

 

Scheme 3.4 Synthetic scheme for the synthesis of nitrobenzene 134 from 4-nitroaniline via 

diazonium reduction strategy and using isopentyl nitrite as the diazotizing agent. 

The results from the 1H NMR and FTIR spectral analysis of 134 prepared via the reaction 

depicted in Scheme 3.4 were identical with that observed for the product obtained via NaNO2 

experiment (Scheme 3.3). The yield of 134 in the isopentyl nitrite strategy was higher than that 

using NaNO2, with 50 % for the former and 33 % for the latter. 

Additionally, synthesis of an azo-coupled compound 136 of salicylaldehyde with the 

diazonium salt of the same aniline derivative (4-nitro aniline) was investigated using both the 

diazotizing agents, NaNO2 and isopentyl nitrite, in the diazotization step. The reaction was 

carried out according to a previously reported procedure by Bitmez et al.246 The aniline was 

first diazotized under the conditions described in Schemes 3.3 and 3.4, depending upon which 

of the diazotizing agent (NaNO2 or isopentyl nitrite, correspondingly) was used. In the 

following step, the diazonium salt was subjected to diazo coupling with 1 equivalent of 

salicylaldehyde to the aniline derivative, at 0 ℃. Subsequent filtration of the resulting 

precipitate yielded a brownish yellow powder of 2-hydroxy-5-[(4-

nitrophenyl)diazenyl]benzaldehyde 136 which was then dried under vacuum. The entire 

reaction was depicted in the scheme below (Scheme 3.5). It was noticed that both the methods 

gave the desired products in very good yield; 84 % for NaNO2 diazotization (Method 1 of 

Scheme 3.5) and 82 % for isopentyl nitrite method (Method 2 of Scheme 3.5). 

4-Nitroaniline 134 
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Scheme 3.5 Synthesis of 2-hydroxy-5-[(4-nitrophenyl)diazenyl]benzaldehyde from 4-

nitroaniline and salicylaldehyde via diazonium coupling reaction. Method 1 and 2 

represents the use of NaNO2 and isopentyl nitrite, respectively for the diazotization of the 

aniline derivative. 

Structural elucidation of the product 136, formed in both the methods shown in the above 

scheme, was achieved through analysis of its 1H NMR and 13C NMR spectra. The spectra 

obtained are presented in Figure 3.3. The observations for each product were identical, with 

five different 1H NMR proton bands in the region 7.19-8.40 ppm corresponding to the total 

seven aromatic protons along with a strong singlet of the -CHO proton at 10.36 ppm. A weak 

and broad proton peak due to the hydroxyl group was also observed at 11.62 ppm in the 1H 

NMR of 136. The structure of 136 was further confirmed with 13C NMR spectrum. As can be 

seen from Figure 3.3 (b), thirteen carbons were detected in the 13C NMR spectrum, with eleven 

different signals in the region 118.7-190.2 ppm. In addition, the observed melting point of 

compound 136 (m.p. 181-183 ℃) was in agreement with the literature value (182-183 ℃).246 

FTIR spectral results also confirmed the formation of 136, providing all the anticipated 

absorption bands characteristics of the -OH at 3105 cm-1, the aromatic C-H at 2857 cm-1, the 

C=O attached to an aryl group at1655 cm-1, the -NO2 asymmetric and symmetric stretch at 1522 

and 1339 cm-1, respectively, and the azo (N=N) at 1478 cm-1. 
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  Figure 3.3 400 MHz 1H NMR spectrum (a) and 100 MHz 13C NMR spectrum (b) obtained for 

compound 136 in CDCl3. 

 

Diazonium salt formation using the two diazotizing agents, and its subsequent reduction and 

azo-coupling were repeated with the other aniline derivative; 1,4-phenylenediamine, under the 

same conditions employed for 4-nitroaniline (Schemes 3.3, 3.4 and 3.5).  

The first step was to synthesize aniline 137 from 1,4-phenylenediamine by converting it into its 

diazonium salt followed by the chemical reduction of the N2
+ using hypophosphorous acid. The 

reaction conditions were similar to the earlier-described nitrobenzene synthesis from 4-

nitroaniline. Special attention was given to diazotize a single -NH2 group, by keeping a strict 

C-17 

C-13 C-4 C-1 
C-10 

C-11 

C-2, C-6 

C-3, C-5 

C-15 

C-12 

C-14 

C-2, C-6 
C-3, C-5 

C-14 
C-15 

H-17 

H-2, H-6 H-3, H-5 

H-15 

H-11 

H-12 

(a) 

(b) 



162 
 

1:1 molar ratio of the diazotizing agent to aniline derivative, in accordance with the study by 

Nourmohammadian  et al.247  Another important change, compared to the synthesis of 

nitrobenzene, was in the extraction step. Here, the product was dissolved by adding aq. HCl 

after a 1-hour reduction with H3PO2 at 60 ℃ and then, precipitated out by neutralizing the 

aqueous layer with NaOH. This precipitate was then dissolved in diethyl ether, extracted and 

concentrated under reduced pressure, yielding 51 % (for NaNO2 diazotization method) and 58 

% (for isopentyl nitrite diazotization strategy) of aniline 137 as a thick brownish oil. The scheme 

adapted for the synthesis of aniline 137 using NaNO2 (Method 1) and also with isopentyl nitrite 

(Method 2) are collectively depicted in Scheme 3.6.  

 

 

 

 

Scheme 3.6 Synthesis of aniline 137 by the single -NH2 diazotization of 1,4-

phenylenediamine followed by the reduction with H3PO2. Method 1 and 2 represent the use 

of NaNO2 and isopentyl nitrite, respectively. 

 

Structural elucidation of product 137, obtained in both the methods, was performed with the 

spectral studies. The 1H NMR and 13C NMR spectra of 137 were collected separately for the 

products obtained using the two methods and were found to be identical. As shown in Figure 

3.4 (a), three different types of aromatic proton bands in the region 6.68-7.16 ppm, 

corresponding to all the five Ar-Hs, along with a weak and broad proton signal at 3.45-3.50 

ppm representing the two -NH2 protons, were found in the 1H NMR spectrum. These 

observations strongly supported the formation of aniline 137 from 1,4-phenylenediamine by 

using the reaction conditions depicted in Scheme 3.6. The 13C NMR spectral results (Figure 

3.4 (b)) also confirmed this showing four aromatic carbon signals, ascribed to one C-NH2 
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carbon at 146.4 ppm and the other five carbons on the benzene ring at 129.3 ppm (C-3 and C-

5, meta to -NH2 attached carbon), 118.6 ppm (C-4, para) and 115.1 ppm (C-2 and C-6, ortho). 

All these observations provided evidence for the desired single -NH2 diazotization of the aniline 

derivative with two amine groups, under the adopted conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 400 MHz 1H NMR (a) and 100 MHz 13C NMR (b) of compound 137 in CDCl3. 

This single amino diazotization of 1,4-phenylenediamine was further investigated by 

synthesizing an azo-coupled compound, 5-[(4-aminophenyl)diazenyl]-2- 

hydroxybenzaldehyde 138, as was performed in the case of 4-nitroaniline (Scheme 3.4). The 

process here, was slightly different, using a one pot reaction as depicted in Scheme 3.7 in 
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which, the diazotization as well as coupling occur simultaneously, rather than as a two-step 

scheme described by Scheme 3.4. The process was adapted from the report by 

Nourmohammadian et al.247, and involved dropwise addition of a solution of the diazotizing 

agent (NaNO2 in aq. HCl or isopentyl nitrite in CH3CN) mixed with salicylaldehyde in H2O 

containing NaOH to the phenylenediamine solution in aq. HCl, followed by 1 hour of stirring. 

The entire reaction was prformed at 0 ℃, and after 1 hour the reaction mixture was allowed to 

warm slowly to room temperature. The product formed was filtered and sonicated with 

DCM/MeOH to yield pure powder of the desired product 138 (~ 50 %) after filtration and 

drying under vacuum.  

 

 

 

 

 

 

 

Scheme 3.7 Synthesis of azo-coupled compound 5-[(4-aminophenyl)diazenyl]-2- 

hydroxybenzaldehyde 138. 

The success of the reaction was confirmed using 1H NMR and 13C NMR spectral analysis. The 

1H NMR spectra of the product proved the formation of 138, exhibiting seven aromatic proton 

peaks at ~ 7.19-8.39 ppm and one -CHO proton at 10.36 ppm along with weak and broad 

signals of the -OH and -NH2 protons correspondingly at 11.62 ppm and ~ 3.25 ppm. Twelve 

aromatic carbons were observed in the 13C NMR spectrum at 115-165 ppm as ten different 

peaks. Four unsubstituted carbons of the aniline moiety exhibited two signals resulting from 

the two identical ortho and two identical meta carbons to the -NH2-substituted carbon. The 

other two carbons of the same ring and the six carbons of the salicylaldehyde moiety produced 

the rest of the ten aromatic 13C NMR signals. This spectrum also showed the -CHO carbon at 

196 ppm providing strong evidence for the formation of the azo-coupled compound 138.  

1,4-Phenylenediamine 138 
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3.2.2 Diazonium Experiments on Fibres 

After the investigation of the diazotization of two different aromatic amines (4-nitroaniline and 

1,4-phenylenediamine) using two different diazotizing agents (NaNO2 and isopentyl nitrite) as 

described above in the Section 3.2.1, these reaction conditions were then investigated for their 

use with fibres (PTF and HH). The spontaneous decomposition of diazonium ions in the 

presence of material surfaces containing nucleophilic moieties, such as carbon or metallic 

surfaces or natural fibres, is reported in literature.237,241,248–253 Therefore it was assumed that 

this process may also occur with the fibres in this study. The diazonium-based experiments 

performed with the aim of synthesizing fibre surfaces grafted with a phenyl layer having 

desired functionalities which can later be diazotized and can be utilized for chitosan 1 

attachment, are discussed in this section. 

This investigation was initially conducted with on the PTF fibres. These experiments were 

performed with the anticipation that aryl ethers would form between the diazonium salts and 

the cellulosic -OH groups on the fibre surface, as depicted in the general scheme below 

(Scheme 3.8).  

 

 

 

 

 

Scheme 3.8 Assumed reaction of aryl diazonium salt with fibre cellulosic -OH groups 

producing phenyl layer-grafted fibres. 

It was noticed from reviewing the literature that the aryl diazonium salts undergo reactions 

with alcohols producing aryl ethers of the corresponding alcohols, as the major products 

(Scheme 3.9).254 Literature reports that this was first suggested by Remsen and Orndorff in 

1887,254 with their observation of the formation of phenetole contaminated with a small amount 

of benzene (the reduction product), by the reaction of benzene diazonium sulphate and nitrate 

with ethanol. Confirming this, a reaction of benzene diazonium chloride with ethanol 

producing 61 % phenetole containing 5 % benzene, was reported by Hantzsch and Jochem in 

1901.255 This research group also reported a diazonium reaction with methanol, resulting in a 
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70 % yield of the methyl ether (anisole) with no benzene content. These reported reactions are 

given as the examples in Scheme 3.9.  Ether formation involves the replacement of nitrogen 

by the alkoxyl group of alcohol, instead of hydrogen in the reduction. 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3.9 Reaction of aryl diazonium salts with alcohols.254,255 

Relying on these reports in addition to the reading of Credou et al.256  on diazonium 

modification of cellulose membranes and Chehimi et al.232 on polymer modification, this study 

first examined nitrophenyl layer attachment on PTF via ether formation between 4-

nitrobenzenediazonium salt and the fibre cellulosic -OH. It was assumed  that the -NO2 groups, 

as noticed from a previous report,245 could later be reduced to -NH2 groups for further 

diazotization followed by chitosan 1-grafting.  

The PTF fibre received from Templeton Flax mill, New Zealand, was cut into 1 cm long strands 

and washed with tap water to remove any physisorbed impurities and dried. The fibres were 

then subjected to alkali treatment in order to increase the percentage of cellulose content,242 

before being further reacted. The alkaline reaction enhances the fibre surface roughness and 

reveals chemically reactive hydroxyl functional groups by removing surface impurities along 

with the reduction in the concentration of the components such as, hemicellulose, lignin, pectin, 

fats and waxes. Alkali treatment was achieved by immersing PTF in 5% NaOH aqueous 
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solution for 10 minutes followed by washing with distilled water until the pH of washings 

became neutral. The material was then dried at 50 ℃ for 1 h. The FTIR spectra of the raw PTF 

and NaOH-treated PTF are given in the figure below (Figure 3.5) which confirm the 

modification. The IR spectrum of PTF after the treatment exhibited disappearance of 

hemicellulose C=O peak at 1737 cm-1 and weakening of lignin signals at 1603 and 1232 cm-1. 

 

 

 

 

 

 

 

 

 

                                     

 

 

 

 

 

  

                                 Figure 3.5 FTIR of raw PTF and alkali treated PTF. 

 

The next process involved the conversion of commercially available 4-nitroaniline into its 

diazonium chloride solution in aq. HCl, according to an early-described scheme (Scheme 3.3) 

in Section 3.2.1. In the next step, alkali-treated PTF was incubated with this 4-
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nitrobenzenediazonium chloride solution and H3PO2 solution in aq. HCl (50:50 v/v) at room 

temperature for 1 hour to obtain polynitrophenyl (PNP)-grafted PTF 139, via the diazonium 

reduction (Scheme 3.10). The mechanism involves the formation of nitrophenyl radical by the 

chemical reduction of the diazonium chloride with hypophosphorous acid, with the elimination 

of N2 gas. 

 

                    

  

 Scheme 3.10 Scheme attempted for the synthesis of PNP-PTF 139 using NaNO2 

diazotization and chemical reduction. 

The diazonium-treated fibres were separated using a mesh, washed with acetone and dist. H2O 

and dried at 50 ℃. Even though, the reaction conditions reported by Fioresi et al. for the PNP-

grafting onto cocoa shell were applied here, the formation of PNP-PTF 139 could not be 

verified. Unfortunately, the available preliminary test using FTIR did not show any 

characteristic peaks for the -NO2 functionalities and the benzene ring. 

A reaction temperature of 60 ℃ was then experimented for the reduction step as per the reports 

on aryl diazonium modification (but, by using isopentyl nitrite), of polymethyl methacrylate 

(PMMA) (one of the reported methods to produce PNP-PMMA) and olive pits.171,232 

Unfortunately, this reaction also failed to produce 139. Changing the reaction time to 24 hours 

was also attempted and failed. 

The experiment to synthesize PNP-PTF 139 was then extended to the use of isopentyl nitrite 

diazotizations. This was a one-step reaction (Scheme 3.11) involving the overnight incubation 
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of PTF with isopentyl nitrite and 4-nitro aniline in acetonitrile/dichlorobenzene (1/2 v/v) at 60 

℃, keeping a molar ratio of 1:1.5 of aniline to isopentyl nitrite, according to Belbekhouche et 

al.171 The reaction was assumed to proceed with the in-situ formation of 4-

nitrobenzenediazonium salt in isopentyl nitrite and its thermal decomposition in the same 

medium. However, this reaction with 4-nitro aniline was not successful and did not produce 

the PNP-PTF 139, according to the FTIR spectral results.  

 

                        

Scheme 3.11 Scheme attempted for the synthesis of PNP-PTF 139 using isopentyl nitrite 

diazotization and thermal decomposition reaction conditions. 

The failure in the synthesis of PNP-PTF 139, even with various reaction conditions using 

different diazotizing agents (NaNO2 and isopentyl nitrite), temperature (room temperature and 

60 ℃) and reaction time (1 h and 24 h), led to the experiments with 4-nitroaniline being 

abandoned. After the successful model reactions reported above (see Section 3.2.1) it was 

known that the diazotizing steps were effective therefore it was hypothesised that the difference 

in the substrate was one of the factors affecting this reaction. Fioresi et al. clearly proved that 

the higher lignin content (~ 35 %) of cocoa shell allowed PNP-grafting onto it, with a reported 

failure in the attachment of PNP layer after the removal of lignin by alkali treatment. 

Nevertheless, this reaction was investigated on PTF (with only 8 % lignin; see Section 1.2.2 

and Figure 1.2) assuming that the nitrobenzenediazonium ion may react with the cellulosic 

content (61 %), from the previous articles describing the successful diazonium grafting on 

cellulose.171,241,257,258 The use of the diazonium salt of 4-nitroaniline could also be another 

reason for the unsuccessful grafting of PNP layer. Literature259 reports that the presence of -

NO2 groups on the diazonium salt can result in higher rates of reduction i.e., production of 

nitrobenzene 134, instead of the desired ether product, PNP-PTF 139, while reacting with -OH 

groups.  
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The next aim was to study the use of 1,4-phenylenediamine in the diazonium modification of 

PTF so as to produce polyaminophenyl layer-grafted fibre, PAP-PTF 140. The process was 

adopted from the report on olive pit modification which was described in the introductory 

chapter (see Section 1.9.3.2) and mentioned earlier in this chapter. This method has proven to 

be efficient for diazonium modification of non-conductive bio-based materials to graft aryl 

layers with well selected chemical functionality. Briefly, the PTF samples (1 cm long; washed 

with water and dried) were mixed with phenylenediamine and to this mixture isopentyl nitrite 

(1 eq. to the aniline) was cautiously added and this entire mixture was stirred overnight in 

acetonitrile/chlorobenzene (1/2 v/v) at 60 ℃. The resulting fibre product was separated out and 

washed with acetone, dichlorobenzene and DCM, and then dried at 60 ℃ to quantitatively 

yield PAP-PTF 140 as dark coloured fibres. The process along with the possible mechanism is 

depicted below in the Scheme 3.12. 

 

               

 

Scheme 3.12 Synthesis of PAP-PTF 140. 

The mechanism involves the conversion of phenylenediamine into aminophenyl diazonium 

cation (N2
+-C6H4-NH2) which is thermally decomposed to amino phenyl radicals (·C6H4-NH2) 

140 
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and/or azophenyl radicals (·N2-C6H4-NH2). These radicals are then grafted onto the fibre 

surface producing aminophenyl-grafted PTF 140, via an ether linkage, and also via some azo-

coupling as shown in Scheme 3.12.   

The PAP layer grafting was initially confirmed with FTIR spectral analysis of PAP-PTF 140 

in comparison to the untreated PTF (Figure 3.6). The presence of a phenyl amino group in 140 

was clearly evidenced with the appearance of new absorption peaks at 3337 and 3216 cm-1 

(twin-peak of primary -NH2), at 1601 and 1512 cm-1 corresponding to C=C stretching 

vibrations of the aromatic ring, at 1457 cm-1 characteristic of -N=N- stretching, and at 751 cm-

1 representing the aromatic C-H out-of-plane stretching. Another strong absorption signal was 

observed at 830 cm-1 which could be attributed to C-O-C stretching from the anticipated newly 

formed ether between the fibre and the diazonium ion. A considerable diminishing of the PTF 

-OH absorption band 3600-3200 cm-1 was seen in the IR spectrum of 140 which was expected 

due to the grafting of phenyl amine on -OH as depicted in Scheme 3.12. The intense aromatic 

C=C absorption at 1601 cm-1 found in the spectrum of the modified PTF 140, was also present 

in the IR spectrum of the untreated PTF (but at 1603 cm-1 and weaker) due to the absorption of 

C=C of the lignin content.  

These observations proved the success of the adopted synthesis (Scheme 3.12) to attach phenyl 

amine groups on PTF. The -NH2 groups on the newly attached PAP layer on PTF were then 

converted to diazonium ions for use in chitosan 1-grafting. This step was adopted from the well 

documented covalent grafting of chitosan 1 onto stainless steel by Le et al.142 (see Section 

1.9.3.1). The second step described in the literature (as depicted in Scheme 1.18), for the 

conversion of PAP -NH2 groups to N2
+ followed by spontaneous covalent grafting of chitosan 

1, was utilized under the similar reaction conditions with a slight change of chitosan 1 addition 

to the system. In brief, the PAP-PTF 140 was treated with acidic NaNO2 at 0 ℃ for 1 h to 

obtain aryl diazonium self-adhesive PTF surfaces 141, which was then immersed in chitosan 1 

solution in H2O containing 0.05 % acetic acid and kept overnight at room temperature. The 

treated fibres were separated out from the solution and sonicated with deionized H2O to remove 

all physisorbed matter, followed by drying at 60 ℃ for 1h to yield chitosan-functionalised PTF 

142, quantitatively. The process is shown in the scheme below (Scheme 3.13). According to 

the literature chitosan 1 grafting was achieved via droplet deposition while, in this study, it was 

done by immersing the aryl diazonium self-adhesive PTF in chitosan 1 solution. 
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Taken into consideration the fact that aryl diazonium salts are generally unstable,243 chitosan 1 

functionalisation was performed on the freshly prepared diazonium sites of PTF surfaces. 

Diazonium cations, when in contact with chitosan 1, undergo spontaneous reaction with either 

-OH or -NH2 groups of chitosan.142     

 

                    

 

 Scheme 3.13 Diazotization of -NH2 of PAP-PTF 140 and subsequent chitosan grafting on 

the aryl diazonium self-adhesive PTF surface producing chitosan-functionalised PTF 142. 

 

FTIR spectrum of 142 provided evidence for chitosan-functionalisation. The spectrum 

obtained for 142 is displayed in Figure 3.6, along with that of 140 and the untreated fibre. The 

doublet of -NH2 stretching vibrations together with the -OH and -NH- absorptions was 

observed in the region 3600-3200 cm-1 as an intense broad band in the spectrum of 142. The 

signal at 897 cm-1, corresponding to the β(1→4) glycoside bridge, was also seen in this 

140 

142 
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spectrum. The less intense phenyl ring C=C absorption peaks were found at 1597 and 1504 cm-

1 along with the -N=N- peak at 1454 cm-1, ether band at 831 cm-1 and aromatic C-H out-of-

plane vibrations at 753 cm-1. These observations supported the chitosan-functionalisation as 

depicted in Scheme 3.13. The peak at 895 cm-1 could also be observed in the FTIR spectrum 

of the control PTF resulting from its cellulosic content whilst this signal was hidden in the 

spectrum of 140 due to the fibre surface modification by attaching the aminophenyl layer, and 

later this was observed to be re-emerged in 142’s spectrum, because of the chitosan-grafting. 

Further confirmation of 142, synthesized by chitosan-functionalisation of PTF using aryl 

diazonium-based surface modification chemistry, was obtained via XPS, SEM, contact angle 

and antibacterial tests. These are discussed in the later sections of this chapter. 

After obtaining evidence for the successful chitosan-functionalization of PTF according to the 

procedure discussed above (Schemes 3.12 and 3.13), similar reaction conditions were utilized 

to attach chitosan 1 onto the HH fibre surfaces. The cellulosic content of 44.5 % in HH (see 

Section 1.3 and Figure 1.5 for more details on the chemical composition of HH) was assumed 

to be converted to a reactive chemical linker, provided the same modification as PTF. At first, 

the washed, dried and alkali-treated HH was mixed overnight with 1,4-phenylenediamine (1 

eq.) and isopentyl nitrite (1 eq.) in acetonitrile/dichlorobenzene (1/2 v/v) at 60 ℃ to obtain 

polyaminophenyl layer-grafted fibre, PAP-HH 143. The -NH2 groups on the PAP layer were 

then converted to diazonium cations, producing aryl diazonium self-adhesive HH 144, which 

were subsequently reacted with chitosan 1 solution producing chitosan-functionalised HH 145. 

The entire procedure is depicted in Scheme 3.14.  
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     Figure 3.6 FTIR of untreated PTF, PAP-PTF 140 and chitosan-functionalized PTF 142. 

Alkali-treated PTF 

140 

-OH, -NH
2
, -NH- 

-NH
2 

phenylamine 

C=C  

Phenyl 

-N=N-  

C=C  

phenyl 

-N=N-  

C-O-C  

Ar C-H out-of-plane 

stretching  

C-O-C  

142 

T
ra

n
sm

it
ta

n
c
e 

%
 

β(1→4) glycoside 

bridge 



175 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Scheme 3.14 Synthesis of chitosan-functionalized HH 145 via diazonium surface modification. 

 

The FTIR spectral analysis of PAP-HH 143 and chitosan-treated HH 145 provided identical 

results as that obtained for functionalised-PTF 140 and 142. These were further confirmed with 

XPS, SEM and contact angle tests. Antibacterial activity tests were also conducted for the 

treated HH. These tests are discussed in later sections. 
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3.3 Succinic Anhydride Linking Between Chitosan and Fibres 

(PTF and HH) 

This study investigated the attachment of chitosan 1 onto the surfaces of the natural materials, 

PTF and HH, using succinic anhydride bridging, with a focus of comparing the antibacterial 

ability of the treated fibres with that of the diazonium-modified ones. Succinic anhydride is a 

naturally occurring and commercially available compound and that has been proven to be used 

as a means to provide eco-friendly chitosan-functionalisation of natural protein fibres such as, 

wool and silk, by two different research groups Davarpanah et al.139 and Ranjbar-Mohammadi 

et al.15, respectively. The literature reported the introduction of active terminal carboxyl groups 

onto these protein fibres through the -OH or/and -NH2 groups of the fibres via succinic 

anhydride treatment, followed by chitosan-grafting of these carboxyl groups via amide linkage 

(described before in the introductory chapter Sections 1.9.2.3 (b) and 1.9.2.4 (a) and Scheme 

1.14). A further search for cellulosic fibre treatment with succinic anhydride, as this study deals 

with the cellulosic fibres (PTF and HH), led to some promising examples in previous articles. 

Ahmed et al.260 and Matsuda et al. independently published reports on the reaction between 

succinic anhydride and cellulosic -OH of jute fibre and wood, respectively. However, it should 

be noted that these two works did not use the succinic anhydride-modification of cellulosic 

content for further chitosan-grafting. 

The procedure employed in this work was adopted from the studies by Davarpanah et al.139 

and Ranjbar-Mohammadi et al.15 The reaction involved two steps as illustrated below in 

Scheme 3.15. The first step was the introduction of terminal carboxyl group, as 4-oxobutanoic 

acid, on the activated cellulosic -OH of PTF/HH samples (alkali-treated) by heating at reflux 

these fibres with succinic anhydride solution in DMSO at a constant temperature of 70 ℃ in a 

thermostatic bath for 2 hours. The fibres, thus treated, were separated, washed with DMSO, 

then with acetone at 55 ℃ and finally with dist. H2O, and dried to obtain PTF-O-(4-

oxobutanoic acid) 146 and HH-O-(4-oxobutanoic acid) 147. In the second step, the succinic 

anhydride-treated fibres were immersed in chitosan 1 solution in H2O containing 0.05 % acetic 

acid, at 50 ℃ for 18 h, followed by washing the treated fibres with dist. H2O and drying, to 

quantitatively yield chitosan-functionalized PTF/HH, 148/149. 

The mechanism for this involves nucleophilic attack on one of the carbonyl carbons of succinic 

anhydride by -OH of the alkali-activated fibre cellulose resulting in the anhydride ring opening 

forming 146 or 147, respectively from PTF or HH. In contact with chitosan 1, the carbonyl 
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carbon of the terminal carboxyl group of this intermediate (146 or 147) was attacked by the 

lone pair of electrons of chitosan -NH2 groups resulting in an amide linkage with chitosan 1 

along with removal of H2O yielding 148 or 149. 

 

                  

  Scheme 3.15 Synthesis of chitosan-functionalized PTF/HH 148/149 via succinic anhydride 

linking. 

The succinic anhydride linkage between the cellulosic content of the fibres and chitosan 1 was 

confirmed through FTIR. The obtained IR spectra of the treated fibres 148 and 149 were 

identical and when compared to the spectra of the NaOH-treated fibres (PTF and HH), gave 

proof of the chitosan attachment. The spectra of HH analogue 149 and that of the NaOH-treated 

HH are shown in the figure below (Figure 3.7). The attachment of chitosan 1 through amide 

bond formation via the ring opening of succinic anhydride, as depicted in Scheme 3.15, was 

clearly evidenced with the appearance of an intense C=O absorption signal at 1724 cm-1, amide 

bands at 1636 cm-1 (C=O stretch); 1555 cm-1 (N-H bend) and a stronger absorption signal at 

1157 cm-1 corresponding to O=C-O-C stretching in the IR of 149. This peak was not present 

in the IR of NaOH-treated HH. In addition, all the characteristic FTIR peaks of chitosan 1 were 
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found in the spectrum of the chitosan-functionalised fibre 149. The broad intense band at ~ 

3600-3200 cm-1 was due to overlapping contributions of the O-H, N-H and -NH2 stretching 

vibrations from the newly attached chitosan 1. XPS, SEM, contact angle and antibacterial tests 

were done and are discussed later in this chapter.  

 

 

 

 

 

 

 

 

 

 

 

 

               Figure 3.7 FTIR of alkali-treated HH and chitosan-functionalised HH 149. 

 

3.4 Epichlorohydrin Linking Between Chitosan and Fibres (PTF 

and HH) 

Epichlorohydrin crosslinking between cellulose and chitosan 1 was a simple method of 

chitosan grafting to be investigated. It was reading of a previous report published by Lee et 

al.,229 where epichlorohydrin was used as a crosslinking agent for chitosan-finishing of cotton 

fabrics to improve dying and antimicrobial abilities. According to the literature, 
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epichlorohydrin reacts with the hydroxyl groups of cellulose and chitosan 1, leaving most of 

the amino groups free. Therefore, this method was investigated in addition to the diazonium 

and succinic anhydride strategies, already discussed before in Sections 3.2 and 3.3, to see its 

effect on the antibacterial property of the treated fibres. 

The reaction was accomplished by means of the conventional mercerizing process as described 

in Lee et al.229 Briefly, the raw fibres (PTF or HH) were dipped in a padding solution prepared 

from chitosan 1 (1.5 %) and epichlorohydrin (0.05 M) in 2 wt% of acetic acid at 20 ℃ for 1 

min. The fibres were then dried at 160 ℃ for 2 min and subsequently, were mercerized by 

immersing in 20 wt% of NaOH aq. solution for a maximum of 4 min. The strong alkali 

conditions were, used to obtain the anticipated crosslinking product between chitosan 1 and 

cellulose over the other two possible products resulting from chitosan-chitosan and cellulose-

cellulose crosslinkings.229 The schematic illustration of the reaction is given in Scheme 3.16. 

After mercerization the treated samples were thoroughly washed with dist. water and dried at 

room temperature to yield the corresponding chitosan-functionalised fibre products 150 and 

151 from PTF and HH.  

                  

                        

 

Scheme 3.16 Schematic representation of crosslinking between cellulosic samples (PTF/HH) 

and chitosan 1 using epichlorohydrin. 
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Confirmation of the success of this reaction was achieved by analysing FTIR of the product 

materials 150 and 151. Both analogues exhibited identical IR absorption signals, proving the 

expected modifications. The FTIR spectrum obtained for the functionalised PTF 150 is shown 

in Figure 3.8 and compared with that of untreated PTF.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   Figure 3.8 FTIR spectrum of 150 in comparison of that obtained for the untreated PTF. 

 

It is clear from the IR spectrum of 150 that chitosan 1 was successfully attached on the surface 

of PTF via epichlorohydrin crosslinking. The characteristic absorption signals of chitosan 1 (a 

broad intense peak corresponding to the overlapped O-H, N-H and -NH2 stretching vibrations 

at 3600-3200 cm-1 with a doublet,  N-H bending of primary amine at 1595 cm-1 and a sharper 

absorption signal at 897 cm-1 due to the incorporation of chitosan-glycosidic bridge vibrations) 

were observed in the IR of 150, along with the intense C-H and -CH2 signals (at 2917 and 2851 
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cm-1) resulting from the epichlorohydrin bridging, as depicted in the above scheme (Scheme 

3.8). 

Further characterization of 150 and 151 was achieved by XPS, SEM and contact angle studies. 

These treated fibres were also tested for their antibacterial activity. All these studies are 

discussed later. 

 

3.5 Synthesis of Chitosan Derivative-Functionalized PTF and HH 

In addition to chitosan-functionalisation, a chitosan derivative was also attached to the PTF 

and HH surfaces. The derivative for this purpose was selected from among the already 

synthesized amine-functionalised chitosan analogues, BDs 81 – 87 and PDs 114 – 133, in this 

study (described before in Chapter 2). The most antibacterial derivative 132, having an 

observed MIC of 0.016-0.020 mg mL˗1 (see Table 2.11), was chosen to attach to PTF and HH 

by adopting the most promising surface-functionalisation strategy.   

After the investigation of the chitosan attachment onto the PTF and HH surfaces, described in 

Sections 3.2.2, 3.3 and 3.4, the strategies were compared using the differences in the 

antibacterial activities exhibited by the functionalised materials. Determination of the overall 

antibacterial activity studies was conducted, and the obtained results are given in the later 

section of this chapter (see Section 3.9). The aryl diazonium-based strategy of surface 

modification (explained by Schemes 3.13 and 3.14) was found to be the most promising 

according to the results obtained for the antibacterial activity. Chitosan-functionalised PTF 142 

and HH 145 synthesized using this strategy exhibited higher activity against S. aureus bacteria, 

compared to the other samples 148, 149 and 150, 151. Therefore, the aryl diazonium 

modification technique was further employed for attaching chitosan derivative 132 onto the 

surface of both PTF and HH. 

The reaction involved two steps as described before in Section 3.2.1. The first step was carried 

out in the similar way as for the synthesis of the PAP-layer modified PTF 140 (Scheme 3.12) 

and HH 143 (the first reaction of Scheme 3.14). The -NH2 groups of 140/143 were diazotized 

by the reaction with acidic NaNO2 at 0 ℃ to produce aryl self-adhesive material surfaces 

(141/144) followed by spontaneous grafting of 132, by immediately immersing the diazotized 

fibres 141/144 into a solution of 132 in water containing 0.05 % AcOH. After overnight 

reaction at room temperature the treated fibres were washed with deionized water by sonication 
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and then, dried at 60 °C for 1h to quantitatively yield chitosan derivative-functionalized 

PTF/HH 152/153 (Scheme 3.17). 

               

 

Scheme 3.17 Attachment of chitosan derivative 132 onto PTF/HH surface using aryl 

diazonium-based surface chemistry. 

Initial characterization of the functionalized materials 152 and 153 was conducted by FTIR 

spectral analysis. The observations were as expected, with the IR absorption signals that were 

present in the spectra of chitosan-functionalized PTF and HH via diazonium linking (142 and 

145) as well as in that of 132. A comparison of the FTIR spectra obtained for 132 and HH 

analogue 153 is shown in the figure below (Figure 3.9).   
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Figure 3.9 FTIR of the amine-functionalized chitosan 132 and chitosan derivative-

functionalized HH 153 synthesized via diazonium strategy. 

The small distinguishable IR absorption signals at ~ 3000-2700 cm-1 corresponding to the C-H 

stretching of terminal -CH3 from the amine used to functionalise chitosan 1 were observed in 

both the spectra in Figure 3.9. This strongly supported the successful attachment of 132 

forming the anticipated product 153. IR characteristic peaks of chitosan- functionalisation of 

the cellulosic materials via aryl diazonium were also found. The overlapped O-H, N-H and -

NH2 stretching vibrations were present as a broad intense band at 3600-3200 cm-1 with a 

doublet. Aromatic vibrations were observed at 1600, 1510 and 751cm1 -along with a strong C-

O-C stretching absorption signal at 831 cm1. 
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Both the PTF and HH functionalized with 132 (152 and 153) were also examined using XPS, 

SEM and contact angle tests. Antibacterial activity of these materials was also investigated. All 

the results from these tests are discussed in the sections below. 

 

3.6 X-ray Photoelectron Spectroscopy (XPS) 

Surface functionalization of the natural materials PTF and HH was characterized using XPS 

analysis. This investigation included acquiring XPS survey (wide-scan) and high-resolution 

(core level) spectra for the elements C, N and O using an Axis Ultra DLD XPS instrument as 

well as the analysis of these spectra using CasaXPS application. 

The survey spectra obtained for raw materials and their chitosan-functionalized (via diazonium 

strategy) analogues (140, 142, 143 and 145) are shown in Figures 3.10 and 3.11, respectively 

for PTF and HH samples. The presence of carbon C1s at a binding energy (BE) of 285 eV, 

nitrogen N1s at 399 eV and oxygen O1s at 532 eV were observed in the wide-scan spectra of 

both the untreated materials (raw PTF and raw HH). As can be seen from the relative atom% 

of these elements that are depicted along with the spectra, there are slight variations of the 

elemental composition of the raw PTF and HH. Carbon content is higher for the raw PTF with 

a relative atom% of 83.21, compared to that of HH (73.90 %). In contrast, the atomic 

percentage of nitrogen and oxygen were found to be higher for the untreated HH (4.30 % and 

21.80 %, respectively) than of PTF with the corresponding amounts 1.93 % and 14.87 %. The 

comparatively distinguishable nitrogen content of the raw HH is due to the protein and amino 

acid contents present in it (see Section 1.3 and Table 1.2) which were reduced by the alkali-

treatment before being utilized in this study.  

The amino phenyl group modification of these materials was obvious from the survey spectra 

of PAP-PTF 140 and PAP-HH 143 with the increment of N1s content and the decrement of 

O1s content. In the case of PTF samples, the nitrogen content had changed to 5.23 atom% from 

1.93 atom% and the amount of oxygen to 10.32 atom% from 14.87 % during the conversion of 

the raw fibres into 140, as a result of the newly installed aromatic amino groups and the 

expected -OH substitutions, respectively. For HH samples, when modified from raw to 143, 

the observed variations in the relative concentrations of N1s and O1s went correspondingly 

from 4.30 atom% to 5.89 % and from 21.80 % to 19.03 %.  An increase in the carbon content 

was anticipated due to the presence of the new aromatic carbons in 140 and 143. Instead, a 

decrease (81.92 % from 83.21 % for PTF and 72.58 % from 73.90 % for HH) was observed 
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after the modification. The reduction/removal of non-cellulose components by the alkali-

treatment of the raw materials before modification can explain this trend. Contamination with 

chlorine (Cl2p) was found at BE of 200 eV in the spectra of 140 and 143 having 2.53 atom% 

and 2.50 %, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

              Figure 3.10 XPS survey spectra of untreated PTF, PAP-PTF 140 and chitosan-

functionalized PTF 142 (via diazonium method). 
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    Figure 3.11 XPS survey spectra of untreated HH, PAP-HH 143 and chitosan-

functionalized HH 145 (via diazonium method). 

The wide-scan spectra of the chitosan-functionalized PTF and HH samples, 142 and 145, 

showed the expected higher carbon C1s, nitrogen N1s and oxygen O1s atom% along with 

nullifying the chlorine contamination compared to the respective PAP-precursors 140 and 143. 

This increase of the elemental composition was attributed to the presence of the newly attached 

chitosan 1. Even though, nitrogen atoms of 140 and 143 were assumed to be removed as N2 
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gas after diazotization and the subsequent spontaneous grafting of chitosan 1, as depicted in 

the Schemes 3.13 and 3.14, the observed N1s increment in the XPS survey spectra of 142 and 

145 was due to the residual azo bonds as well as, from the grafted chitosan 1. A minute amount 

of nitrogen assigned to azo bonds has been reported to be observed during the grafting of 

diazonium salts.232,261 

Figures below shows the high-resolution XPS spectra of C1s (Figure 3.12), N1s (Figure 3.13) 

and O1s (Figure 3.14) for raw PTF and HH materials and their diazonium modified samples 

(140, 142, 143 and 145). The summary of the elemental distribution of C, N and O under 

various atmosphere of each of these materials are given in Table 3.1.  

The C1s regions were fit with three components centred at the binding energies 285, 286.6 and 

288.5 eV (Figure 3.12) that were assigned to C-C/C-H/C=C, C-OH/C-O-C/C-N and O-C-

O/C=O/COO, respectively, for both the materials PTF and HH. The presence of non-cellulosic 

components along with cellulose were clearly observed in these untreated samples. However, 

a higher hetero carbon content (at 286.6 eV) and carbonyl carbon content (at 288.5 eV) were 

present for raw HH due to the higher amount of lignin, protein, amino acid etc. compared to 

raw PTF (see Sections 1.2 and 1.3; Figures 1.2 and 1.5). It was noticed that the higher total 

carbon percentage of PTF, from the C-C/C-H/C=C component at 285 eV, was caused due to 

the higher cellulose content in it. The core level C1s spectra of the PAP-modified materials 140 

and 143 showed three components that were similarly distributed. This identical carbon 

element distribution for both PTF and HH (though having different C1s component 

concentrations for their raw samples) after modification, resulted from the pre-alkali treatment 

that removed/reduced the non-cellulosic contents followed by the addition of aryl amine 

groups. A slight decrease of the carbon atom% at 285 eV in 140 and 143, even after the 

attachment of phenyl carbons (C=C) which belong to this region, proved considerable removal 

of C-C/C-H type carbons by NaOH-treatment. Decrease in the component percentage at 288.5 

eV could be attributed to the loss of C=O/COO type carbons belonging to lignin and pectin. 

However, an increase of carbon atom% at 286.6 eV in both 140 and 143 was noticed 

corresponding to the C-N carbons from the newly installed phenylamine layer and C-O-C 

carbons from the newly formed ether linkage at the -OH groups of PTF and HH. When moving 

to the samples 142 and 145, the chitosan attached PTF and HH analogues, respectively, an 

increase of total carbon atom% occurred compared to the respective precursors, 140 and 143. 

This increment happened with the component at 286.6 eV because of the expected addition of 

more C-N and C-OH carbons from the attached chitosan 1. 
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      Figure 3.12 XPS core level C1s spectra of raw PTF and HH materials and the PAP-PTF 

140, PAP-HH 143, chitosan-attached PTF 142 and HH 145. 
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        Figure 3.13 XPS core level N1s spectra of raw PTF and HH materials and the PAP-

PTF 140, PAP-HH 143, chitosan-attached PTF 142 and HH 145. 
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       Figure 3.14 XPS core level O1s spectra of raw PTF and HH materials and the PAP-PTF 

140, PAP-HH 143, chitosan-attached PTF 142 and HH 145. 
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Table 3.1 Summary of component percentages of C, N, O in different functional groups as 

calculated from XPS results (at%) for Raw PTF, 140, 142, Raw HH, 143 and 145.  

 Component percentage (relative at%)   

PTF 140 142 HH 143 145 

 

C 1s 

 

C-C/C-H/C=C 

(285 eV) 

 

48.13 

 

45.30 

 

41.85 

 

33.78 

 

35.13 

 

32.08 

 C-NH2/C-OH/C-

O-C (286.6 eV) 

25.19 28.53 31.04 26.77 28.28 31.54 

 O-C-O/C=O/COO 

(288.5 eV) 

9.89 8.09 9.71 13.35 9.17 9.57 

C 1s 

total 

  

83.21 

 

81.92 

 

82.60 

 

73.90 

 

72.58 

 

73.19 

        

N 1s C-N/NH2/N=N 

(399.9 eV) 

1.76 4.21 5.68 4.12 4.80 6.32 

 NH3
+ (402 eV) 0.17 0.97 0.43 0.18 1.09 0.48 

        

 NO2 (403 eV) - 0.05 - - - - 

N 1s 

total 

  

1.93 

 

5.23 

 

6.11 

 

4.30 

 

5.89 

 

6.80 

        

O 1s C=O (531.6 eV) 1.98 0.46 - 5.12 0.86 2.52 

 C-OH/C-O-C  

(532 eV) 

11.71 7.01 10.74 16.39 12.93 17.02 

 O-C-O (534 eV) 1.18 2.85 0.55 0.29 5.24  0.47 

O 1s 

total 

  

14.87 

 

10.32 

 

11.29 

 

21.80 

 

19.03 

 

20.01 

 

The high-resolution N1s region (Figure 3.13) of the raw PTF and HH were fit with a major C-

N/NH2 component at 399.9 eV with a negligible peak corresponding to the charged nitrogens 

at 402 eV. These two components are the contributions from the non-cellulosic constituents 

present before the NaOH-treatment. After the reaction with NaOH, these nitrogen constituents 
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were assumed to be removed or reduced. The presence of distinguishable quantities of the two 

types of nitrogen atoms were still observed for the PAP-modified PTF 140 and HH 143, which 

proved the attachment of the anticipated phenylamine groups contributing -NH2, -N=N- (at 

399.9 eV) and a small amount of N+ (at 402 eV) type nitrogen atoms.171,251 It was noteworthy 

that a 0.05 atom % (out of the total 5.23 N1s atom %) NO2 contamination was present in 140. 

The final chitosan-functionalization of these materials could be evidenced from the N1s core-

level spectra of 142 and 145, which exhibited the highest amounts of total nitrogen content, 

resulting largely from C-N/NH2 component (~ 95 %) at 399.9 eV. 

Figure 3.14 representing O1s high-resolution regions provided further proof for the 

modifications of PTF and HH schematized in Schemes 3.12, 3.13 and 3.14. The spectra were 

fit with three peaks at 531.6, 532 and 534 eV corresponding to oxygen atoms of C=O, C-OH/C-

O-C and O-C-O, respectively. There was an exception with the absence of the component at 

531.6 eV for 142. For raw PTF and HH, the oxygen atom distribution was dissimilar, raw HH 

having a higher carbonyl oxygen content from its larger quantity of surface constituents other 

than cellulose. The variation in the C-OH/C-O-C peak at 532 eV from raw to the chitosan-

functionalized materials strongly supported the expected modifications of both PTF and HH. 

The alkali-treatment and the subsequent aryl amine addition at -OH through ether linkages 

reduced the 532 eV component concentration of 140 and 143, the PAP-attached analogues. The 

observed regain of this component in both PTF and HH final samples, 142 and 145, confirmed 

the successful attachment of chitosan 1. 

The succinic anhydride modification and the following chitosan attachment onto PTF and HH, 

depicted in Scheme 3.15, was also confirmed with the XPS spectra of the modified samples 

148 and 149. The results were identical for both the materials with small changes in component 

concentrations of C, N and O. The modification process involved the pre alkali treatment of 

PTF and HH (those produced greatly distinguishable XPS core-level regions of C, N and O 

elements when were raw) and therefore gave the identical XPS results after converting, 

respectively, to 148 and 149. These results are discussed here using the XPS spectra of HH 

sample 149, that can also be applicable for the PTF sample 143. The representative survey and 

the high-resolution spectra obtained for 149 are given below (Figure 3.15). 
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Figure 3.15 XPS survey and high-resolution spectra of C1s, N1s and O1s obtained for 149. 
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Analysis of the XPS spectra of 149 in comparison with that of raw HH provided evidence for 

the expected modification. The C1s core level spectrum of 149 was fit with four components 

at 285, 286.6, 288.1 and 289.1 eV, that were ascribed to C-C/C-H, C-OH/C-N/C-O-C, C=O/N-

C=O and COOR functionalities. The highest C1s component was at 286.6 eV (having 34.00 

atom%) resulted from the large amounts of C-N and C-OH groups added from the newly 

attached chitosan 1. A considerable new peak contributing 5.54 C1s atom%, was present at the 

ester C1s region (289.1 eV) and therefore, supported the presence of an ester linkage in 149. 

The component at 288.1 eV corresponding to the C=O/N-C=O type carbons (7.80 atom%) was 

due to the formation of amide bonding of chitosan 1 as can be seen from Scheme 3.15. 

Moreover, the distribution of the O1s components at binding energies 532 eV (19.03 atom% 

of the total 27.80 O1s atom%) and 531 eV (8.77 atom%) further confirmed the structure of 

149. Oxygen atoms at these binding energies mainly attributed to the functional groups such 

as, -OH/C-O-C and N-C=O/O-C=O, respectively, that showed the addition of chitosan 1 and 

the formation of amide and ester bonds. N1s high-resolution region was fit with two 

components representing C-N/NH2/N-C=O at 399.9 eV and N+ at 401.8 eV. However, the total 

nitrogen content in 149 was noticed to be less than that in 142 and 145 (chitosan functionalized 

materials via diazonium-based surface modification strategy) but, with a higher oxygen content 

from the anhydride. 

Epichlorohydrin cross-linking between cellulose of PTF/HH and chitosan 1 was confirmed by 

XPS examination of the samples 150/151. The XPS survey and the high-resolution spectra 

(Figure 3.16) results of C, N and O of the treated PTF 150 are discussed here. Chitosan 

attachment was clear from the comparison of the survey spectrum and the elemental 

composition (relative atom%) of the cross-linked PTF 150 with that of raw PTF (Figure 3.10) 

with an increased N1s and O1s atom%. It was, however, noticed that the nitrogen content rise 

was relatively less than that occurred in diazonium modification and succinic anhydride 

strategies of chitosan 1 attachment (i.e., for 142/145 and 148/149). This explains the less 

antibacterial activity of 150 and 151 (discussed later in Section 3.9). 

The core-level C1s spectrum of 150 showed the addition of hetero carbon content with a change 

of the C1s component at 286.6 eV which was ascribed to C-N/C-OH/C-O-C carbon atoms. The 

anticipated ether linkages, as can be seen from Scheme 3.16, was assumed to be the reason for 

this increment. Additionally, O1s distribution having ~ 88 % of the total oxygen atoms 

presented at 532 eV, supported the newly installed C-O-C bonds. Most of nitrogen atoms of 

150 were observed to belong to the C-N/NH2 component at 399.9 eV.  
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  Figure 3.16 XPS survey and high-resolution spectra of C1s, N1s and O1s obtained for 150. 
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XPS results obtained for the chitosan derivative 132 attached PTF and HH, 152 and 153, were 

in agreement with their expected structure according to Scheme 3.17. The representative XPS 

survey and the high-resolution spectra obtained for HH sample 153 are given (Figure 3.17) 

and described. 

 

 

 

 

 

 

 

 

 

 

 

 

      Figure 3.17 XPS survey and high-resolution spectra of C1s, N1s and O1s obtained for 153. 
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The observed higher amounts of C1s and N1s atom% values (74.77 % and 6.87 %, 

respectively) from the wide-scan spectra of 153, in relation to that (correspondingly 72.58 % 

and 5.89 %; see Figure 3.11) of the PAP precursor 143, evidenced the attachment of 132. 

These values were also slightly higher than the chitosan-functionalized analogue 145 of this 

material. The high-resolution C1s regions of 153, as shown in Figure 3.17, was fit with three 

components at 285, 286.6 and 288.1 eV. These three components were attributed to C-C/C-H, 

C-N/C-OH/C-O-C and O-C-O/C=O, respectively, as discussed before. Among these 285 eV 

and 286.6 eV peaks were identical having similar C1s distribution (~ 43 atom%). This resulted 

from the C-C and C-N type carbons from the newly attached derivative 132. The N1s core-

level spectrum was fit with a dominant neutral nitrogen atom component at 399.9 eV and a 

minor protonated nitrogen content at 401.8 eV. Oxygen atoms were mostly concentrated at 532 

eV corresponding to C-O-C/C-OH functional groups. All these observations supported the 

formation of 153 and its highest antibacterial activity (for details see Section 3.9) among the 

modified PTF and HH materials discussed in this chapter. 

 

3.7 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) images of PTF and HH samples were acquired, before 

and after modifications, using a Hitachi SU-70 FESEM instrument. SEM is a commonly used 

technique to analyze surface morphology193 in which, images are generated after scanning the 

material surface with an intense and focused beam of electrons.194,195 These electron beams 

produce signals containing surface topography information. The images of the platinum coted 

materials (raw and chitosan/derivative-functionalized PTF and HH- 142, 145, 148 – 153) were 

captured at a working distance of 14.4 – 15.6 mm under an acceleration voltage of 5.0 kV. The 

obtained SEM micrographs (Figure 3.18) were analyzed to view the surface morphology 

change caused by chitosan/derivative 1/132 attachment. 

Surfaces of each material sample were distinguishable with different morphological 

topography. After the chitosan/derivative (1/132) attachment, a coating over the surface of both 

PTF and HH was clearly observed in the micrographs of 142, 145, 148 – 153. An uneven wood-

like surface appeared for raw HH while the raw fibre PTF showed a more even surface. 

Diazonium modification of both PTF and HH with chitosan 1 and its derivative 132, converted 

the surface of these materials into thick layers (see 142, 145, 152 and 153 in Figure 3.18).  
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      Figure 3.18 SEM images of PTF and HH samples before and after chitosan attachment. 
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The chitosan attached samples 142 and 145 exhibited foliated layers of chitosan 1 whilst the 

derivative-attached samples 152 and 153 appeared with a thick powdery coating. The samples 

148 and 149, those that are chitosan-modified PTF and HH using succinic anhydride bridging, 

showed damage on the surface along with the chitosan coating. Severe damage of the fibre 

structure was observed for PTF sample 148. The epichlorohydrin cross-linking, however, 

produced a more homogeneous layer of chitosan 1, that can be seen form the SEM images of 

150 and 151.  

  

3.8 Water Contact Angles 

Water contact angles of the modified PTF and HH samples were compared with that of the 

unmodified materials to see the effect of modification. Water contact angles were measured 

using a CAM 100 contact angle meter (KSV instrument). In this measurement, 3 µL of 

deionized water was deposited on the top surface of the test samples placed in a horizontal 

position on the instrument stage and the contact angles were calculated by the tangent method. 

The measurements were conducted at least five times for each sample. The obtained contact 

angle values are listed in the table below (Table 3.2) along with the images captured. 

The untreated PTF was observed to be hydrophobic, with a contact angle of above 80 degrees. 

Raw HH, on the other hand, exhibited a hydrophilic nature having an angle ~ 45°. However, 

both these materials showed a considerable decrease in water contact angles after 

functionalization, as expected, due to the chitosan/derivative surface coating. Chitosan 1 and 

derivative 132 contain large numbers of hydrophilic -OH and -NH2 groups and the attachment 

of those was assumed to increase the hydrophilicity of the materials. The diazonium samples 

from both the groups (142, 145, 152 and 153) showed smaller contact angles compared to that 

of the succinic anhydride ones (148, 149) and epichlorohydrin ones (150, 151). This 

observation supported the efficiency of diazonium-based surface attachment technique over 

the other two. Moreover, the derivative (132) attached PTF and HH 152 and 153, from among 

the respective sample sets, were found to be the highest hydrophilic materials possessing the 

water contact angles of ~ 35° and ~ 19°, respectively. 

All these observations were comparable with the results from the other characterizations and 

the antibacterial testing performed in this study. 
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Table 3.2 Water contact angles measured for PTF and HH samples before and after 

chitosan/derivative modification (captured images are also shown). 

SD = Standard deviation. 

 

3.9 Antibacterial Activity Testing of Modified PTF and HH 

Antibacterial activity of the synthesized materials (142, 145, 148 - 153) from PTF and HH were 

examined and compared with that of the unmodified fibres. The activity of these materials was 

tested against S. aureus 16207. These tests were conducted according to ASTM E2149 

(dynamic shake flask method followed by colony counting) as previously described.29 The 

other conditions applied were the same as that described in Section 2.2.1.4. 

Antibacterial tests of the materials started with an initial screen using just one concentration of 

the pre-described fibres to bacterial inoculum in a ratio of 1 g/50 mL.11,29 The process involved 

the incubation of the glass vials containing 10 mg of each sample in 0.5 mL of working bacterial 

PTF 

Sample 

Water contact angle (degrees) 

± SD 

HH 

Sample 

Water contact angle (degrees) 

± SD 

Raw 81.6 ± 5.9 

 

Raw  46.3 ± 4.8 

 

142 48.1 ± 1.7 

 

145 22.9 ± 2.5 

 

148 53.6 ± 4.3 

 

149 25.4 ± 3.6 

 

150 57.9 ± 2.4 

 

151 31.2 ± 2.3 

 

152 35.8 ± 4.5 

 

153 19.9 ± 1.2 
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solution (5×105 CFU mL-1) at 160 rpm and 37 ℃ for 20 h, along with the vials containing 

control MHB and bacterial inoculum under the same conditions. Serially diluted (1:100,000) 

bacterial solution (50 µL) after 20 hours was inoculated on a nutrient-rich agar plate and the 

plates were then cultivated at 37 ℃ for another 20 hours. The entire procedure is 

diagrammatically represented below (Figure 3.19).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.19 Diagrammatic representation of the experimental procedure performed for 

colony counting antibacterial activity determination. 
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The plates with an uncountable number of bacterial growth or confluent (Too Numerous To 

Count or TNTC) were not considered further for colony counting. The number of bacterial 

colonies (CFU) on the countable plates were counted and CFU/mL in the original samples were 

calculated from the equation: 

  

 CFU = Number of colonies on the plate, TSDF = Total series dilution factor, PDF = Plating 

dilution factor. Here, TSDF = 1/100,000 and PDF = 0.050 mL/1.0 mL. Antibacterial activity 

was determined as the percentage reduction of the bacteria by comparing the counts for the 

treated samples to the control bacterial inoculum calculated from the equation: 

                                     Percentage Reduction = ((B – A)/B) × 100 

where, A= Number of bacterial colonies (CFU) on the sample plate and B= CFU on the control 

bacterial plate. The whole procedure was performed at least thrice and in triplicates.  

Bacterial growth on the agar plates after 20 h incubation is shown in Figure 3.20. The results 

obtained from the initial screen are listed in Table 3.3 and the following diagram (Figure 3.21) 

compares the antibacterial activity of the materials in terms of their average bacterial reduction 

percentage. 
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Figure 3.20 Bacterial growth on agar plates after 20 h incubation of the inoculated 

supernatant from the vials containing control medium, control bacteria and bacterial 

inoculum treated with different fibre samples. 
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Table 3.3 Results from the initial screen with 20 mg/mL of the samples against S. aureus.  

Sample Number of colonies 

(CFU) 

CFU/mL (Mean)* Average 

Reduction % 

Control S. aureus 1035 ± 12 2.070 × 109 - 

Control MHB 0 0 100.0 

Raw PTF Confluent (TNTC)  NR** 

142 0 0 100.0 

148 < 1 (0.104 ± 0.060) (from 

1:100 plating, converted to 

1:100,000) 

2.08 × 105 99.98 

150 910 ± 7 1.820 × 109 12.1 

152 0 0 100.0 

Raw HH Confluent (TNTC)  NR** 

145 0 0 100.0 

149 < 1 (0.010 ± 0.002) (from 

1:100 dilution plating, converted to 

1:100,000) 

2.0 × 104 99.99 

151 890 ± 12 1.78 × 109 14.0 

153 0 0 100.0 

*Mean of nine results from three independent experiments performed in triplicates, **NR 

means no reduction. 

 

 

 

 

 

 

 

Figure 3.21 Antibacterial activity comparison of treated and untreated PTF and HH fibres 

(The experiment was done thrice and in triplicates and the average of the results are 

compared. Error bars show the standard deviation for the measurement). 
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The rsesults observed for samples 142, 145, 148 – 151, the chitosan-functionalized PTF and 

HH, supported the attachment of chitosan 1. Antibacterial activity of most of these samples 

were improved (~ 100 % bacterial reduction against S. aureus for diazonium and succinic 

anhydride samples, 142, 145 and 148, 149, respectively) by the modifications. However, the 

epichlorohydrin cross-linking method was detected to provide negligibly low activity for both 

PTF and HH from the corresponding bacterial reduction % observed for 150 (12.1 %) and 151 

(14.0 %). It can be seen from the Figure 3.20 that the agar plates prepared by inoculating the 

bacterial solution treated with the samples 148 and 149 (the succinic anhydride bridged 

samples), contain a few bacterial colonies (2.08 × 105 and 2.0 × 104 CFU/mL providing a 

bacterial reduction of 99.98 % and 99.99 %, respectively; see Table 3.3). This indicated an 

incomplete inhibition of S. aureus by 148 and 149 and a chance of further growth. Samples 

142 and 145, prepared using the diazonium-based strategy exhibited complete killing of S. 

aureus and hence, proved to be a promising method of chitosan 1 attachment onto PTF and 

HH. The same 100 % bacterial reduction was also attained by the chitosan derivative 132 

attached PTF and HH via the diazonium technique. 

Inorder to compare the antibacterial activity of PTF and HH samples (142, 145, 152 and 153), 

those exhibited 100 % of bacterial reduction during the initial screen, in terms of the type of 

the material and the type of chitosan (unmodified, 1 or modified, 132) attached, MIC of these 

samples were determined. 

MIC Determination: For MIC determination the working bacterial solution was incubated 

with various amounts (20 mg/mL – 2.5 mg/mL) of the selected sample materials 142, 145, 152 

and 153 at 37 ℃ for 20 hours. MICs were determined using the same ASTM E2149 procedure 

as in the initial screen. Vials containing these different amounts of fibres and 0.5 mL of working 

bacterial solution were incubated at 37 ℃ for 20 h and shaken at 160 rpm. MIC was primarily 

determined by visual inspection and quantitatively confirmed by colony counting method. The 

experiments were performed at least thrice and in triplicate. The results are given in the table 

below (Table 3.4) and compared diagrammatically in Figure 3.22. MIC was considered as the 

lowest concentration exhibiting 100 % reduction in bacteria. 
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Table 3.4 Results of the MIC test for PTF and HH samples functionalized with chitosan 1 and 

the derivative 132 (Results from three independent experiments performed in triplicates).  

    Sample 

 

Conc. 

(mg/mL) 

142 152 145 153 

CFU Avg. 

Red. 

% 

CFU Avg. 

Red. 

% 

CFU Avg. 

Red. 

% 

CFU Avg. 

Red. 

% 

20 0 100.0 0 100.0 0 100.0 0 100.0 

10 330 ± 5 39.8 171 ± 7 68.7 0 100.0 0 100.0 

5 657 ± 7  20 557 ± 9  1.6 32 ± 5 94.2 0 100.0 

2.5 Grows NR* Grows NR* Grows NR* 506 ± 8 7.6 

MIC 

(mg/mL) 

 

         10 - 20 

 

        10 -20 

 

5 - 10 

 

2.5 - 5 

Control Bac. CFU= 548 ± 7 

*NR means No Reduction.  

 

 

 

 

 

 

 

 

 

Figure 3.22 Comparison of average bacterial reduction % exhibited by different 

concentrations of 142, 152, 145 and 153 (The experiment was done thrice and in triplicates 

and the average of the results are compared. Error bars show the standard deviation for the 

measurement). 

 

 

0

20

40

60

80

100

120

142 152 145 153

A
v
g

. 
B

a
c
te

r
ia

l 
R

e
d

u
c
ti

o
n

%

Sample

20 mg/mL

10 mg/mL

5 mg/mL

2.5 mg/mL

N
o
 i

n
h
ib

it
io

n

N
o
 i

n
h
ib

it
io

n

N
o
 i

n
h
ib

it
io

n



206 
 

Analysis of the results from the MIC test gave a comparison between PTF and HH materials 

and also between the chitosan functionalization and the chitosan derivative functionalization 

of these materials. It is obvious that the attachment of the amine derivative of chitosan, 132 

which showed a higher activity against S. aureus (described in Section 2.2.3), greatly improved 

the antibacterial activity of PTF and HH. The highest average reduction percentage values of 

132 attached samples, 152 and 153, at the same lower concentration (10 mg/mL) in both types 

of materials, PTF and HH, proved the efficiency of the derivative over chitosan 1 in bacterial 

inhibition. Nevertheless, the MIC of chitosan functionalized and the derivative functionalized 

PTF samples, 142 and 152, were found to be the same (somewhere in the region 10-20 mg/mL) 

having a greater reduction% value for 152 (68.7 % in place of 39.8 % for 142) at a lower 

concentration of 10 mg/mL. On the other hand, the respective HH samples, 145 and 153, 

exhibited a distinguishable variation in MIC values. The derivative modified HH 153 was 

observed to be the most potent antibacterial (MIC= 2.5-5 mg/mL). Moreover, it was noticed 

that the chitosan-functionalization of HH was more effective than that of PTF, from the MICs 

of the respective samples 142 and 145. The HH analogue 145 was twice more active against S. 

aureus with half the MIC (5-10 mg/mL) of that of PTF analogue 142 (MIC= 10-20 mg/mL).  

 

3.10 SEM Analysis of Bacterial Cell Morphology 

Bioactivity of the selected samples from chitosan-treated PTF and HH, 142 and 145, which 

showed the highest activity was further studied using SEM imaging. These samples were 

incubated with working bacterial solution in vials under the same conditions as carried out in 

the antibacterial testing (Section 3.9). After 20 hours of incubation, fibres were washed with 

10 mM PBS and then with water. Bacteria on the samples were then fixed with glutaraldehyde. 

The dried and platinum coated samples were used for SEM study. The images were captured 

at 10.0 kV and a working distance of 8.0 mm for different magnifications. 

The study involved SEM morphological examination of S. aureus exposed to raw PTF and HH 

and their selected highest bioactive chitosan-functionalized analogues 142 and 145 along with 

the less active samples 150 and 151. The SEM images were captured at four different 

magnifications of scales: 2.0, 5.0, 10.0 and 50.0 µm and were compared (Figure 3.23). 
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Figure 3.23 SEM images of S. aureus after exposing to raw PTF and HH and their selected 

chitosan-treated analogues. 

The SEM images clearly showed bacterial aggregates on raw PTF and raw HH surfaces. A 

normal spherical morphology and microstructure and a well-preserved cell membrane of S. 

10.0 µm 5.0 µm 2.0 µm 50.0 µm 

 S. aureus exposed to raw PTF 

 S. aureus exposed to 142 

 S. aureus exposed to 150 

 S. aureus exposed to raw HH 

 S. aureus exposed to 145 

 S. aureus exposed to 151 
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aureus bacteria and dividing bacteria could also be observed on these materials. However, after 

exposure to diazonium-chitosan-functionalized samples 142 and 145, the number of bacteria 

was reduced to zero. On the surface of 142 and 145, a few completely damaged bacteria were 

found. The expected damage to the cell membrane and leakage of intracellular contents 

resulting in microbial inhibition caused by chitosan 1 can be obviously seen here. This 

observation confirmed the electrostatic interactions of the attached chitosan 1 on the surface 

with the negatively charged cell wall of the contacted microbes.90,105 The presence of a 

considerable number of active S. aureus on the surface of the 150 and 151, the samples derived 

from the epichlorohydrin cross-linking of chitosan 1 with PTF and HH, further confirmed the 

effectiveness of the diazonium-based surface modification method in chitosan attachment onto 

PTF and HH over the epichlorohydrin cross linking strategy.  

All these observations concluded that PTF and HH were susceptible to chitosan 

functionalization using all methods, but most effectively using the diazonium-based strategy. 

Chitosan functionalization was effectively utilized to convert natural materials into 

antibacterial which, were otherwise not active against bacteria. Additionally, HH was more 

susceptible to chitosan functionalization than PTF, according to this study. 

 

3.11 Summary 

Natural materials PTF and HH were successfully functionalized with chitosan 1 using three 

different methods such as, diazonium-based surface chemistry, succinic anhydride bridging 

and epichlorohydrin cross-linking, producing 142; 145, 148; 149 and 150; 151, respectively. 

Results from FTIR, SEM, water contact angle testing, antibacterial activity test and SEM study 

of bioactivity concluded that PTF and HH were susceptible to chitosan functionalization using 

all these three methods, the diazonium-based strategy being most effective. Chitosan 

derivative-treated PTF and HH, 152 and 153, were also synthesized by attaching the compound 

132 (an amine derivative of chitosan 1, synthesized in this study, as discussed in Chapter 2), 

which exhibited the highest bioactivity, using the most effective diazonium-based strategy. 

Chitosan/derivative functionalization was effectively utilized to convert natural materials into 

antibacterial which, were otherwise not active against bacteria. Additionally, HH was more 

susceptible to chitosan functionalization than PTF, according to this study.
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In chapters 2 and 3 the synthesis of chitosan derivatives and the grafting of chitosan 1 and 

derivative of chitosan 132 to natural fibre surfaces were achieved. This resulted in the chemical 

grafting of one natural biopolymer to another via various linkers. This chapter will describe an 

alternate approach to surface modification of natural fibres using polymer brush grafting. 

 

4.1 Introduction 

This study investigated the scope of tethering cationic polymer chains via atom transfer radical 

polymerization (ATRP) of acrylates (as mentioned in Section 1.4.4) on cellulosic surfaces for 

the development of antimicrobial PTF and HH surfaces. The graft polymerization modification 

of cellulosic materials is a promising route for combining the advantages of natural and 

synthetic macromolecules for further applications.262    

 

4.1.1   Polymer Grafting on Surfaces 

Surface grafting of synthetic polymers can alter the surface properties of  the substrate and 

prepare the material to be suitable for advanced applications.263 The grafting of polymer chains 

onto surfaces has drawn attention due to the increased stability of the attachment compared to 

physical coating of polymers.264 Cellulosic substrates can be readily functionalised with 

polymer chains through the active cellulosic hydroxyl groups which act as chemical handles.265  

Polymer grafting onto cellulosic substrates is an efficient technique used to improve the 

potential applications of the material by introducing desired properties.263 Antimicrobial 

activity, wrinkle resistance, heat resistance, oil repellence, dimension stability and water 

affinity are some of the surface properties that can be controlled/modified/introduced by 

polymer grafting. 

4.1.1.1 Graft Copolymerization 

The process of graft copolymerization comprises the formation of copolymers having a linear 

polymer backbone with polymer branches grafted onto the backbone.264 The graft polymers 

therefore, have a parent polymer chain of one type of monomer and side polymer chains of a 

different type of monomer. Graft copolymerization allows the introduction of required 

functionalities to macromolecules and to desired locations on the main chain polymer. Graft 

copolymers have found numerous applications in industrial and medical fields.266 
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Graft copolymerization results in either (i) a random graft copolymer with randomly distributed 

identical polymer branches, (ii) a regular graft copolymer with equally spaced side chains, (iii) 

a simple graft copolymer or (iv) a graft copolymer with two trifunctional branch points (Figure 

4.1).267         

 

                                        

 

 

                                           

 

 

 

Figure 4.1 Illustration of the four different types of graft copolymers (adapted and modified 

from the report by Hadjichristidis et al.).267 

 

4.1.1.2 Methods of Graft Copolymerization 

“Grafting from” and “grafting through” (macromonomer method) controlled polymerization 

methods are two general methods frequently used to prepare of graft copolymers.268 A site 

specific “grafting to” method based on “click” chemistry has also been developed, as a third 

approach to graft copolymerization.    

The “grafting from” graft copolymerization process involves generation of randomly 

distributed initiating functionalities (active sites) along the backbone chain as a pre-step.267 The 

initiator sites then initiate polymerization of a second monomer available in the system and 

thus, results in graft copolymers (Figure 4.2 (I)). 

(i)

 
(ii)

 

(iii)

 

(iv)
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The simplest way to synthesize well-defined graft copolymers is  the “graft through” method.268 

In this method, a low molecular weight monomer undergoes copolymerization with a 

polymerizable macromonomer (Figure 4.2 (II)).264,268 This method is also known as the 

macromonomer method due to the fact that the process utilizes macromonomers and includes 

anionic, free radical polymerization or ring-opening metathesis. Macromonomers are 

oligomeric or polymeric chains containing a polymerizable end group. 

Copolymer synthesis using a “grafting onto” process utilizes a polymer backbone bearing 

reactive functional groups randomly present along the chain and branch chains having reactive 

end groups.267 This method involves a coupling reaction between the backbone functionalities 

and the side chain end groups which results in the formation of graft copolymers (Figure 4.2 

(III)).  

                  

                    

                    

Figure 4.2 Diagrammatic representation of different modes of synthesis of graft copolymers 

(adapted from Hadjichristidis et al. and Sand et al.).267,268 

“Grafting from” 

  8 

(I)  

(II) “Grafting through” 

  8 

(III) “Grafting onto” 

  8 
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Comparison of the three modes of graft copolymerization, in terms of their advantages and 

disadvantages is reported below (Table 4.1). 

Method Advantages Disadvantages 

“Grafting onto” Straightforward approach. 

 

Backbone molecular weight 

control with narrow molecular 

weight distribution. 

 

Branch molecular weight 

control with narrow molecular 

weight distribution. 

Low grafting density.  

 

Low molecular weight. 

 

Cannot produce polymer 

brushes. 

“Grafting from” Backbone molecular weight 

control with narrow molecular 

weight distribution. 

 

High grafting density. 

 

Can produce polymer brushes. 

Difficult to control branch 

molecular weight. 

 

Broad branch molecular 

weight distribution. 

 

Branches cannot be 

isolated for 

characterization. 

“Grafting through” Branch molecular weight 

control with narrow molecular 

weight distribution. 

 

Well-defined and highly 

sophisticated structures can be 

prepared. 

 

High grafting density. 

 

Can produce polymer brushes. 

Low branch molecular 

weight. 

 

Backbone cannot be 

isolated for 

characterization. 

 

Table 4.1 Table of comparison of the three methods of synthesis of graft copolymers 

(reproduced from the report by Hadjichristidis et al.).267 

 

Grafting of polymers can be achieved through one of five techniques: chemical, radiation, 

photochemical, plasma-induced and enzymatic.269,270  

Chemical Grafting: Chemical grafting is widely used in the synthesis of graft copolymers. 

Polymerization in this technique occurs though free radical generation, ionic generation or 

living polymerization.268,269 
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Free radical chemical grafting involves free radical initiation by the action of initiator 

chemicals.269 The high energy free radical is transferred to the backbone polymer and reacts 

with monomers to produce graft copolymers. Radicals can either be formed through a direct 

method (free radical formation on the initiator chemical) or through an indirect method (radical 

formation via redox reaction). This method has limitations such as, the process is required to 

be initiated by the initiator and the method results in broad molecular distribution for the grafted 

product. Other major drawback of the process is that it involves production of homopolymer 

as a byproduct the separation of which, is laborious.270 

Ionic chemical grafting is similar to free radical mode, in the utilization of initiator 

chemicals.269 In this method, the initiator generates ionic centers (cationic or anionic) and these 

ionic centers initiate the grafting process instead of the free radicals in the free radical 

technique. 

Radiation Grafting: The radiation grafting technique involves irradiation of a macromolecule 

to initiate the grafting process.269 Here, chemical initiators or catalysts are not required, and 

this is a simple, accurate and easy to control method. Radiation grafting may either be free 

radical or ionic. 

Free radical radiation grafting occurs when the irradiation of the polymer chain results in the 

formation of free radicals capable of initiating the grafting.268,269 Free radicals are generated 

through homolytic chain-fission due to the absorption of energy by the polymer. 

Ionic radiation grafting involves the formation of a polymeric ion through high-energy 

irradiation of the polymer.269 The graft copolymer formed in this method is through the reaction 

of the polymeric ion with the monomers. 

Photochemical Grafting: A grafting technique that makes use of light for initiating the process 

is categorized as photochemical grafting technique.269,271 Here, free radicals are formed through 

the absorption of light by the chromophore followed by its dissociation at the excited state. The 

free radicals, thus generated, react with the monomers resulting in grafted polymer formation. 

Plasma-induced Grafting: This methodology utilizes plasma to produce free radicals.269 The 

polymer chain is cleaved with the high energy electrons from plasma which causes free radical 

generation and in turn, graft copolymerization initiation. This method is limited to surface 

grafting. 
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Enzymatic Grafting: Enzymes are used to initialize grafting in the enzymatic mode.269 

Oxidative enzymes such as tyrosinase, peroxidase and laccase have been reported to be 

employed in grafting of the biopolymer. Here, enzymes produce free radicals on the backbone 

polymer to initiate the graft polymerization with the monomers.      

 

4.1.2 Controlled/Living Radical Polymerization (CRP) for Graft 

Copolymer Synthesis 

Prolonged efforts by polymer chemists to merge the advantages of the radical mode of 

polymerization with that of the ionic mode have led to the development of controlled/living 

radical polymerization (CRP) (reversible-deactivation radical polymerization (RDRP); IUPAC 

recommended term).266,272,273 Research concerning CRP has extensively increased in recent 

years due to the mild reaction conditions required for the process and the capability of 

synthesizing well-defined structure polymers with controlled molecular weight and narrow 

molecular weight distribution. Transition-metal-catalyzed atom transfer radical polymerization 

(ATRP),266 stable free radical polymerization (SFRP)274 with nitroxide mediated 

polymerization (NMP)275 and reversible addition-fragmentation chain transfer (RAFT)276 

polymerization are the three most promising methods in CRP.273 The establishment of CRP has 

caused remarkable improvement in graft copolymer synthesis. 

The mechanism of CRP can be generally represented as given in the following figure with kp 

representing the rate constant for the propagation (Figure 4.3).272 The mechanism involves the 

establishment of equilibrium (reversible activation/deactivation) between the dormant species, 

end-capped chains and the active species.266,272 The schematic illustration of CRP mechanism 

provides a description for the process as “a radical polymerization that can be stopped and 

reinitiated under external control”.272 
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Figure 4.3 Schematic illustration of the general mechanism of CRP (reproduced from the 

report by Arslan)272. 

 

 

The dynamic equilibrium or the reversible activation/deactivation in CRP process are of three 

types: dissociation-combination (DC) or coupling (e.g. SFRP or NMP), atom transfer (AT) 

(e.g. ATRP) and degenerative chain transfer (DT) (e.g. RAFT)272,273, which are schematically 

represented in the following figure (Figure 4.4). The dissociation-combination mechanism 

involves thermal dissociation of a dormant species (Pn-T) which supplies radicals (Pn
*) at low 

concentration. ATRP occurs through transition metal activation of a dormant species with a 

radically transferable atom (Pn-X) (fundamentals of this method are discussed later in Section 

4.1.3). In degenerative chain transfer or RAFT polymerization process, most of the 

participating chains are dormant species with a low active radical concentration.273   
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Figure 4.4 The three main CRP methods (reproduced from the study by Matyjaszewski et 

al.)273 

 

 

 

⁺ 
⁎ ⁎ 

i. SFRP or NMP: Reversible deactivation by dissociation-combination (coupling) 

   

ii. ATRP: Reversible deactivation by atom transfer   

⁺ ⁺ 
⁎ 

iii. RAFT: Reversible deactivation by degenerative chain transfer   

⁺ ⁺ 
⁎ ⁎ 

 

kact = rate constant for activation step, kdeact = rate constant for deactivation step, 

kp = rate constant for propagation step, kt = rate constant for termination step 
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4.1.3 Atom Transfer Radical Polymerization (ATRP) 

Atom transfer radical polymerization or ATRP is a CRP method used extensively in research 

and industrial applications. Numerous studies have been reported on ATRP since its 

development by the independent research groups: Matyjaszewski and Wang277,278 and 

Sawamoto et al.279, in 1995. The ATRP technique provides extensive opportunity in material 

designing and can prepare numerous macromolecular architectures as listed in Figure 4.5.    

The ATRP technique has been proved to be highly translational across laboratories, disciplines 

and chemical expertise levels.266 ATRP has also been effectively applied in industrial fields 

due to, the simplicity in its experimental setup, wide range of monomers and solvents that can 

be utilized  in the system, commercial availability of initiators and catalyst components for the 

technique. Industrial applications of ATRP include the fields such as, inject printing,280–282 

cosmetics283,284 and self-cleaning windows.282,284,285 Additionally, pharmaceutical and medical 

uses of ATRP have been reported for drug delivery systems,178,286 bone scaffolding, coating of 

cardiovascular stents,287 tissue engineering288 and antimicrobial surfaces.289 

A summary of various macromolecular architecture and applications are given below (Figure 

4.5). 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 An overview of the polymer architecture attainable by ATRP and applications 

(created according to the data provided by Matyjaszewski et al. and Hui et al.)266,290 
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4.1.3.1 Fundamental Concepts of ATRP 

The ATRP process possesses a transition metal complex mediated mechanism and is similar to 

atom transfer radical addition (ATRA) with a difference in the termination step (kt) (Scheme 

4.1).266,291 The mechanism involves radical addition of alkyl halides across an unsaturated C˗C 

bond. ATRP can be described as ATRA with a reactivation of alkyl halide adduct of the 

monomer and further reaction of the formed radical with additional monomer molecules results 

in polymer formation.  

 

        

                  

Scheme 4.1 Schematic comparison of mechanisms of transition metal complex mediated 

ATRA and ATRP.266 

 

ATRP proceeds with an inner-sphere electron transfer between dormant species and metal 

complexes.292 The process is initiated by a reversible halogen transfer from alkyl halide 154 to 

a low oxidation state metal complex 155 leaving behind an organic radical 156 and a higher 
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ATRA 

ATRP 

 

155 156 157 

158 159 



220 
 

oxidation state metal complex 157. The organic radical 156 then, reacts with monomer 

molecules to produce propagating radicals 158 followed by the back-transfer of halogen atom 

from 157 forming the dormant polymer 159. 

An example for ATRP modification is given in the Scheme 4.2 which represents the synthesis 

of cellulose-graft-poly(methyl methacrylate) 160.    

 

                  

 

  Scheme 4.2 Scheme for the synthesis cellulose-graft-poly(methyl methacrylate) via ATRP.293 

 

Transition metal complex mediated ATRP is a multicomponent system.291 The main 

components that participate in ATRP include a monomer, an initiator with a transferable 

halogen atom, a complex of transition metal (from the catalyst) with a nitrogen-based ligand. 

Of these components, the initiator, catalyst and ligand have considerable influence on the 

overall rate constant (KATRP = kact/kdeact) of the system as, reaction temperature and solvent do 

have. 

ATRP has been applied on a wide range of monomers such as, styrenes,294,295 

(meth)acrylates,296–299 meth(acrylamides),300–302 acrylonitrile,271,303 functional monomers304 

including, 4-vinyl pyridine,305 2-hydroxyethyl acrylate (HEA),306 2-hydroxy ethyl 

methacrylate (HEMA)307 and glycidyl acrylate.308 Another set of monomers that could be 

utilized in ATRP are precursors of ionic monomers309 e.g., 2-(dimethylamino) 

ethylmethacrylate (DMAEMA),310 2-(trimethylammonium)ethyl methacrylate 

triflouromethanesulfonate311 and 2-(dimethylammonium)ethyl methacrylate bromide.311 

Moreover, simple alkenes,312,313 N-vinyl pyrrolidone,314 vinyl acetate315 and vinyl chloride316 

have also been reported to undergo copolymerization via ATRP method. 

Initiators for ATRP comprise numerous alkyl halides such as, chlorides, bromides and iodides. 

Degree of substitution, radical stabilizing groups and transferable atom of the alkyl halide 

 

160 
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initiators have been studied for the effect on the KATRP values by Tang et al.317 The initiator 

structural variable effect on the rate of ATRP (kact) is summarized in Figure 4.6. 

 

    Degree of substitution effect: 

            

 

               

 

 

 

            

 

 

Figure 4.6 Effect of initiator structural variables on KATRP (created from the data provided by 

Tang et al.)318 
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The solvent in an ATRP system has significant influence on KATRP which has been 

quantitatively studied for the reaction between methyl α-bromoisobutyrate (MBriB) initiator 

and HMTETA under Cu catalysed conditions, by Braunecker et al.319 The comparison of KATRP 

values for selected solvents were also reported by Horn et al.320 who considered the reaction 

system with a different initiator; ethyl α-bromoisobutyrate (EtBriB). KATRP values were 

reported to increase with the solvent polarity due to an increase in the activation rate and a 

decrease in the deactivation rate as polarity increases. The effects of the tested solvents on the 

overall ATRP rate can be summarized as DMSO > formamide > DMF > MeOH > anisole > 

acetonitrile > acetone > butanone.320 

Catalysts are important components in an ATRP system, mediating the polymerization 

reaction.321 Even though many transition metal-based catalysts have been reported to be used 

in ATRP, copper catalysts have been most studied due to their versatility and low cost.322 Other 

metals reportedly used in ATRP are Fe,321,323–325 Mo,326,327 Cr,328–330 Ti,331 Ru,332 Co,333 

Rh,334,335 Os,336 Ni,337,338 Re,339,340 Mn341 and Pd.342 Iron-based catalysts have found application 

in industrial ATRP processes in recent years. 

Selection of the ligand for ATRP is also important.  Recent studies318,343 have revealed that the 

ligand structure readily influences the overall rate of the polymerization or KATRP. A number 

of ligands are available and have been used by researchers in ATRP. Some of these are listed 

below along with their structures and reported KATRP values for the polymerization of EtBriB 

in a CuI complexes in acetonitrile at 22 ℃318 (Figure 4.7).  

It is evident from the data given in Figure 4.7, that the structure of ligands in ATRP has a 

substantial effect on the equilibrium rate constant. A general trend of increase in the rate with 

the dentate numbers can be seen, with some exceptions. Structural differences other than the 

number of nitrogen atoms also contribute to the polymer formation rate. The KATRP of the 

bidentate (N2) ligand PrPMI is the least266,344 and that of the cyclic tetradentate (N4) DMCBCy 

is the highest.345 Among the intermediate tridentate (N3) ligands, pyridine-based ones possess 

higher rates compared to aliphatic substituted ligands.346 However, tridentate PMDETA has 

been reported as the most common ligand in ATRP, owing to its low cost and commercial 

availability.345   
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Figure 4.7 A comparison of KATRP values with the structures of selected ligands (KATRP data from 

the report by Tang et al.)318 
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4.2 Research Objective 

The objective of this aspect of the research was to investigate ATRP graft copolymerization to 

produce antibacterial PTF and HH by attaching cationic polymer brushes on the surface 

cellulose of these materials. This involved the synthesis of macroinitiator PTF and HH by 

acylation followed by surface-initiated ATRP of a cationic acrylate, characterization of the 

grafted materials and study of their antibacterial activity compared to untreated materials. 

 

4.3 Results and Discussion 

The research interest in ATRP controlled grafting from PTF and HH surfaces was inspired 

from the previous reports on the use of this versatile and powerful technique to directly modify 

cellulosic material surfaces.262,263,265,293,347 The first controlled radical polymerization of 

cellulose fibres was reported by Carlmark and Malmström in 2002 when they created a 

hydrophobic polymethyl acrylate (PMA)-grafted filter paper.263 Since then, several studies 

have been published on grafting from other cellulosic substrates such as, jute fibres,348 cotton 

fibres,349 ramie fibres,350 wood pulp,351,352 nanocrystalline cellulose,353,354 microcrystalline 

cellulose,355 microfibrillated cellulose,356 dialysis membranes357 and lyocell fibres.357 The 

literature recommended conventional ATRP as a viable method to graft cellulose. Therefore, 

it was assumed that the cellulose content of PTF and HH, the materials under investigation in 

this study, may also undergo successful grafting using ATRP. 

This study involves the synthesis of macroinitiators PTF-Br and HH-Br by acylation of the 

PTF and HH with 2-bromopropionyl bromide followed by surface-initiated atom transfer 

radical polymerization (ATRP) of 2-trimethylammonioethyl methacrylate chloride 

(TMAEMC) from the bromo ester groups on the cellulose of PTF and HH surfaces using a 

CuBr/PMDETA catalyst system. The experiments started with the verification of the reaction 

conditions and the reagents that would be using in the material surface grafting. For this, the 

ATRP of TMAEMC from ethyl-2-bromopropionate was investigated (Section 4.3.1). 
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4.3.1 Synthesis of Ethyl-2-bromopropionate-g-poly(2-

trimethylammonioethyl methacrylate chloride) 

 

The graft polymerization of TMAEMC from ethyl-2-bromopropionate was carried out by 

adapting the previously reported polymerization process by Sui et al.262 Briefly, ethyl-2-

bromopropionate and 67 equivalents of the monomer TMAEMC were dissolved in the 

polymerization solvent DMSO. This mixture was degassed and the polymerization was 

initiated by the addition of the transition metal catalyst Cu(I)Br and the ligand N,N,N’,N’,N”-

pentamethyldiethylene triamine (PMDETA) dissolved in anisole. The polymerization reaction 

was carried out at 60 ℃ under nitrogen atmosphere for 24 hours and then the reaction was 

quenched by exposing it to air. The reaction is schematically depicted below (Scheme 4.3). 

The gel type product formed was diluted with water and was dialyzed in a dialysis bag 

(molecular weight cut off: 8000 – 10000) against deionized (DI) water for 72 hours with 

refreshing at intervals of 5 hours. The residue obtained was concentrated under reduced 

pressure and then vacuum dried to yield the desired polymer 161 (yield 52.7 %) as a clear solid. 

  

 

 

 

Scheme 4.3 Synthesis of poly-TMAEMC-grafted from ethyl-2-bromopropionate 161. 

 

The bromide, ethyl-2-bromopropionate, was selected for this investigation since it contained a 

bromide, the initiating site for the polymerization, which resembled the bromo ester groups on 

the PTF and HH macroinitiators that were assumed to be produced after reaction with 2-

bromopropionyl bromide (the bromide chosen for the surface grafting study; discussed later in 

this chapter Section 4.3.2.1). The commonly used permanently charged cationic monomer 

TMAEMC was chosen due to the possibility of cationic polymer grafting using this monomer. 

161 

 
52.7 % 
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This cationic polymer brush grafting was expected to introduce antibacterial activity to the 

substrate, which was the focus of this study (i.e., the synthesis of natural antibacterial PTF and 

HH). CuBr/PMDETA was used as the catalyst system, another important component of ATRP. 

Amongst the various transition metals used in ATRP systems, copper is most commonly used 

due to its low cost and versatility. PMDETA is a commercially available economic ligand 

capable of providing a fairly high KATRP among the numerous ATRP ligands (see Figure 4.7). 

The polymerization solvent selection was guided by the reported promising effect of DMSO 

on the overall ATRP rate.319 Anisole was added to this system as an internal standard to study 

the kinetics of this reaction and to determine the monomer conversion rate. 

To follow the kinetics of the polymerization process, reaction mixture aliquots were taken 

periodically under a nitrogen atmosphere. These aliquots containing traces of anisole, the 

internal standard, were then examined using 1H NMR. Monomer conversion was determined 

by comparing the integrated 1H NMR peak area of residual vinyl signals, of the monomer 

TMAEMC, at 5.68 and 6.13 ppm with that of anisole at 6.90-7.30 ppm. The final monomer 

conversion percentage after 24 h of polymerization was found to be 58.3 %. The plot (Figure 

4.8) of ln([M]0/[M]t) (where [M]0 and [M]t represents the monomer concentrations- initial and 

at time t, respectively), calculated from the monomer conversion % values, versus reaction time 

(0 h – 6 h) shows the kinetics of the polymerization process.  The linear dependence of 

ln[M]0/[M]t on the reaction time shows the typical ATRP characteristic first-order kinetic 

nature of this polymerization. The molecular weight of the expected graft polymer 161 was 

calculated from the monomer conversion % and was obtained as 8.3×103 g/mol (n = 39). 

 

 

 

 

 

 

 

Figure 4.8 Kinetic study from 1H NMR spectra recorded during the formation of ethyl-2-

bromopropionate-g-PTMAEMC via ATRP. 
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Formation of the final polymer 161 was confirmed using its 1H NMR (Figure 4.9) which was 

in agreement with the literature.358 The proton signals of the methylene groups a and b of the 

PTMAEMC segment were observed at 4.40 ppm and 3.90 ppm, respectively. An intense 1H 

NMR signal was found at ~ 3.30 ppm corresponding to nine protons of the methyl groups (-

N(CH3)3), c, on the quaternary ammonium of the polymer. Presence of the methylene group d 

and the methyl group e were also confirmed with the corresponding signals at ~ 2.40 and 2.10 

ppm. 

 

 

  

 

 

 

 

 

Figure 4.9 1H NMR spectra of 161 in DMSO-d6 and D2O as solvent at 400 MHz. 

The results obtained from the kinetic study and 1H NMR of the final product 161 confirmed 

the successful use of the cationic monomer TMAEMC and the reaction conditions for the 

grafting of the poly-TMAEMC. The next step was to use this process to graft from PTF and 

HH. 

 

4.3.2 Synthesis of PTF/HH-g-poly(2-trimethylammonioethyl 

methacrylate chloride) 

The first step of grafting from PTF/HH was to convert the cellulosic residue of these materials 

into cellulose-Br macroinitiators. The resulting bromo ester groups on the material surfaces 

would initiate the polymerization of the monomer, TMAEMC under ATRP conditions. 
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4.3.2.1 Synthesis of Macroinitiators from PTF and HH 

Cellulose-based macroinitiators were prepared from PTF and HH by heterogeneous acylation 

of the surface cellulosic content with 2-bromopropionyl bromide. The reaction was carried out 

according to previous reports those used other natural materials263,359–361 and the procedure is 

depicted in Scheme 4.4. The natural materials, PTF (1 cm length pieces) and HH, were washed 

with acetone and THF using ultrasonication prior to the initiator immobilization. Washing with 

acetone and THF was performed to activate more cellulosic -OH groups on the material 

surfaces as the amount of available hydroxyl groups of cellulosic surfaces has a crucial effect 

on the grafting efficiency.360 The washed materials were then mixed with triethyl amine (TEA) 

and 4-dimethylaminopyridine (DMAP) in anhydrous THF. The solvent THF does not swell 

cellulose as does many other organic solvents and thereby, was excellent in this initiator 

immobilization reaction, keeping the fibre structure intact.265 The reaction mixture was cooled 

to 0 ℃ and 2-bromopropionyl bromide (1 mL/g of PTF/HH) was carefully added and then, 

stirred at room temperature for 24 h. The resulting material samples were washed with DCM 

and ethanol by ultrasonication and dried under vacuum to quantitatively yield the 

macroinitiators PTF-Br 162 and HH-Br 163.  

 

     

 

Scheme 4.4 Synthesis of cellulose-Br macroinitiators 162 and 163 from PTF and HH, 

respectively. 

 

The -OH groups on the cellulosic surfaces were assumed to undergo esterification with the 

bromide in presence of triethylamine (TEA) and 4-dimethylaminopyridine (DMAP) which acts 

as a catalyst. The general mechanism of ester formation between the bromide and alcohol is 

illustrated below (Scheme 4.5). The reaction proceeds through a nucleophilic mechanism and 
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formation of an intermediate, N-acetyl-(4-dimethylamino)pyridinium salt 164A/B from the 

reaction between the alkyl bromide and DMAP. This intermediate 164B then undergoes 

reaction with alcoholic hydroxyl groups, producing the desired bromo ester along with the 

reproduction of the catalyst DMAP. 

 

     

 

Scheme 4.5 Mechanism of DMAP-catalyzed esterification reaction between alkyl bromide 

and alcohol.362 

The successful conversion of PTF and HH into macroinitiators PTF-Br 162 and HH-Br 163 

was initially confirmed through analysis of their FTIR spectra. The IR spectra of the initiator-

modified materials 162 and 163 were compared with that of their THF-washed starting 

materials (Figure 4.10 shows the representative FTIR spectra of HH before and after 

esterification) which clearly showed the presence of a distinguishable ester C=O absorption 

signals 1740 cm-1 and a strong ester C-O stretching IR signals at 1231 cm-1. This ester group 

emerged from the attachment of bromo acyl group and this IR result was in agreement with the 

previous report by Sui et al.262 Further confirmation of the conversions were made by XPS 

(showing clearly, the presence of Br on the surface which was difficult to detect by FTIR) and 

water contact angle testing (see Sections 4.3.4 and 4.3.5).   

 

 
164A  

Bromo ester DMAP 

DMAP 

TEA 

2-bromo 

propionyl 

bromide 

164B  



230 
 

 

 

 

 

 

 

 

 

 

 

 

 

    Figure 4.10 FTIR spectra of the THF-washed HH and the HH-Br macroinitiator 163   

(only the spectra of HH is showed, as an example of conversion). 

 

4.3.2.2 Polymer Grafting from PTF and HH Macroinitiators 

The macroinitiators of PTF and HH, (162 and 163) were subjected to conventional ATRP using 

TMAEMC under the conditions that were described earlier in this chapter (see Section 4.3.1). 

Simply, the bromide-grafted PTF / HH, 162 / 163, was introduced into a flask containing the 

monomer TMAEMC, the ligand PMDETA and the solvent DMSO. The content was degassed 

and filled with nitrogen gas and then CuBr was added followed by stirring at 60 ℃ under 

nitrogen atmosphere for 24 h. After 24 h polymerization the reaction mixture was exposed to 

air to stop the polymerization. The treated material was then filtered, washed with distilled 

water by ultrasonication and dried under vacuum to obtain the desired grafted samples PTF-g-
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PTMAEMC, 165 and HH-g-PTMAEMC 166 (55.9 % conversion). The reaction is illustrated 

in the scheme below (Scheme 4.6) which follows the general ATRP mechanism described in 

the introductory section (Section 4.1.3.1, Scheme 4.1).  

   

 

 

 

Scheme 4.6 ATRP graft polymerization of TMAEMC from the macroinitiators of PTF and 

HH forming the cationic polymer grafted materials 165 and 166. 

 

This polymerization was also kinetically studied using the 1H NMR analysis of periodical 

aliquots from the reaction mixture from HH system (163 → 166) (without the material sample) 

with anisole as the internal standard, as performed in the synthesis of 161 (Scheme 4.3). The 

kinetic plot between ln([M]0/[M]t) and the reaction time (Figure 4.11) showed the same linear 

dependence (first-order nature) as was observed in the homogeneous ATRP polymerization of 

TMAEMC from ethyl-2-brromopropionate producing 161 (Figure 4.8). However, the 

monomer conversion was slower with only ~ 29 % at 6 h, finally reaching 55.9 % after 24 h. 

Even though, the final monomer conversion % was close to that observed in the homogeneous 

polymerization system, this heterogeneous ATRP graft from process was observed to proceed 

gradually. The fast polymerization in the synthesis of 161 could be attributed to the 

homogeneous nature of the reaction system.262 
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Figure 4.11 Kinetic study from 1H NMR spectra recorded during the graft polymerisation of 

TMAEMC from HH-based initiator 163 via conventional ATRP. 

 

The success of grafting PTMAEMC from the material surface was confirmed with FTIR 

spectrum analysis. The obtained FTIR spectra for both the grafted materials (PTF and HH) 

exhibited the appearance of strong IR absorption signals at 1726 cm-1 and 1240 cm-1 ascribed 

to the stretching vibrations of C=O and C-O, respectively, of the ester groups of the newly 

formed polymer chains. Another strong signal attributed to the acyl C-O was also found at 1157 

cm-1. A representative IR spectrum of the PTF analogue 165 is given in the figure below 

(Figure 4.12). It was noticed that the HH analogue 166 showed a more intense C=O peak at 

1721 cm-1 which was an indication of a higher amount of polymer grafting from the HH surface 

than from the PTF surface. Further characterizations by XPS, SEM, water contact angle tests 

and antibacterial activity tests confirmed this observation (discussed later in this chapter). The 

time dependence of the polymer grafting was also examined by analysis of the FTIR spectra of 

the grafted material collected after separate grafting reactions of 2 h, 4 h, 6 h and 24 h. The 

intensity of the carbonyl peak at ~ 1720 cm-1 was found to increase with time, having the most 

intense signal for the 24 h polymerization.   
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Figure 4.12 FTIR of the grafted PTF 165 after 24 h of grafting. 

As expected, the extensive hydrophilicity of the cationic-grafted surfaces was clearly observed 

from the broad intense IR absorption signal corresponding to the -OH of the absorbed water, 

at 3200-3600 cm-1. This was due to the presence of hydrophilic quaternary ammonium groups 

of the grafted poly TMAEMC. Hydrophilicity of the grafted materials 165 and 166 was further 

confirmed through water contact angle tests (see Section 4.3.5). 

The hydrophobic polymer grafting from HH-Br initiator 166 was also examined. This was 

performed under the same ATRP conditions as described earlier (Schemes 4.3 and 4.6) using 

a neutral hydrophobic monomer, tert-butyl acrylate (tBA), to obtain HH-g-PtBA 167 (50.2 % 

conversion). The process is illustrated in Scheme 4.7. FTIR spectrum (Figure 4.13) and water 

contact angle of 167 was then compared with that of the cationic polymer-grafted materials 

165 and 166. 
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Scheme 4.7 ATRP graft polymerization of tert-butyl acrylate from HH-based initiator 163 

producing hydrophobic polymer grafted HH 167. 

 

 

 

 

 

 

 

 

 

Figure 4.13 FTIR of the HH-g-PtBA 167 after 24 h of grafting. 

 

The FTIR spectrum obtained for 167 was in agreement with the expected hydrophobic nature 

of the material surface. This spectrum resembled the already reported FTIR spectra in the 

previous studies of synthesis of other co-polymers using neutral monomers, N,N-
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dimethylamino-2-ethyl methacrylate262 and tert-butyl acrylate itself.363 Absence of the broad 

absorption signal attributed to the stretching of OH groups evidenced the hydrophobicity of the 

surface grafted polymer of tBA. 

 

4.3.3 X-ray Photoelectron Spectroscopy (XPS) 

XPS is a commonly used material surface characterization technique to investigate the presence 

of the surface contents which are too low or otherwise unable to be detected by FTIR. Several 

groups have reported the use of this analytical technique in ATRP grafting studies, especially 

to investigate the initiator content on the surfaces.348,350,351,360  

In this study, the XPS survey and high-resolution spectra were acquired using an Axis Ultra 

DLD XPS instrument, for the initiator-modified PTF and HH (162 and 163) and their polymer-

grafted analogues (165 and 166). These spectra were then analysed with the help of CasaXPS 

and compared with that obtained for the corresponding untreated materials (raw PTF and HH). 

The processed XPS spectra are given below, with the survey spectra in Figure 4.14 and high-

resolution spectra in Figures 4.15 and 4.16.    

The survey spectra of both the initiator-modified materials 162 and 163, prepared respectively 

from PTF and HH, showed the presence of surface attached Br at a binding energy of 180 eV 

(with the relative atom % of 0.39 % and 0.53 %, respectively). The HH analogue, 163 contained 

a relatively higher amount of Br than the PTF sample. This observation indicated that HH was 

more susceptible to the initiator functionalization due to the roughness of its wood-type surface 

whilst, the smoother PTF surfaces was less functionalized by the initiator. This observation 

was in agreement with the literature reporting that smoother substrates get less initiator-

functionalized when reacted with alkyl bromides.351,364 When assessing the spectra of the 

polymer grafted materials 165 and 166, it was obvious that new nitrogen and chlorine atoms 

were introduced. An increment of the N1s peak at 399 eV and new Cl2p peak at 196 eV were 

observed for both 165 and 166 when compared to the initiator-functionalized precursors. The 

nitrogen content peak in the spectra of the raw materials was due to the non-cellulosic surface 

components present in them, which were assumed to be diminished after the acetone and THF 

wash of the materials prior to the initiator functionalization. The increment in the atomic 

concentration of N1s (2.03 % for 165 and 2.84 % for 166) was found to be in agreement with 

the Cl2p concentration (2.14 % for 165 and 2.76 % for 166) on both the grafted surfaces, 

suggesting Cl as the counter ion. These observations evidenced the immobilization of 
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PTMAEMC on PTF and HH surfaces. The extent of grafting, observed from the N1s and Cl2p 

concentrations, of 165 and 166 was relative to the extent of initiator functionalization (Br3p 

concentration) of 162 and 163, correspondingly. The XPS survey spectra results supported the 

presence of higher amount of the grafted polymers on HH surface than on PTF surface which, 

was indicated in the FTIR analysis. 

 

 

 

 

 

 

 

 

 

 

Figure 4.14 XPS survey spectra of raw, initiator-modified (162 and 163) and PTMAEMC-

grafted (165 and 166) PTF and HH. 
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   Figure 4.15 XPS core level spectra of raw, initiator-modified (162) and PTMAEMC-

grafted (165) PTF samples. 
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   Figure 4.16 XPS core level spectra of raw, initiator-modified (163) and PTMAEMC-

grafted (166) HH samples. 
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The high-resolution spectra, shown in Figures 4.15 and 4.16, strongly supported the successful 

initiator functionalization and cationic polymer grafting of PTF and HH. The core level spectra 

of C1s of both the unmodified samples, raw PTF and HH, were fit with three components at 

the binding energies of 285, 286.6 and 288.5 eV that were assigned to C-C/C-H/C=C, C-OH/C-

O-C/C-N and O-C-O/C=O/COO, respectively, as described in chapter 3 (Section 3.6). In the 

case of initiator modified materials 162 and 163, four carbon components were detected, a new 

component at 289 eV corresponding to the O-C=O carbons along with the other three already 

present in the raw samples. The same new carbon atoms were also detected, at higher 

concentrations, in the C1s high-resolution spectra of both 165 and 166, the polymer grafted 

analogues. This component at 289 eV emerged from the ester groups during the formation of 

bromo ester for 162 and 163, and that of the grafted polymer chains of PTMAEMC for 165 

and 166. Therefore, its content was considerably higher in the polymer grafted analogues. It 

could be observed that the hetero carbon component (C-OH/C-O-C/C-N) at 286.6 eV increased 

along with the functionalisation. 

Oxygen atom percentage changes also confirmed the PTF and HH grafting. The PTMAEMC 

grafted samples of these two materials (165 and 166) exhibited proof of increased amount of 

ester groups in their O1s high-resolution spectra. As expected, both these samples showed a 

highly distinguishable O-C=O type oxygen atom peak at 534 eV in addition to the diminishing 

of the OH component at the binding energy of 532 eV. The N1s core level spectra of the grafted 

materials, 165 and 166, were fit with three component peaks have the major peak being shifted 

to 402 eV which was ascribed to N+ nitrogens. This charged nitrogen content resulted from the 

grafting of the polymer of the quaternary ammonium monomer, TMAEMC. The obtained Br3p 

peak for the initiator-PTF/HH, 162/163 and, Cl2p peak of the counter ion presented in the 

grafted PTF/HH, 165/166 are also given in Figures 4.15 and 4.16. Even though Br was present 

in the polymer grafted analogues 165 and 166, that was not observed in the XPS spectra of 

these samples. The reason was that the relative atom % of Br presented on these surfaces was 

negligible compared to the other elements (C, O, N) which were part of the polymer chain. 
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4.3.4 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) is a commonly used technique to analyze surface 

morphology193 in which, images are generated after scanning the material surface with an 

intense and focused beam of electrons.194,195 These electron beams produce signals containing 

surface topography information. SEM images were acquired using a Hitachi SU-70 FESEM 

instrument. Surfaces of PTF and HH samples before and after grafting (raw PTF, raw HH and 

their PTMAEMC grafted material samples 165 and 166) were examined using the microscopic 

images captured at a working distance of 14 mm under an acceleration voltage of 5.0 kV. The 

obtained SEM micrographs at two different magnifications are given in Figure 4.17. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.17 SEM images of PTF and HH before and after grafting. 

 

The grafted samples 165 and 166 were distinguishable with different microscopic surface 

appearances, as can be seen from the images shown below (Figure 4.17). An uneven wood-

like surface appeared for raw HH while the raw fibre PTF showed a more even and smooth 

surface. This difference in the surface roughness was, according to Zampano et al.,351 assumed 
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to be the reason behind the variation in the extent of initiator functionalization and the polymer 

grafting of these materials.  

After ATRP grafting of PTMAEMC from both PTF and HH, the surfaces appeared to be 

covered with thick foliated layers of a new material (see 165 and 166 in Figure 4.17). This 

thick layer was attributed to the polymer grafting. The SEM observations thus supported the 

successful surface functionalization of PTF and HH.   

 

4.3.5 Water Contact Angles 

Comparison of water contact angles of raw PTF and HH samples with the corresponding 

macroinitiator intermediates (162 and 163) and the polymer grafted analogues (165 and 166) 

were performed to assess the effect of cationic surface modification. Additionally, water 

contact angle testing was also conducted for the neutral grafted HH 167 which was then 

compared with that of 166, the permanently charged polymer grafted HH. Water contact angles 

were measured using a CAM 100 contact angle meter (KSV instrument), as described 

previously in Section 3.8. The measurements were conducted at least five times for each 

sample. The obtained average contact angle values are listed in the table below (Table 4.2) 

along with the images captured. 

The untreated PTF was observed to be hydrophobic, with a contact angle of above 80 degrees. 

Raw HH, on the other hand, exhibited a hydrophilic nature having an angle ~ 45°. However, 

the macroinitiators of both these materials (162 and 163) synthesized by the reaction with 2-

bromopropionyl bromide showed hydrophobic characteristics, exhibiting water contact angles 

near to 80° (81.2 ± 1.5 degrees for 162 and 77.7 ± 2.8 degrees for 163). It could be observed 

that further modification of the macroinitiator surfaces of PTF and HH into 165 and 166, by 

ATRP grafting using TMAEMC, a permanently charged cationic monomer, converted these 

surfaces to extensively hydrophilic. Even though, the contact angle of PTF sample 165 (~ 

19.9°) was slightly higher than that observed for HH sample 166 (0°, complete water absorption 

by the surface), both were hydrophilic. The hydrophobic PTF was thus, observed to become 

hydrophilic after cationic grafting whilst, the innate hydrophilicity of HH was further improved 

to a greater extent by the same process. This common contact angle reduction or hydrophilicity 

enhancement of PTF and HH was attributed to the presence of cationic polymer PTMAEMC 

on the surfaces of 165 and 166. On the other hand, the PtBA grafted HH 167 showed an 



242 
 

increased water contact angle value of 100°, even higher than that of the macroinitiator 

precursor, 163 (77.7 ± 2.8 degrees). This indicated that the neutral polymer grafting converted 

the surface highly hydrophobic. All these observations on the hydrophilic/hydrophobic nature 

of different surfaces of PTF and HH samples confirmed the role of the grafted polymers on the 

surface water absorption properties, as expected, and thus, verified the desired modifications. 

 

Table 4.2 Water contact angles measured for PTF and HH samples before and after 

functionalization (captured images are also shown). 

SD = Standard deviation. 

4.3.6 Antibacterial Activity Testing of Grafted Fibres 

Antibacterial activity of PTF and HH samples were examined and compared before and after 

grafting. The activity of these materials was tested against S. aureus 16207 according to ASTM 

E2149 (dynamic shake flask method followed by colony counting) as previously described.29 

Antibacterial tests of the materials started with an initial screen using just one concentration of 

20 mg/mL, a previously reported fibre-to-bacterial inoculum ratio for antibacterial activity 

studies.11,29 The process involved the incubation of the glass vials containing 10 mg of each 

PTF 

Sample 

Water contact angle (degrees) 

± SD 

HH 

Sample 

Water contact angle (degrees) 

± SD 

Raw 81.6 ± 5.9 

 

Raw  46.3 ± 4.8 

 

162 81.2 ± 1.5 

 

163 77.7 ± 2.8 

 

165 19.9 ± 4.3 

 

166 0 

 

   167 100 ± 2.3 
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sample (raw PTF and HH, 165 and 166) in 0.5 mL of working bacterial solution (5×105 CFU 

mL-1), at 160 rpm and 37 ℃ for 20 h, along with the vials containing control MHB and bacterial 

inoculum under the same conditions. 50 µL from the serially diluted (1:100,000) bacterial 

solution after 20 hours was inoculated on a nutrient-rich agar plate and the plates were then 

cultivated at 37 ℃ for another 20 hours. The entire procedure has already been described before 

in the chitosan functionalization of these materials (see Section 3.9 and Figure 3.19). 

The growth of S. aureus on the agar plates after 20 h of incubation with and without being 

contacted with raw and polymer grafted PTF and HH in initial screen are shown in Figure 

4.18. 

   

 

Control 

MHB 

Control 

S. aureus 

    Raw PTF  Raw HH      165 166 

      

Figure 4.18 Bacterial growth on agar plates after 20h incubation of the inoculated supernatant 

from the vials containing control medium, control bacteria and bacterial inoculum treated with 

20 mg/mL of raw PTF, raw HH and PTMAEMC grafted samples 165 and 166. 

 

The result showed a complete bacterial reduction by the cationic polymer grafted PTF and HH 

having zero bacterial colonies (CFU) on the agar plate at a concentration (fibre to inoculum as 

a suspension) of 20 mg/mL while the untreated samples of these materials did not exhibit 

bacterial inhibition. The experiment was performed at thrice and in triplicate. Later, the 

antibacterial activity of the grafted samples, PTF-165 and HH-166  which exhibited 100 % of 

bacterial reduction during the initial screen, was compared using MIC and MBC tests. 

MIC Determination: For minimum inhibitory concentration (MIC) determination the working 

bacterial solution was incubated with various amounts (5 mg/mL – 0.62 mg/mL) of the sample 

materials PTF-165 and HH-166 (using the dynamic shaking flask method) at 37 ℃ for 20 

hours. MICs were then determined with the visual inspection and confirmed with the 

absorbance (OD600) measurement of the bacterial inoculum transferred to a microtiter plate 

from the vials containing these different amounts of samples, after 20 h of incubation and 

shaking at 160 rpm. The experiments were performed at least thrice and in triplicate. MIC was 

considered as the lowest concentration exhibiting a clear solution or in other words, having an 
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OD value same as that of control MHB and therefore, 100 % reduction in bacteria. A visual 

image of microtiter plate prepared for the MIC determination is shown in Figure 4.19. 

 

 

 

 

 

 

Figure 4.19 Microtiter plate prepared for the determination of MIC of 165 and 166. 

The average OD values exhibited by each concentration of 165 and 166 and the corresponding 

bacterial reduction percentage (calculated as described before in Section 2.2.3.4) are given in 

the table below (Table 4.3). 

Table 4.3 Table comparing the OD and bacterial reduction % exhibited by 165 and 166  

    Sample 

 

Conc. 
(mg/mL) 

PTF-165 HH-166 Avg. OD600 ± SD 

Avg. OD600 

± SD 

Bac Red. % 

± SD 

Avg. OD600 

± SD 

Bac. Red. % 

± SD 

Control 

Bac. 

Control 

MHB 

10 

0.042 ± 

0.0002 
100.0 ± 0.0 

0.042 ± 

0.0001 
100.0 ± 0.0 

0.952 ± 

0.010 

0.042 ± 

0.002 

5 

0.043 ± 

0.0010 
99.9 ± 0.1 

0.042 ± 

0.0002 
100.0 ± 0.0 

2.5 

0.042 ± 

0.0000 
100.0 ± 0.0 

0.043 ± 

0.0010 
99.9 ± 0.1 

1.25 

0.212 ± 

0.0060 
81.3 ± 0.4 

0.041 ± 

0.0001 
100.0 ± 0.0 

0.62 

0.917 ± 

0.0090 
3.8 ± 0.2 

0.333 ± 

0.0040 
68.0 ± 0.5 

MIC (mg/mL) 1.25 – 2.5 0.625 – 1.25 

PTF-165 HH-166 Bac. MHB 

10 

5  

Conc. 

(mg/mL) 

2.5  

1.25  

0.62  

MIC 

1.25 – 2.5 mg/mL 

MIC 

0.62 – 1.25 mg/mL 
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MBC Determination: Minimum bactericidal concentration (MBC) is the lowest concentration 

of an antibacterial agent required to kill bacteria under a specific set of conditions. MBC 

determination was achieved by subculturing the broths from the MIC test of 165 and 166, onto 

freshly prepared agar plates followed by incubation of the plates at 37 ℃ for 20 hours. The 

lowest concentration having zero colonies of bacteria (CFU) on the plates (or killed bacteria 

during MIC test) after the period of incubation was considered as the MBC. The images of the 

agar plates captured after 20 hours of incubation are shown in the figure below (Figure 4.20). 

Concentration of the sample in the subcultured broth as well as, the CFU observed are labelled 

below each plate. 

 

 

Control 

MHB 

Control S. 

aureus 

10 mg/mL 5 mg/mL 2.5 mg/mL 1.25 mg/mL 0.62 mg/mL 

CFU: 0 943 0 0 0 525 1211 

MBC: 1.25 – 2.5 mg/mL 

 

 

 

 
    Figure 4.20 Bacterial colonies formed on the agar plates during MBC test of 165 and 166. 

 

 

The results from MIC and MBC tests of 165 and 166 correlated with the difference in the extent 

of grafting of PTMAEMC on these materials that was confirmed with other characterizations 

using FTIR, XPS and water contact angle tests. The MIC of the grafted PTF sample 165 was 

Control 

MHB 

Control S. 

aureus 

10 mg/mL 5 mg/mL 2.5 mg/mL 1.25 mg/mL 0.62 mg/mL 

CFU: 0 943 0 0 0 1 151 

MBC: 1.25 – 2.5 mg/mL 

 

MBC test of PTF sample 165 

MBC test of HH sample 166 
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1.25 – 2.5 mg/mL whilst, the HH analogue 166 exhibited a higher MIC of 0.62 – 1.25 mg/mL. 

Therefore, the bacterial (S. aureus) inhibition ability of the grafted HH 166 was observed to be 

twice that of the grafted PTF sample 165. The MBC result also showed the same trend. Even 

though, the observed MBC values, theoretically (the concentration exhibited CFU = 0), the 

same (1.25 – 2.5 mg/mL) for both 165 and 166, it was obvious that HH analogue 166 was the 

most active with CFU = 1 for 1.25 mg/mL concentration. For 165, the CFU obtained for 1.25 

mg/mL was 525, a comparatively higher value showing the lesser killing ability against S. 

aureus.   

 

4.3.7 SEM Analysis of Bacterial Cell Morphology 

The bioactivity of antibacterial PTF and HH, 165 and 166, synthesized by grafting the cationic 

polymer PTMAEMC, was further studied using SEM imaging. These samples (20 mg/mL) 

were incubated with working bacterial solution in vials under the same conditions as carried 

out in the antibacterial testing (Section 4.3.6). After 20 hours of incubation, fibres were washed 

with 10 mM PBS and then with water. Bacteria on the samples were then fixed with 

glutaraldehyde. The dried and platinum coated samples were used for the SEM study. The 

images were captured at 10.0 kV and a working distance of 8.0 mm for different 

magnifications, as did for the chitosan functionalized materials (see Section 3.10). 

The study involved SEM morphological examination of S. aureus exposed to raw PTF and HH 

and their bioactive PTMAEMC-grafted analogues 165 and 166. The SEM images were 

captured at four different magnifications having the size of the scale: 2.0, 5.0, 10.0 and 50.0 

µm and were compared (Figure 4.21). 

The SEM images showed bacterial aggregates on raw PTF and raw HH surfaces. A normal 

spherical morphology and microstructure with a well-preserved cell membrane of S. aureus 

bacteria could be observed on these materials. Bacteria growth (duplicating of cells) could also 

be observed on the untreated PTF and HH sample surfaces. After exposure to the grafted PTF 

and HH surfaces of 165 and 166, the number of bacteria was reduced to only a few on PTF 

sample, 165 and just one on HH sample, 166. The bacteria, however, found on the surfaces 

were either completely damaged or killed. The expected electrostatic interactive damage to the 

cell membrane and leakage of intracellular contents resulting in microbial inhibition caused by 

the permanently charged cationic polymer, PTMAEMC, can be obviously seen here. This 
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observation confirmed the successful ATRP grafting of the cationic polymer from both the 

materials, PTF and HH. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.21 SEM images of S. aureus after exposing to raw PTF and HH and their 

PTMAEMC grafted analogues, 165 and 166. 

 

10.0 µm 5.0 µm 2.0 µm 50.0 µm 

 S. aureus exposed to raw PTF 

 S. aureus exposed to 165 

 S. aureus exposed to raw HH 

 S. aureus exposed to 166 
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4.4 Summary 

Natural materials, PTF and HH, were converted to ATRP macroinitiators 162 and 163, 

respectively, through bromo acylation of the surface cellulose. Antibacterial PTF-g-

PTMAEMC 165 and HH-g-PTMAEMC 166 were then synthesized by grafting PTMAEMC- 

a polymer of permanently charged quaternary ammonium monomer TMAEMC- via 

conventional ATRP, onto the macroinitiators. The surface polymer grafting was confirmed 

through FTIR, XPS, SEM and water contact angle testing. Bioactivity test and its SEM study 

results further confirmed the grafting of the antibacterial polymer PTMAEMC from PTF and 

HH surfaces, with HH being more susceptible of this grafting. In conclusion, new antibacterial 

graft copolymers 165 and 166, were successfully synthesized from naturally sourced cellulosic 

materials (PTF and HH) and an environmental-friendly antibacterial polymer PTMAEMC 

using conventional ATRP.  
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Summary and Future Work 
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5.1 Summary 

The principal goal of this study was to prepare novel sustainable antibacterial materials from 

the abundant New Zealand fibres Phormium tenax (NZ flax) leaf fibres PTF- currently under-

utilized and bio-renewable, and hemp (Cannabis sativa) hurd HH- a low cost and sustainable 

by-product from hemp industry. This aim was successfully achieved using surface attachment 

of a biocompatible antibacterial biopolymer chitosan 1, sourced from shellfish waste, onto PTF 

and HH, and therefore, economically and environmentally friendly (Chapter 3). A derivative 

132 of chitosan 1, selected for the highest bioactivity from a series of newly synthesized amine-

attached chitosan compounds in this study (Chapter 2), was also successfully attached onto 

these fibre surfaces to introduce antibacterial activity. Additionally, grafting of cationic 

polymer brushes of a biocompatible permanently charged monomer TMAEMC, was 

performed from PTF and HH surfaces through conventional atom transfer radical 

polymerisation (ATRP) and found to be effective in introducing bacterial inhibition ability to 

these fibres (Chapter 4). 

As the first objective, amine substituted chitosan analogues were synthesized (Chapter 2) via 

C6-O-substitution of chitosan 1 with an aim of retaining the C2-primary amino groups. These 

reactive amino groups are crucial for the bioactivity of chitosan 1. For this reason, an N-

protection-O-grafting-N-deprotection strategy was applied. The C2-NH2 groups of chitosan 1 

were protected and an epoxy ring was grafted through primary C6-OH. The epoxide was then 

opened via nucleophilic attack using various commercially available amines and finally the 

C2-NH2 groups were deprotected. The N-protection of chitosan 1 was accomplished via two 

well-established routes of converting the -NH2 groups into (i) N-benzylidene (8) by reaction 

with benzaldehyde and (ii) N-phthalimide (10) by reaction with phthalic anhydride.128,209 The 

corresponding epoxy-N-protected chitosan intermediates (16 and 93) were then synthesized 

and used to attach various amines. Depending upon the protecting group used, two different O-

amine chitosan derivative series BDs 81-87 and PDs 114-133, a total of 27 compounds, were 

synthesised (Scheme 5.1). 

Success of both synthetic procedures producing 6-O-amine substituted chitosan analogues 81-

87 and 114-133 in quantitative yields, was confirmed through FTIR, XPS, PXRD and SEM. 

Improved solubility of N-phthalimide intermediates (10, 93 and 94-113) allowed 1H NMR 

characterization of these compounds using DMSO as solvent. This was an advantage of using 

this protecting group over the N-benzylidene protection in O-substitution of chitosan 1. 
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Therefore, twenty various amines were used with N-phthalimide group whilst, only seven with 

N-benzylidene group.  

    

 

 

Scheme 5.1 Summary of synthetic procedure towards chitosan-O-amine derivatives BDs 81-

87 and PDs 114-133. 

 

 

 

93 10 

1 

8 16 74 – 80  

PDs 114 – 133  

  BDs 81 – 87  

94 – 113  
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A novel fluorescent chitosan derivative, O-dansylethylenediamine chitosan 88 was also 

successfully synthesized using the N-benzylidene protection-grafting-deprotection synthetic 

route. This involved synthesis of a fluorescent amine, dansylethylenediamine 89, via a 

condensation reaction of dansylchloride and N-Boc-ethylenediamine followed by the removal 

of Boc group. The formation of 89 was confirmed with NMR and FTIR, and fluorescence was 

checked under UV light (254-366 nm). This fluorescent amine 89 was then used for epoxide 

ring opening of epoxy-N-benzylidene chitosan 16 and subsequent N-deprotection producing 

88. FTIR and fluorescence assessment confirmed the successful formation of this novel 

fluorescent chitosan derivative. The fluorescence exhibited by the chitosan derivative 88 in 

comparison to its precursor epoxide 16 showed additional evidence of the expected proceeding 

of N-benzylidene strategy (producing BDs 81-87), which could not be confirmed using NMR 

at any stage. Structures of the synthesized fluorescent amine 89 and fluorescent chitosan 

derivative 88 are shown (Figure 5.1). 

                                               

 

Figure 5.1 Structures of O-dansylethylenediamine-chitosan 88 and dansylethylenedimine 89. 

 

Antibacterial activity of the synthesised hitosan derivatives was tested against Gram-positive 

S. aureus bacteria for both the derivative series BDs (81-87) and PDs (114-133) through 

minimum inhibitory concentration (MIC) determination using ASTM E2149-01 dynamic 

shake flask method followed by measuring OD600 values. This shake flask method allowed 

bioactivity evaluation of these compounds in their powder forms (i.e., at pH = 7) without using 

acetic acid (the common solvent for chitosan bioactivity studies) which itself possesses an 

inhibitory action even at low concentrations (MIC = 0.16-0.31 %). Chitosan 1 exhibited high 

activity, as expected, with MIC of 0.080-0.160 mg/mL. The N-protected intermediates (8, 10, 

16, 93) showed little or no inhibition against S. aureus. This observation confirmed the 

successful protection of chitosan amino groups, which are essential for chitosan bioactivity. 

Two BD derivatives, 83 (3-aminopropyl-1-amine derivative) and 86 (3-morpholinopropan-1-

88 89 
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amine derivative) were found to inhibit bacteria efficiently with MICs, double for 83 (0.080-

0.160 mg/mL) and the same for 86 as compared to unmodified chitosan 1. Of PD derivatives, 

more promising compounds were found: 125 (N,N’-bis(3-aminopropyl)-1,3-propanediamine 

derivative; MIC= 0.020-0.040 mg/mL) and 132 (N,N-dimethylethylenediamine derivative; 

MIC= 0.016-0.020 mg/mL). Both these compounds exhibited considerably higher bacterial 

inhibition compared to unmodified chitosan 1, compound 132 (Figure 5.2) being the most 

active having an eight-fold inhibitory action against S. aureus. Compound 125 was the second 

most inhibiting and showed four-fold greater activity. All other compounds also 

inhibited/killed bacteria but, at higher concentrations than these high-performers. SEM images 

(Figure 5.3) of these most active compounds (83, 86, 125 and 132) in comparison to chitosan 

1, and that of S. aureus bacteria before and after exposing to these compounds, were strong 

evidence of successful achievement of the desired chitosan modifications. The SEM images of 

the damaged bacteria cells, after contact with these compounds, also revealed an expected 

electrostatic interaction mechanism of action as similar to the well-accepted mode of action of 

chitosan 1. 

 

                                                                                  

        

Figure 5.2 Structures of 83, 86, 125 and 132, the most active compounds from chitosan 

derivatives synthesised in this study. 

 

132 125 

83 86 
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Figure 5.3 Scanning electron microscopy images of (a) unmodified chitosan 1 and its potent 

derivatives, (b) control S. aureus bacteria and (c) S. aureus exposed to twice the MIC of each 

compound for 3h. 

 

Surface attachment of chitosan 1 and its potent derivative 132 onto PTF and HH was 

successfully accomplished, as discussed in Chapter 3. The attempts made to determine an 

effective chitosan-surface functionalisation strategy of PTF and HH are described in this 

chapter. Three different surface functionalisation strategies were chosen for the study: 

diazonium-based surface chemistry, succinic anhydride bridging and epichlorohydrin cross-

linking. These three methods have been reported for chitosan surface grafting15,139,142,229 of 

materials including metals and even biomaterials. However, surface functionalisation of PTF 

and HH fibres using chitosan 1/its derivatives, or these surface modification methods had never 

been previously reported. 

1 83 86 125 132 

Control S. aureus 

(a) 

(b) 

(c) 
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Chitosan-functionalisation of PTF and HH surfaces through a chemical linker accomplished in 

this study can be represented as shown below (Figure 5.4). 

 

 

 

 

 

 

 

 

 

                            

                                 

                                          

                            

                                              

 

Figure 5.4 General representation of chitosan-functionalised PTF or HH synthesised in this 

study. 

L L 

Chitosan 1 or 
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PTF-152 and HH-153 with 132) 

(via Succinic anhydride bridging 

producing PTF-148 and HH-149) 

(via Epichlorohydrin cross-linking 

producing PTF-150 and HH-151) 
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The diazonium-based surface functionalisation was mainly investigated because it was 

previewed as an efficient covalent method, but surprisingly, hardly utilized in chitosan surface 

grafting since its first application in chitosan grafting onto stainless steel in 2014.142 Diazonium 

chemistry has been reported for natural material surface modifications using aryl layers having 

desired functioanalities,170,171,234,241,252 nevertheless, these studies did not use chitosan 1.  

At first, the successful diazotization of two aniline derivatives: 4-nitroaniline and 1,4-

phenylenediamine, using two different diazotizing agents: NaNO2 and isopentyl nitrite, was 

confirmed. Attempts were then made to functionalise PTF fibre surface using the diazonium 

salt of 4-nitrobenzene, with the idea of providing a surface nitrophenyl layer and the nitro 

groups then being reduced to -NH2 for subsequent diazotization and desired chitosan grafting. 

However, these attempts failed and it was concluded that the presence of an electron 

withdrawing p-nitro group on the diazonium salt along with the type of substrate affected the 

desired polynitrophenyl layer grafting onto the surface. Eventually, PTF and HH were 

successfully functionalised with polyaminophenyl (PAP) layer producing PAP-PTF 140 and 

PAP-HH 143, by an in situ isopentyl nitrite diazotization of 1,4-phenylenediamine followed by 

spontaneous grafting through fibre -OH groups, according to the procedure reported by 

Belbekhouche et al.171 The-NH2 groups of PAP layer were then converted to diazonium ions 

which acted as precursors for chitosan 1 grafting producing chitosan-functionalised PTF 142 

and chitosan-functionalised HH 145. 

Succinic anhydride bridging (producing PTF-148 and HH-149) and epichlorohydrin cross-

linking (producing PTF-150 and HH-151) between fibres and chitosan 1 were also performed. 

All the chitosan-functionalised fibres were then examined using FTIR, XPS, water contact 

angle, SEM and bioactivity tests and an efficiency comparison of the surface functionalisation 

strategies was established. Overall, the diazonium strategy of chitosan-grafting was found most 

efficient on both PTF and HH fibre surfaces. Therefore, the derivative 132 was attached onto 

PTF and HH to produce PTF-152 and HH-153 using the diazonium-based surface chemistry. 

SEM gave evidence for the surface functionalisation which were later supported by water 

contact angle decrease due to the expected hydrophilicity introduced after chitosan-grafting. 

The diazonium method produced the highest hydrophilic surfaces; sample 153 (HH 

functionalised with the derivative 132) was the most hydrophilic. 
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XPS provided further confirmation of surface functionalisation and efficiency of the diazonium 

method by measuring the percentage atomic (C, O and N) composition variations on PTF and 

HH surfaces before and after functionalisation. 

Antibacterial activity of the treated fibres was studied against S. aureus by determining their 

MICs using ASTM E2149-10 (dynamic shake flask method followed by colony counting). The 

diazonium-based fibres from both PTF and HH series (PTF-142, PTF-152, HH-145 and HH-

153) exhibited great bacteria inhibition, with HH analogues being greater inhibitors. For each 

fibre series, the derivative 132-attached analogues PTF-152 and HH-153 were observed to 

inhibit greatly compared to the chitosan 1-attached fibres. In conclusion, the surface 

functionalisation of HH fibres by the most active derivative 132 using the diazonium-based 

strategy produced the highest S. aureus inhibiting fibres, according to this study. 

SEM study of bioactivity of the chitosan-treated fibres produced by the diazonium method 

PTF-142 and HH-145 revealed the same electrostatic interaction mechanism of action as seen 

for chitosan 1. The expected damage to the cell membrane and leakage of intracellular contents 

resulting in microbial inhibition caused by the attached chitosan 1 could be obviously seen 

(Figure 5.5). 

 

     

 

 

 

 

 

 

 

        Figure 5.5 SEM images of S. aureus on PTF and HH surfaces in the absence (control) 

and in the presence of surface-attached chitosan 1. 
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An alternate approach for the PTF and HH fibre surface modification to introduce antibacterial 

activity was successfully achieved and discussed in Chapter 4. This study involved grafting 

cationic polymer chains from the fibre surfaces via transition metal mediated atom transfer 

radical polymerisation (ATRP) of an acrylate monomer, TMAEMC, producing PTF-g-

PTMAEMC 165 and HH-g-PTMAEMC 166. This graft polymerization modification of PTF 

and HH is promising as a route for combining the advantages of natural and synthetic 

macromolecules for further applications. 

Graft polymerization from the fibre surfaces proceeded through two steps: (i) conversion of 

PTF and HH into macroinitiators PTF-Br 162 and HH-Br 163 by acylation of surface -OH 

groups using an alkyl bromide and (ii) PTMAEMC grafting from macroinitiators via 

conventional ATRP to produce cationic grafted fibres 165 and 166 (Scheme 5.2). 

 

        

 

 

 

 

 

 

 

Scheme 5.2 Summary of the steps involved in the ATRP cationic polymer grafting onto PTF 

and HH producing 165 and 166. 

 

The success of ATRP on PTF and HH was confirmed after each step using FTIR, water contact 

angle measurements and XPS. The increase in water contact angle of PTF-Br 162 and HH-Br 

163 indicated the hydrophobic initiator modification and later, the contact angle decrease was 

observed for the polymer grafted fibres 165 and 166 which strongly supported the successful 

hydrophilic cationic PTMAEMC grafting from PTF and HH surfaces. A hydrophobic neutral 

polymer of tert-butyl acrylate i.e. (PTBA) ATRP grafting from HH was also performed and 

PTF / HH PTF-Br 162 

and  

HH-Br 163 

PTF-g-PTMAEMC 165 

and  

HH-g-PTMAEMC 166 

Acylation ATRP 

(i) (ii) 
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the product fibres HH-g-PTBA 167 showed an expected hydrophobic behaviour on water 

contact angle measurements. This further confirmed that the extensive hydrophilic nature of 

PTF-165 and HH-166 were attributed to the grafted cationic PTMAEMC. 

XPS further confirmed the surface functionalisation quantitatively by measuring the percentage 

composition of surface atoms present even at minute concentrations. The presence of Br on 

macroinitiators 162 and 163 could be observed with XPS which was difficult to be confirmed 

using FTIR. Grafting of PTMAEMC was clearly validated from the emergence of N+ and 

counter ion Cl components along with the change in C and O components in the XPS of 165 

and 166. 

Antibacterial activity of the grafted fibres PTF-165 and HH-166 was examined against S. 

aureus by minimum inhibitory concentration (MIC) and minimum bactericidal concentration 

(MBC) assay using ASTM E2149-10 dynamic shake flask method. Both the grafted fibres 

exhibited great inhibition having MICs and MBCs: 1.25-2.5 mg/mL (MIC and MBC) for PTF-

165; 0.625-1.25 mg/mL (MIC) and 1.25-2.5 mg/mL (MBC, with CFU=1 at 1.25 mg/mL) for 

HH-166. This concluded that the bacterial (S. aureus) inhibition ability of the grafted HH 166 

was twice that of the grafted PTF sample 165. 

SEM images of S. aureus before and after contact with the grafted PTF-165 and HH-166 

revealed the presence of positively charged PTMAEMC on the surfaces (Figure 5.6). The 

damaged cell membrane and leakage of intracellular contents resulting in microbial inhibition 

caused by the expected electrostatic interaction mechanism of action could be observed. 

 

 

 

 

 

 

 

Figure 5.6 SEM images of S. aureus on PTF and HH surfaces in the absence (control) and in 

the presence of grafted PTMAEMC. 
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Overall, this work demonstrated two efficient approaches to develop antibacterial materials 

from sustainable New Zealand flax (PTF) and hemp hurd (HH) fibres, by introducing surface 

antibacterial properties through: (1) fibre surface functionlisation using a low-cost sustainable 

and biocompatible antimicrobial polymer, chitosan by applying diazonium-based surface 

chemistry and (2) grafting of a cationic polymer of a biocompatible permanently charged 

monomer, 2-trimethylammonioethyl methacrylate (TMAEMC) via conventional ATRP. 
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5.2  Future Work 

Future work based on this study could primarily be to conduct further biological experiments 

including activity tests against a broad spectrum of microbes and leaching assay (to determine 

the durability) of the developed fibres. Also, the use of these functionalised fibres in daily life 

applications demanding antibacterial activity with less environmental impact (e.g. water 

purification) could be evaluated so this could be considered for industrial applications.    

This study developed O-amine derivatives of chitosan using a strategy involved N-protection, 

O-epoxidation, O-epoxide ring opening and N-deprotection. The most active derivative from 

this set of newly synthesised derivatives was then used to attach onto the fibre surface. 

Synthesis of other O-functionalised chitosan derivatives having excellent bioactivity from N-

protected analogues using other strategies (an example is given in Scheme 5.3), and further 

application of these derivatives in surface grafting will have to be explored. Derivatives 

possessing permanently charged cationic side chains such as, quaternary ammonium moieties 

can be considered. 

                           

 

Scheme 5.3 Synthesis of O-amine derivatives by conjugating amines onto O-carboxymethyl 

group. 

The least utilized but, simple and straightforward diazonium-based chitosan surface covalent 

grafting method was investigated on PTF and HH for the first time, along with succinic 
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anhydride bridging and epichlorohydrin cross-linking. Other more efficient and 

environmentally friendly surface modification methods, e.g. Cu(I)-catalysed azide-alkyne 

cycloaddition click reaction (CuAAC click chemistry) (Scheme 5.4), can be explored as next 

level research on these natural materials, especially, on currently under-utilized PTF. CuAAC 

is an ideal click reaction with advantages of using simple reaction conditions, readily available 

reagents and easily removable solvents, and producing regioselective products. 

 

 

 

 

 

 

 

 

 

 

Scheme 5.4 Chitosan functionalisation of PTF/HH fibres through Cu(I)-catalysed azide-

alkyne cycloaddition (CuAAC click chemistry). 

 

This work looked into conventional ATRP of graft polymerization from PTF and HH surfaces, 

which could be extended towards advanced grafting techniques e.g. activator regenerated by 

electron transfer-atom transfer radical polymerization (ARGET-ATRP). This ARGET-ATRP 

is advantageous of using reduced amount of copper (only a few ppm) to mediate the 

polymerisation since the process involves continuous transformation of Cu(II) complexes into 

active Cu(I) species by a reducing agent. This method is efficient, but hardly used for the 

cellulose fibre grafting, and therefore, could be explored in PTF and HH surface grafting. 
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Monomers other than TMAEMC (used in this study) (e.g. 3-(methacryloylamino) 

propyltrimethyl ammonium chloride (MPAC), 12-methacryloyloxydodecylpyridinium 

bromide (MDPB)), capable of introducing surface antimicrobial properties are also to be 

investigated. 

Substrates utilized in this work, PTF and HH, were selected due to abundance and 

sustainability. This work suggests the possible use of surface functionalisation of other natural 

sustainable starch and cellulosic materials including industrial by-products.         

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 6 

Experimental Procedures 
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6.1 Chemicals and Reagents 

All chemicals were of reagent grade and were used as purchased without further purification. 

Chitosan 1 (LMw, DDA 75 – 85 %) was purchased Sigma-Aldrich. All the amines utilised 

were commercially available, supplied by Sigma or Merck and used as received. Dansyl 

chloride was purchased from Thermo Fisher (New Zealand). NZ flax/ Phormium tenax fibres 

(PTF) were received from the Templeton Flax Mill, Riverton, New Zealand, as a bundle of 

long fibre strands which were cut into 1 cm long prior to use. Hemp hurd (HH) was supplied 

by Sustainable Hemp Limited, Rotorua, New Zealand. The pathogen S. aureus was obtained 

from the microbial culture collection of School of Biological Sciences, University of Auckland. 

6.2 General Characterization Methods 

6.2.1 Nuclear Magnetic Resonance (NMR) Spectroscopy 

A Bruker DRX400 spectrometer operating at 400 MHz and 100 MHz for 1H nuclei and 13C 

nuclei, respectively, was used to record all the NMR spectra in this study. The samples 

dissolved in NMR-grade solvents (DMSO-d6, CDCl3 or D2O, depending upon the solubility of 

the samples) were analysed and chemical shifts (δ) were recorded relative to that of the 

corresponding deuterated solvent used. Chemical shifts (δ) were expressed in parts per million 

(ppm).  

6.2.2 Fourier Transform Infrared (FTIR) Spectroscopy 

IR spectra were acquired using a PerkinElmer Spectrum 100 Fourier Transform Infrared 

Spectrometer. Absorption maxima are expressed as wavenumber (cm-1). For each spectrum, 8 

scans were accumulated in the region 4000-600 cm-1, with a resolution of 4 cm-1. 

6.2.3 Mass Spectroscopy 

Mass spectrometry performed with a Bruker MicrOTOF QII was used to confirm the identity 

of a synthesised sample by measuring the mass to charge ratio (m/z) of its ionized species. The 

ionization was achieved by utilising electron spray ionisation (ESI). The sample was dissolved 

in DCM and diluted with MeOH for ESI. The ions were then separated by m/z ratio by using 

time of flight (TOF) methodology. The separated ions were then passed through a detector 

which displayed the result as mass spectrum with m/z ratio against relative intensity.    
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6.2.4 Powder X-ray Diffraction (PXRD) 

Powder X-ray diffractograms were collected using a PANalytical Empyrean diffractometer 

with Cu Kα radiation of a wavelength 0.15406 nm at 8.04 keV. The data collection was 

performed for intensities in the scattering range of 10° – 50° (2θ). Scans were run for ~ 30 

minutes for each sample. 

6.2.5 Scanning Electron Microscopy (SEM) 

Scanning electron microscopic analysis of the surfaces were performed by comparing their 

microscopic images. The SEM images were captured using a Hitachi SU-700 FESEM 

instrument at Auckland University of Technology, Auckland, New Zealand. Samples were 

loaded onto metal holders and the surfaces were coated with platinum at 20 mA in an 

evaporator for 2 min. The SEM images were then captured at 5.0 kV and at a working distance 

of 16.0 mm. 

6.2.6 Water Contact Angle Measurement 

Water contact angle measurements were performed using a CAM 100 contact angle meter 

(KSV instrument). 3 µL of deionized water was deposited on the top surface of the test sample 

placed in a horizontal position on the instrument stage and the contact angles were calculated 

by the tangent method. A snapshot of the deposited droplet on each sample surface was also 

taken. The measurements were conducted at least five times for each sample.  

6.2.7 X-ray Photoelectron Spectroscopy (XPS) 

The XPS data were obtained using a Kratos Axis UltraDLD equipped with a 180° 

hemispherical electron energy analyser, at Research Centre for Surface and Materials Science 

(RCSMS), University of Auckland. Spectra were excited using a monochromatic Al Kα X-rays 

(1486.69 eV) with the X-ray source operating at 150W. The process involved illumination of 

a large area on the surface by this instrument, followed by collection of photoelectrons from a 

desired location on the surface by means of hybrid magnetic and electrostatic lenses. In this 

study, the analysis area was a 300 by 700 micron spot (hybrid/slot). The measurements were 

carried out in a normal emission geometry. A charge neutralisation system was used to alleviate 

sample charge build-up. A pass energy of 160 eV was applied to collect survey scans, whilst 

core level scans were accomplished with 20 eV of pass energy. The analysis chamber pressure 

was maintained in the 10-9 torr range throughout the data collection. 
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Analysis of the data collected during XPS was performed using CasaXPS application with 

Shirley backgrounds being used in the peak fitting. Survey scan quantification utilised relative 

sensitivity factors supplied with the instrument and core level data were fitted using Gaussian-

Lorentzian peaks. The binding energy scale was corrected for the neutraliser shift by using the 

C 1s signal from saturated hydrocarbon at 285.0 eV was used as an internal standard.    

6.3 Antibacterial Activity Test 

All the preparation for biological testing was performed inside a HERASafe KS safety cabinet 

(Thermo scientific, Type-KS12, EN 12469: 2000, Class II). All the bioactivity experiments 

were performed thrice and in triplicates to ensure reproducibility. 

 

6.3.1 Preparation of Working Bacterial Inoculum200,201 

Mueller Hinton broth (MHB) base (pH 7.0) was prepared by dissolving Difco Mueller Hinton 

broth powder in Type I water (21 g L-1), autoclaved in high-pressure steam sterilizer (TOMY 

SX-500E) at 120 °C for 1 h and then cooled to room temperature. Bacterial strains 

(Staphylococcus aureus 16207) were plated and grown on Mueller Hinton agar plates by 

overnight incubation at 37 °C. Colonies from the overnight culture were added to MHB and 

further incubated at 37 °C and 160 rpm for 18 h, in a rotator/incubator (INFORS HT, 

ECOTRON, INFORS-AG CH-4103 BOTTMINGEN). The culture was diluted with the freshly 

prepared MH broth to prepare bacterial stock solution of McFarland standard of optical density 

(OD) of 0.1 at 600nm (measured using CETI UV Spectrophotometer), approx. 1×108 colony 

forming units per millilitre (CFU mL-1) bacterial concentration. The standard bacterial solution 

was then diluted (to a ratio of 1:100) to 1×106 CFU mL-1 using MHB. The working bacterial 

solution of 5×105 CFU mL-1 was prepared by further dilution with the medium. 

 

6.3.2 Preparation of Antibiotic-free Nutrient-rich Agar Plates 

 

Mueller Hinton broth or nutrient-rich broth (Difco; 21 g L-1) and agar (17 g L-1) were mixed in 

Type I water. The mixture was autoclaved at 120 °C for 15 min and then cooled to 50-60 °C. 

The nutrient-rich agar (30 mL/plate) was poured into sterile petri dishes (90 mm, Thermo 

Fisher brand) inside the safety cabinet and allowed to set for 15-20 min. Agar plates were kept 

at 4 °C until used. 
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6.3.3 Antibacterial Testing of Chitosan and Modified Chitosan Powders 

 

Initial Screen: Bioactivity tests of the powder samples were conducted using the ASTM E2149 

dynamic shake flask method followed by absorbance measurements. Streptomycin antibiotic 

was used as the positive control. 20 mg of each sample (chitosan 1 and modified chitosan 81-

87, 114-133) was weighed into pre-autoclaved clear glass vials (Thermo Fisher brand, 

scintillation vials, 20 mL). 2 mL of the working bacterial solution was added to each vial 

containing the sample (final concentration was 10 mg/mL) and these vials were then incubated 

at 37 °C and 160 rpm for 20 h. Separate vials containing MHB and bacterial inoculum were 

also incubated under same conditions. After 20 h, 200 µL of solution from the vials was 

transferred into sterile 96-well polypropylene microtiter plates and the absorbance at 600 nm 

(OD600) was measured using Enspire Multimode Reader (PerkinElmer). 

MIC Determination: Minimum Inhibitory Concentration (MIC) was determined using the 

same procedure as in the initial screen, but with various concentrations (from 10 - 0.010 

mg/mL). This was achieved by weighing the different amounts of each sample into pre-

autoclaved vials followed by incubation with the bacterial inoculum at 37 ℃ and 160 rpm for 

20 h and, absorbance (OD) measurements at 600 nm. MIC was considered as the lowest 

concentration showing the OD value the same as that of the blank (medium). 

 

6.3.4 Antibacterial Testing of PTF and HH Material Samples    

 

Initial Screen: Bioactivity assay of the fibre samples, PTF and HH, was performed according 

to ASTM E2149 as previously described.29 10 mg of each fibre sample was weighed into pre-

autoclaved  clear glass vials (MicroAnalytix, 4 mL). 0.5 mL of working bacterial solution was 

added to each vial to make a pre-described fibre to inoculum ratio of 1g/50 mL.11,29 The vials 

were shaken and incubated at 160 rpm and 37 °C for 20 h, along with the vials containing 

control MHB and bacterial inoculum under the same conditions. 10 µL of the solution from 

each vial was diluted with MHB to produce a final 1:100,000 dilution (through a serial dilution 

method:  1:100 → 1:10,000 → 1:100,000). 50 µL from the dilutions (1:100 for clearer solutions 

on visual inspection of the incubated vials and 1:100,000 for others) was inoculated on nutrient-

rich agar plates (prepared as described earlier, Section 6.3.2). The inoculated plates were 

cultivated at 37 °C for 20 h. The plates with uncountable number of bacterial growth or 

confluent (Too Numerous To Count or TNTC) were skipped. The number of bacterial colonies 
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(CFU) on the countable plates were counted and CFU/mL in the original samples were 

calculated. Antibacterial activity was determined as the percentage reduction of the bacteria.      

MIC and MBC Determination: MICs were determined for the selected fibres after the initial 

screen. This was achieved using the same ASTM E2149-10 method that was performed in the 

initial screen, with various amounts of the fibres (10 mg-1.25 mg). Vials containing these 

different amounts of fibres and 0.5 mL of working bacterial solution were incubated at 37 °C 

for 20 h and shaken at 160 rpm. MIC was determined, by visual inspection of the bacterial 

inoculum, as the lowest concentration exhibiting clear inoculum (i.e., 100 % reduction in 

bacteria).  

Minimum bactericidal concentration (MBC) was determined by subculturing the inoculum 

from the MIC test to agar plates. Simply, 50 µL of the diluted (1:100,000) solution from the 

vials was inoculated onto the nutrient-rich agar plates and cultivated at 37 °C for 20 h. MBC 

test used the colony forming units (CFU) as a proxy measure of the viability of bacteria. The 

active bacterial colonies on the plates were counted and the bacterial reduction percentage was 

calculated for each concentration. MBC was determined as the lowest concentration exhibited 

100 % reduction in bacterial viability of the initial inoculum. 

 

6.3.5 SEM Analysis of Bacterial Cell Morphology 

Scanning electron microscopy (SEM) experiments were performed using a Hitachi SU-70 

FESEM at Auckland University of Technology, Auckland, New Zealand. The powder samples 

(chitosan and the most bioactive derivatives) were examined for their mechanism of action via 

SEM imaging. For this, a bacterial (S. aureus) solution of concentration 5×105 CFU mL-1 was 

prepared in MHB as described in Section 6.3.1. Bacteria were then grown overnight to OD of 

0.3 at 600 nm, on sterilized glass slides at 37 °C. Excess bacteria were washed with PBS (10 

mM, pH 7.4) and the glass slides were then, treated with the powder samples in MHB at a 

concentration of double the MICs for 3 h. Glass slides were washed again with PBS (10 mM) 

and water. Bacteria on the slides were then, fixed with 4 % (0.16 mL in 1 mL) glutaraldehyde 

in 10 mM PBS for 1h without shaking. The slides were washed with PBS and water and then, 

dehydrated with graded ethanol (10 %, 25 %, 50 %, 75 % and 100 %). The glass slides were 

then dried at 60 °C in an oven for 10 min. Dried slides were loaded onto the metal holders and 

then, platinum coated in an evaporator for 2 min at 20 mA conditions. SEM images were 

captured at 10.0 kV and at a working distance of 8.0 mm for different magnifications. 
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Selected samples from treated PTF and HH which showed the highest bioactivity along with 

untreated and less active fibres were further studied for the bioactivity mechanism using SEM 

imaging. The fibre samples were incubated with working bacterial solution in vials at the same 

conditions used for antibacterial testing. After 20 hours of incubation, fibres were washed with 

PBS and water. The fixation and further procedure of washing and drying were followed as 

described in the case of glass slides. SEM images were captured at 10.0 kV and at a working 

distance of 8.0 mm for different magnifications. 

 

6.4 Synthesis of Chapter 2 Compounds 

6.4.1 Synthesis of Chitosan Derivatives using N-Benzylidene Protection- 

Deprotection Strategy 

 

2-N-Benzylidene chitosan 8128 

 

                                                                  

 

To a solution of chitosan (1.0 g, low Mw 50-190 kDa, DDA 75-85 %) in aq. acetic acid (50 

mL, 1 %) methanol (60 mL) was added, and the mixture was stirred for 60 min at room 

temperature. Benzaldehyde (4.0 g, 37.7 mmol) dissolved in methanol (50 mL) was then added 

and the reaction mixture stirred at 60 ℃ for 4 h and then at room temperature for 20 h. The 

solid formed was filtered, washed with methanol (4 x 50 mL), and dried at 60 ℃ overnight to 

yield the title compound 8 (1.26 g, quant.) as a brownish yellow powder. νmax(FTIR)/cm-1: 

3353 (-OH), 2880 (-CH and –CH2), 1639 (-C=N-), 1578, 1554 and 1449 (benzene ring), 1150, 

1060, 1026 and 895 (saccharide), 858, 755 and 690 (-CH, aromatic). Data matched the 

literature data.128    
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6-O-Methyloxirane-2-N-benzylidene chitosan 16128 

 

 

 

2-N-Benzylidene chitosan 8 (1.0 g) was added to an aq. solution of NaOH (30 mL, 0.001 molL-

1) and the reaction stirred at room temperature. To this suspension, epichlorohydrin (2.0 mL, 

21.62 mmol) was slowly added and the mixture was stirred at room temperature for 20 h. The 

solid formed was filtered, washed with ethanol (15 mL), dist. water (15 mL), acetone (15 mL) 

and diethyl ether (10 mL). The solid was dried at 60 ℃ overnight and powdered to yield the 

title product 16 (1.02 g, quant.) as a white powder. νmax(FTIR)/cm-1: 3356 (-OH), 2875 (-CH 

and -CH2), 1638 (-C=N-), 1580, 1554, 1449 (benzene ring), 1232, 919, 831 (epoxy ring), 1152, 

1060, 1025, 895 (saccharide), 754, 690 (-CH, aromatic). Data matched the literature data.128 

 

 

6-O-(tert-Butyl (2-((2-hydroxypropyl)amino)ethyl)carbamate)-2-N-benzylidene chitosan 

74 

 

 

        

Epoxide 16 (0.4 g) was suspended in an aq. solution of NaOH (15 mL, 0.001 molL-1) for 15 

min. To this suspension, N-Boc-ethylenediamine (1.0 mL, 6.32 mmol) was added dropwise and 

the reaction mixture was stirred at room temperature overnight. The solid product was filtered, 
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washed with methanol (20 mL) and acetone (20 mL) and dried at 60 ℃ for 24 h to yield the 

title compound 74 (0.45 g, quant.) as a light brownish solid. νmax(FTIR)/cm-1: 3350 (-OH), 

3298 (-NH, 2° amine), 2925, 2857 (CH and CH2), 1639 (-C=N-), 1456 (C-H, methyl), 1393, 

1369 (Boc), 1152, 1060, 1025, 895 (saccharide), 859, 755, 690 (-CH, aromatic). 

 

 

6-O-(1-((2-Aminoethyl)amino)propan-2-ol)-2-N-benzylidene chitosan 75 

  

 

 

Epoxide 16 (0.5 g) was suspended in an aq. solution of NaOH (15 mL, 0.001 molL-1) for 15 

min. To this suspension, ethylenediamine (1.0 mL, 5.73 mmol) was added dropwise and the 

reaction mixture was stirred at room temperature overnight. The solid product was filtered, 

washed with methanol (20 mL) and acetone (20 mL) and dried at 60 ℃ for 24 h to yield the 

title compound 75 (0.51 g, quant.) as a yellowish brown solid. νmax(FTIR)/cm-1: 3358, 3278 (-

OH and -NH), 2922, 2854 (-CH and –CH2), 1639 (-C=N-), 1151, 1057, 1030, 895 (saccharide), 

755, 690 (-CH, aromatic). 
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6-O-(tert-Butyl(3-((2-hydroxypropyl)amino)propyl)carbamate)-2-N-benzylidenechitosan 

76 

 

                                                

 

Epoxide 16 (0.4 g) was suspended in an aq. solution of NaOH (15 mL, 0.001 molL-1) for 15 

min. To this suspension, N-Boc-propanediamine (1 mL, 5.73 mmol) was added dropwise and 

the reaction mixture was stirred at room temperature overnight. The solid product was filtered, 

washed with methanol (20 mL) and acetone (20 mL) and dried at 60 ℃ for 20 h to yield the 

title compound 76 (0.40 g, quant.) as a yellowish brown solid. νmax(FTIR)/cm-1: 3353 (-OH), 

3287 (-NH, 2° amine), 2925, 2857 (CH and CH2), 1639 (-C=N-), 1456 (C-H, methyl), 1393, 

1369 (Boc), 1152, 1060, 1025, 895 (saccharide), 859, 755, 690 (-CH, aromatic). 

 

 

6-O-(1-(Benzylamino)-propan-2-ol)-2-N-benzylidene chitosan 77 

 

            

 

Epoxide 16 (0.5 g) was suspended in an aq. solution of NaOH (15 mL, 0.001 molL-1) for 15 

min. To this suspension, benzylamine (1 mL, 9.15 mmol) was added dropwise and the reaction 

mixture was stirred at room temperature overnight. The solid product was filtered, washed with 

methanol (20 mL) and acetone (20 mL) and dried at 60 ℃ for 20 h to yield the title compound 
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77 (0.51 g, quant.) as a light-yellow powder. νmax(FTIR)/cm-1: 3353 (-OH), 3287 (-NH, 2° 

amine), 2871 (-CH and –CH2), 1639 (-C=N-), 1150, 1055, 1030, 895 (saccharide), 750, 690 (-

CH, aromatic). 

 

 

6-O-(1-(2-Morpholinoethane-1-amino)-propan-2-ol)-2-N-benzylidene chitosan 78 

 

                                                     

 

Epoxide 16 (0.5g) was suspended in an aq. solution of NaOH (15 mL, 0.001 molL-1) for 15 

min. To this suspension, 2-morpholinoethane-1-amine (1 mL, 7.62 mmol) was added dropwise 

and the reaction mixture was stirred at room temperature overnight. The solid product was 

filtered, washed with methanol (20 mL) and acetone (20 mL) and dried at 60 ℃ for 24 h to 

yield the title compound 78 (0.50 g, quant.) as a yellowish white powder. νmax(FTIR)/cm-1: 

3357 (-OH), 2919, 2851 (-CH and -CH2), 1639 (-C=N-), 1580, 1554, 1449 (benzene ring), 

1246 (C-O-C), 1152, 1059, 1029, 895 (saccharide), 755, 690 (-CH, aromatic). 
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6-O-(1-(3-Morpholinopropan-1-amino)-propan-2-ol)-2-N-benzylidene chitosan 79 

 

 

 

Epoxide 16 (0.5g) was suspended in an aq. solution of NaOH (15 mL, 0.001 molL-1) for 15 

min. To this suspension, 3-morpholinopropan-1-amine (1 mL, 6.84 mmol) was added dropwise 

and the reaction mixture was stirred at room temperature overnight. The solid product was 

filtered, washed with methanol (20 mL) and acetone (20 mL) and dried at 60 ℃ for 24 h to 

yield the title compound 79 (0.50 g, quant.) as a yellowish white powder. νmax(FTIR)/cm-1: 

3356 (-OH), 2919, 2871 (-CH and –CH2), 1639 (-C=N-), 1580, 1554, 1452 (benzene ring), 

1246 (C-O-C), 1151, 1057, 1030, 896 (saccharide), 755, 691 (-CH, aromatic). 

 

 

6-O-(1-((R)-1-Phenylethan-1-amino)-propan-2-ol)-2-N-benzylidene chitosan 80 

 

 

 

Epoxide 16 (0.5g) was suspended in an aq. solution of NaOH (15 mL, 0.001 molL-1) for 15 

min. To this suspension, (R)-α-methylbenzylamine (1 mL, 7.76 mmol) was added dropwise 

and the reaction mixture was stirred at room temperature overnight. The solid product was 

filtered, washed with methanol (20 mL) and acetone (20 mL) and dried at 60 ℃ for 24 h to 

yield the title compound 80 (0.48 g, quant.) as a yellowish brown solid. νmax(FTIR)/cm-1: 3353 
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(-OH), 2880 (-CH and –CH2), 1639 (-C=N-), 1580, 1544, 1452 (benzene ring), 1151, 1057, 

1030, 895 (saccharide), 755, 691 (-CH, aromatic). 

 

 

6-O-(1-(2-Aminoethyl)amino)propan-2-ol)chitosan 81 

 

 

 

N-Boc-ethylenediamine Schiff base chitosan 74 (0.35 g) was added to an aq. HCl solution (10 

mL, 0.25 molL-1) and the resulting mixture was stirred at room temperature for 24 h. The solid 

obtained was filtered, washed with EtOH (20 mL), dist. H2O (20 mL) and diethyl ether (10 

mL) and then, dried at 60 ℃ overnight to yield the title compound 81 (0.32 g, quant.) as a light 

brownish yellow solid. νmax(FTIR)/cm-1: 3354, 3285 (OH, N-H and NH2), 2922, 2853 (-CH 

and –CH2), 1631 (C-NH), 1152, 1054, 1030, 895 (saccharide). 

 

 

6-O-(1-((2-Aminoethyl)amino)propan-2-ol)chitosan 82 

 

 

 

Chitosan Schiff base 75 (0.25 g) was added to an aq. HCl solution (6.25 mL, 0.25 molL-1) and 

the resulting mixture was stirred for 24 h at room temperature. The solid was filtered, washed 

with EtOH (20 mL), dist. H2O (20 mL) and diethyl ether (10 mL) and then, dried at 60 ℃ for 

24 h to yield the title compound 82 (0.27 g, quant.) as a yellow powder. νmax(FTIR)/cm-1: 3354, 
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3284 (OH, N-H and NH2), 2922, 2853 (-CH and –CH2), 1628, 1523 (C-NH), 1152, 1054, 1030, 

895 (saccharide). 

 

 

6-O-(1-((3-Aminopropyl)amino)propan-2-ol)chitosan 83 

 

                                                 

                    

 

Boc-propanediamine Schiff base chitosan 76 (0.35 g) was added to an aq. HCl solution (10 

mL, 0.25 molL-1) and the resulting mixture was stirred at room temperature for 24 h. The solid 

was filtered, washed with EtOH (20 mL), dist. H2O (20 mL) and diethyl ether (10 mL) and 

then, dried at 60 ℃ for 24 h to yield the title compound 83 (0.32 g, quant.) as a yellowish solid. 

νmax(FTIR)/cm-1: 3354, 3284 (OH, N-H and NH2), 2922, 2853 (-CH and –CH2), 1628, 1521 

(C-NH), 1152, 1054, 1030, 895 (saccharide). 

 

 

6-O-(1-(Benzylamino)-propan-2-ol)chitosan 84 

 

 

 

Benzylamine Schiff base chitosan 77 (0.25 g) was added to an aq. HCl (6.25 mL, 0.25 molL-1) 

and the resulting mixture was stirred at room temperature for 24 h. The solid was filtered, 

washed with EtOH (20 mL), dist. H2O (20 mL) and diethyl ether (10 mL) and then, dried at 60 

℃ for 24 h to yield the title compound 84 (0.20 g, quant.) as a light yellowish powder. 
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νmax(FTIR)/cm-1: 3354, 3284 (OH, N-H and NH2), 2871 (-CH and -CH2), 1630, 1521 (C-NH), 

1150, 1055, 1030, 895 (saccharide), 749, 700 (-CH, aromatic). 

 

 

6-O-(1-(2-Morpholinoethane-1-amino)-propan-2-ol)chitosan 85 

 

     

 

6-O-(1-(2-Morpholinoethane-1-amino)-propan-2-ol)-2-N-benzylidene chitosan 78 (0.25 g) 

was added to an aq. HCl (6.25 mL, 0.25 molL-1) and the resulting mixture was stirred at room 

temperature for 24 h. The solid was filtered, washed with EtOH (20 mL), dist. H2O (20 mL) 

and diethyl ether (10 mL) and then, dried at 60 ℃ for 24 h to yield the title compound 85 (0.22 

g, quant.) as a white powder. νmax(FTIR)/cm-1: 3354, 3284 (OH, N-H and NH2), 2919, 2851 (-

CH and –CH2), 1630, 1516 (C-NH), 1246 (C-O-C), 1150, 1055, 1030, 895 (saccharide). 

 

 

6-O-(1-(3-Morpholinopropan-1-amino)-propan-2-ol)chitosan 86 

 

 

 

Morpholinopropane diamine Schiff base chitosan 79 (0.25 g) was added to an aq. HCl (6.25 

mL, 0.25 molL-1) and the resulting mixture was stirred at room temperature for 24 h. The solid 

was filtered, washed with EtOH (20 mL), dist. H2O (20 mL) and diethyl ether (10 mL) and 

then, dried at 60 ℃ for 24 h to yield the title compound 86 (0.21 g, quant.) as a pale white 
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powder. νmax(FTIR)/cm-1: 3354, 3284 (OH, N-H and NH2), 2919, 2851 (-CH and –CH2), 1630, 

1516 (C-NH), 1246 (C-O-C), 1150, 1055, 1030, 895 (saccharide). 

 

 

6-O-(1-((R)-1-Phenylethan-1-amino)-propan-2-ol)chitosan 87 

 

 

 

(R)-α-Methylbenzylamine Schiff base chitosan 80 (0.25 g) was added to an aq. HCl (6.25 mL, 

0.25 molL-1) and the resulting mixture was stirred at room temperature for 24 h. The solid was 

filtered, washed with EtOH (20 mL), dist. H2O (20 mL) and diethyl ether (10 mL) and then, 

dried at 60 ℃ for 24 h to yield the title compound 87 (0.25 g, quant.) as a pale white powder. 

νmax(FTIR)/cm-1: 3354, 3284 (OH, N-H and NH2), 2881 (-CH and -CH2), 1630, 1521 (C-NH), 

1150, 1055, 1030, 895 (saccharide), 745, 700 (-CH, aromatic). 

 

 

tert-Butyl-2-[5-(dimethylamino)naphthalene-1-sulfonamido]ethylcarbamate 91202 

 

                                                          

 

Dansylchloride (0.237 g, 1.48 mmol) in DCM (5 mL) was added dropwise to a solution of N-

Boc-ethylenediamine (0.20 g, 0.74 mmol) in DCM (5 mL) at 0 ℃. The reaction mixture was 

stirred at room temperature for 24 h and then, extracted with n-hexanes : DCM (5 mL, 1:1 v/v) 

and subsequently washed with distilled water (5 mL). The organic phase was dried over 

anhydrous MgSO4 and concentrated under reduced pressure. The residue was then purified 
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using flash column chromatography with n-hexanes/ethylacetate (3:1 v/v followed by 2:1 v/v) 

to yield the title product 91 (0.223 g, 76 %) as a fluorescent yellowish oil. νmax(FTIR)/cm-1: 

3289 (N-H), 3000 (Ar-CH), 2870 (C-H, CH2), 2792 (CH3), 1698 (C=O, NHCO), 1572, 1525, 

1457, 944, 782 (naphthalene), 1396, 1367 (Boc), 1325 (C-N), 1251, 1148 (SO2). 
1H NMR (400 

MHz, CDCl3) δH: 1.39 (s, 9H, C(CH3)3), 2.89 (6H, s, N(CH3)2), 2.98-3.03 (2H, m, 

CH2NHSO2), 3.14-3.18 (2H, m, CH2NHBoc), 4.78 (1H, bs, NHSO2), 5.35 (1H, bs, NHBoc), 

7.19 (1H, d, J = 7.5 Hz, ArH), 7.49-7.53 (1H, m, ArH), 7.54-7.58 (1H, m, ArH), 8.23 (1H, m, 

ArH), 8.27 (1H, m, ArH), 8.54 (1H, d, J = 8.5 Hz, ArH). 13C NMR (100 MHz, CDCl3) δC: 

28.3, 40.2, 43.7, 45.4, 79.8, 115.2, 118.6, 123.1, 128.5, 129.5, 129.6, 129.9, 130.5, 134.5, 

152.0, 156.4. m/z (ESI+): [M+] 393.17; HRMS (ESI+): Found [M+H]+ 394.1800, calculated 

for C19H28N3O4S 394.1795; Found [M+Na]+ 416.1631, calculated for C19H27N3NaO4S 

416.1614. Obtained data was the same as the literature data.202 

 

 

2-[5-(Dimethylamino)naphthalene-1-sulfonamido]ethanamine 89202 

 

                                                                  

 

 

Carbamate 91 (0.220 g, 0.560 mmol) was dissolved in DCM (7 mL) and to this solution TFA 

(0.64 g, 0.43 mL, 5.613 mmol) in DCM (3mL) was added dropwise at 0 ℃. The reaction 

mixture was stirred at room temperature for 18 h and then, basified with sat. aq. NaHCO3 (1 

mL). Extracted with DCM (3 x 3 mL) and the organic phase was dried over MgSO4 and 

concentrated under reduced pressure. The crude product was purified using flash column 

chromatography (n-hexanes : ethylacetate, 1:3 v/v) to yield the title product 89 (0.151 g, 92 %) 

as a fluorescent brownish solid. m.p. 153-155 ℃. νmax(FTIR)/cm-1: 3395, 3295 (NH2), 3000 

(Ar-CH), 2870 (C-H, CH2), 2792 (CH3), 1572, 1525, 1457, 944, 782 (naphthalene), 1325 (C-

N), 1251, 1148 (SO2). 
1H NMR (400 MHz, CDCl3) δH: 2.72 (2H, m, CH2NH2), 2.89 (6H, s, 

N(CH3)2), 2.90-2.96 (2H, m, CH2NHSO2), 7.19 (1H, d, J = 7.4 Hz, ArH), 7.50-7.58 (2H, m, 

ArH), 8.24-8.32 (2H, m, ArH), 8.53 (1H, d, J = 8.6 Hz, ArH).13C NMR (100 MHz, CDCl3) 
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δC: 40.8, 45.3, 45.4, 115.2, 118.8, 123.2, 128.4, 129.6, 129.9, 130.4, 134.7, 152.0. m/z (ESI+): 

[M+] 293.12; HRMS (ESI+): Found [M+H]+ 294.1272, calculated for C14H20N3O2S 294.1276. 

Data matched the literature data.202 

 

 

6-O-(5-(Dimethylamino)-N-(2-((2-hydroxypropyl)amino)ethyl)naphthalene-1-

sulfonamide)-2-N-benzylidene chitosan 90 

 

                                   

 

Epoxide chitosan 16 (0.045 g) was suspended in an aq. solution of NaOH (1.5 mL, 0.001 molL-

1) and to this suspension, dansylamine 89 (0.1 g, 0.341 mmol) was slowly added. The reaction 

mixture was then stirred overnight at room temperature. The solid product was filtered, washed 

with methanol (20 mL) and acetone (20 mL) and dried at 60 ℃ for 24 h to yield the title product 

90 (0.043 g, quant.) as a fluorescent yellow solid. νmax(FTIR)/cm-1: 3394, 3295 (OH and N-

H), 3000 (Ar-CH), 2870 (-CH, -CH2), 2797 (N-CH3), 1639 (-C=N-), 1151, 1057, 1030, 895 

(saccharide), 753, 688 (-CH, aromatic), 1574, 1528, 1454, 944 and 784 (naphthalene), 1145 

(SO2). 
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6-O-(5-(Dimethylamino)-N-(2-((2-hydroxypropyl)amino)ethyl)naphthalene-1-

sulfonamide)chitosan 88 

 

                                           

 

Dansylamine Schiff base chitosan 90 (0.03 g) was added to an aq. HCl (6.25 mL, 0.25 molL-1) 

and the resulting mixture was stirred at room temperature for 24 h. The solid was filtered, 

washed with EtOH (20 mL), dist. H2O (20 mL) and diethyl ether (10 mL) and then, dried at 60 

℃ for 24 h to yield the title compound 88 (0.027 g, quant.) as a fluorescent yellow solid. 

νmax(FTIR)/cm-1: 3395, 3295 (OH, N-H and NH2), 300 (Ar-CH), 2870 (-CH, -CH2), 2797 (N-

CH3), 1151, 1057, 1030, 895 (saccharide), 1574, 1528, 1454, 944 and 784 (naphthalene), 1145 

(SO2). 
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6.4.2 Synthesis of Chitosan Derivatives using N-Phthaloyl Protection- 

Deprotection Strategy  

  

2-N-Phthaloyl-5-(2-(methoxy)carbonylbenzoic acid)chitosan 10a215,216 

 

                                                             

 

Chitosan 1 (2.0 g) was mixed with phthalic anhydride (8.96 g, 60.50 mmol) in DMF (42 mL). 

The reaction mixture was then stirred under nitrogen at 120 ℃ for 6 h and then cooled to room 

temperature. The cooled mixture was poured into ice cold water (500 mL) and the precipitate 

was collected by filtration, washed with methanol (200 mL) for 1h at room temperature, filtered 

and then washed with water (15 mL) and diethyl ether (15 mL). The product was dried under 

vacuum to yield the title product 10a (3.8 g, quant.) as a brown powder. νmax(FTIR)/cm-1: 

3452 (OH), 2700, 2600 (carboxyl), 1775, 1705 (C=O, N-phthaloyl) 1386 (C-N), 1284- 1256, 

1151 (ester, O-phthaloyl), 1057, 1030, 895 (saccharide), 873, 791, 742, 719 (CH out-of-plane, 

Ar). 1H NMR (400 MHz, DMSO-d6) δH: 1.68-1.88 (3H, m, CH3 acetyl group of chitosan 

backbone), 2.91-5.35 (8H, m, broad, pyranose protons), 7.30-7.50 (4H, m, benzoic acid ArH), 

7.60-7.95 (4H, m, N-phthaloyl ArH) 13.29 (1H, b, COOH). Data matched the literature 

data.215,216  
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2-(Isoindoline-1,3-dione)chitosan 10215 

 

 

 

Chitosan 1 (2.0 g) was mixed with phthalic anhydride (8.96 g, 60.50 mmol) in DMF/H2O (42 

mL, 95/5 v/v). The reaction mixture was then stirred under nitrogen at 120 ℃ for 24 h and then 

the mixture was cooled to room temperature. The cooled mixture was poured into ice cold 

water (500 mL) and the precipitate was collected by filtration, washed with methanol (200 mL) 

for 1 h at room temperature, filtered and then washed with water (15 mL) and diethyl ether (15 

mL). The product was dried under vacuum to yield the title product 10 (2.96 g, quant.) as a 

cream powder. νmax(FTIR)/cm-1: 3452 (OH), 1775, 1705 (C=O, N-phthaloyl), 1386 (C-N), 

1151, 1057, 1030, 895 (saccharide), 873, 791, 742, 719 (CH out-of-plane, Ar). 1H NMR (400 

MHz, DMSO-d6) δH: 1.68-1.88 (3H, m, CH3 acetyl group of chitosan backbone), 2.91-5.35 

(9H, m, broad, pyranose protons), 7.66-7.95 (4H, m, N-phthaloyl aromatic protons). Data 

matched the literature data.215 

 

 

6-O-Methyloxirane-2-(isoindoline-1,3-dione)chitosan 93213 

 

                                                          

 

N-Phthaloylchitosan 10 (1.0 g) was dispersed in DMF (10 mL) and then NaOH solution (40 

mL, 0.001 mmolL-1) was added and the mixture was stirred for 15 min. Epichlorohydrin (2 

mL, 21.62 mmol) was then added to the suspension and the reaction mixture was stirred for 20 
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h at room temperature. The product was filtered and washed with water (20 mL), acetone (20 

mL) and diethyl ether (10 mL). The obtained solid was dried under vacuum to yield the title 

compound 93 (1.25 g, quant.) as a white powder. νmax(FTIR)/cm-1: 3452 (OH), 2923 (C-H, 

epoxy), 2855 (CH2), 1773, 1707 (C=O, N-phthaloyl), 1384 (C-N), 1151, 1057, 1030, 895 

(saccharide), 919 (oxirane ring), 831 (C-H, epoxy) 873, 791, 742, 719 (CH out-of-plane, Ar). 

1H NMR (400 MHz, DMSO-d6) δH: 1.68-1.88 (3H, m, CH3 acetyl group of chitosan 

backbone), 2.50-2.90 (3H, m, CH and CH2, epoxide), 3.35-5.35 (10H, m, broad, pyranose 

protons, CH2-O), 7.66-7.95 (4H, m, N-phthaloyl aromatic protons). Data matched the literature 

data.213  

 

 

6-O-(1-(tert-Butyl (2-aminoethyl)carbamate)propan-2-ol)-2-(isoindoline-1,3-

dione)chitosan 94 

 

 

 

 

Epoxy-N-phthaloyl chitosan 93 (0.5 g) was added to a mixture of aq. NaOH (30 mL, 1.00 

mmolL-1) and DMF (1 mL). The mixture was then stirred for 15 min and to this suspension N-

Boc-ethylenediamine (1 mL, 6.32 mmol) was added dropwise. The reaction mixture was stirred 

at 40 ℃ for 20 h and then poured over ice (~ 100 mL). The precipitate formed was collected 

through filtration, washed with H2O (15 mL), MeOH (10 mL) and acetone (10 mL). The solid 

was dried under vacuum to yield the title compound 94 (0.520 g, quant.) as a pale white powder. 

νmax(FTIR)/cm-1: 3281 (OH), 2900, 2878 (CH, CH2), 1778, 1709 (C=O, N-phthaloyl), 1641 

(C=O), 1538 (C-N and N-H, 2° amine), 1368 (C-N), 1283, 1254 (Boc), 1151, 1057, 1030, 895 

(saccharide), 873, 791, 742, 719 (CH out-of-plane, Ar). 1H NMR (400 MHz, DMSO-d6) δH: 

1.30-1.45 (9H, m, C(CH3)3), 1.68-1.88 (3H, m, CH3 acetyl group of chitosan backbone), 2.91-
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5.35 (18H, m, broad, pyranose protons, -O-CH2, CH-OH, CH2-N, amine CH2), 6.80 (1H, s, 

broad, NH-CO), 7.66-7.95 (4H, m, N-phthaloyl aromatic protons). 

 

 

6-O-(1-((2-Aminoethyl)amino)propan-2-ol)-2-(isoindoline-1,3-dione)chitosan 95 

 

 

 

Epoxy-N-phthaloyl chitosan 93 (0.5 g) was introduced into a mixture of aq. NaOH (30 mL, 

1.00 mmolL-1) and DMF (1 mL). The mixture was then stirred for 15 min. and to this 

suspension ethylenediamine (1 mL, 14.98 mmol) was added dropwise. The reaction mixture 

was stirred at 40 ℃ for 20 h and then poured over ice (~ 100 mL).  The precipitate formed was 

collected through filtration, washed with H2O (15 mL), MeOH (10 mL) and acetone (10 mL). 

The solid was dried under vacuum to yield the title compound 95 (0.495 g, quant.) as a pale-

yellow powder. νmax(FTIR)/cm-1: 3281 (OH), 2936, 2868 (CH, CH2), 1778, 1709 (C=O, N-

phthaloyl), 1540 (C-N and N-H, 2° amine), 1377 (C-N), 1154, 1062, 1030, 895 (saccharide), 

875, 791, 742, 719 (CH out-of-plane, Ar). 1H NMR (400 MHz, DMSO-d6) δH: 1.68-1.88 (3H, 

m, CH3 acetyl group of chitosan backbone), 2.91-5.35 (18H, m, broad, pyranose protons, -O-

CH2, CH-OH, CH2-N, amine CH2), 7.66-7.95 (4H, m, N-phthaloyl aromatic protons).  
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6-O-(1-(tert-Butyl (3-aminopropyl)carbamate)propan-2-ol)-2-(isoindoline-1,3-

dione)chitosan 96 

 

 

 

Epoxy-N-phthaloyl chitosan 93 (0.5 g) was introduced into a mixture of aq. NaOH (30 mL, 

1.00 mmolL-1) and DMF (1 mL). The mixture was then stirred for 15 min. and to this 

suspension N-Boc-ethylenediamine (1 mL, 6.32 mmol) was added dropwise. The reaction 

mixture was stirred at 40 ℃ for 20 h and then poured over ice (~ 100 mL).  The precipitate 

formed was collected through filtration, washed with H2O (15 mL), MeOH (10 mL) and 

acetone (10 mL). The solid was dried under vacuum to yield the title compound 96 (0.525 g, 

quant.) as a yellowish white powder. νmax(FTIR)/cm-1: 3281 (OH), 2926, 2873 (CH, CH2), 

1778, 1709 (C=O, N-phthaloyl), 1641 (C=O), 1538 (C-N and N-H, 2° amine), 1368 (C-N), 

1283-1254 (Boc), 1375 (C-N), 1151, 1057, 1030, 895 (saccharide), 873, 791, 742, 719 (CH 

out-of-plane, Ar). 1H NMR (400 MHz, DMSO-d6) δH: 1.30-1.45 (9H, m, C(CH3)3), 1.68-1.88 

(5H, m, CH3 acetyl group of chitosan backbone, CH2), 2.91-5.35 (18H, m, broad, pyranose 

protons, -O-CH2, CH-OH, CH2-N, amine CH2), 6.8 (1H, s, broad, NH-CO), 7.66-7.95 (4H, m, 

N-phthaloyl aromatic protons).  
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6-O-(1-(Phenylmethanamine)propan-2-ol)-2-(isoindoline-1,3-dione)chitosan 97 

 

 

 

 

Epoxy-N-phthaloyl chitosan 93 (0.5 g) was introduced into a mixture of aq. NaOH (30 mL, 

1.00 mmolL-1) and DMF (1 mL). The mixture was then stirred for 15 min. and to this 

suspension benzylamine (1 mL, 9.16 mmol) was added dropwise. The reaction mixture was 

stirred at 40 ℃ for 20 h and then poured over ice (~ 100 mL).  The precipitate formed was 

collected through filtration, washed with H2O (15 mL), MeOH (10 mL) and acetone (10 mL). 

The solid was dried under vacuum to yield the title compound 97 (0.518 g, quant.) as a pale 

yellowish white powder. νmax(FTIR)/cm-1: 3281 (OH), 2919, 2880 (CH, CH2), 1778, 1709 

(C=O, N-phthaloyl), 1552 (C-N and N-H, 2° amine), 1375 (C-N), 1154, 1062, 1030, 895 

(saccharide), 873, 791, 750, 719, 698 (CH out-of-plane, Ar). 1H NMR (400 MHz, DMSO-d6) 

δH: 1.68-1.88 (3H, m, CH3 acetyl group of chitosan backbone), 2.91-5.35 (16H, m, broad, 

pyranose protons, Ph-CH2-, -CH-OH), 7.25-7.40 (5H, m, ArH), 7.50-7.90 (4H, m, N-phthaloyl 

ArH).    
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6-O-(1-(2-Morpholinoethane-1-amino)-propan-2-ol)- 2-(isoindoline-1,3-dione)chitosan 

98 

 

  

 

Epoxy-N-phthaloyl chitosan 93 (0.5 g) was added to a mixture of aq. NaOH (30 mL, 1.00 

mmolL-1) and DMF (1 mL). The mixture was then stirred for 15 min. and to this suspension 3-

morpholinoethane-1-amine (1 mL, 7.62 mmol) was added dropwise. The reaction mixture was 

stirred at 40 ℃ for 20 h and then poured over ice (~ 100 mL). The precipitate formed was 

collected through filtration, washed with H2O (15 mL), MeOH (10 mL) and acetone (10 mL). 

The solid was dried under vacuum to yield the title compound 98 (0.489 g, quant.) as a white 

powder. νmax(FTIR)/cm-1: 3281 (OH), 2919, 2870 (CH, CH2), 1778, 1709 (C=O, N-phthaloyl), 

1547 (C-N and N-H, 2° amine), 1375 (C-N), 1234, 1110 (C-O-C, morpholine), 1145, 1066, 

1030, 895 (saccharide), 872, 791, 750, 719, 698 (CH out-of-plane, Ar). 1H NMR (400 MHz, 

DMSO-d6) δH: 1.68-1.88 (3H, m, CH3 acetyl group of chitosan backbone), 2.33-2.41 and 3.32-

3.40 (4H, m, CH2, morpholine), 3.45-5.35 (18H, m, broad, pyranose protons, -O-CH2, CH-OH, 

CH2-N, amine CH2), 7.50-7.90 (4H, m, N-phthaloyl ArH).  
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6-O-(1-(3-Morpholinopropan-1-amino)-propan-2-ol)- 2-(isoindoline-1,3-dione)chitosan 

99 

 

 

 

 

Epoxy-N-phthaloyl chitosan 93 (0.5 g) was added to a mixture of aq. NaOH (30 mL, 1.00 

mmolL-1) and DMF (1 mL). The mixture was then stirred for 15 min. and to this suspension 3-

morpholinopropan-1-amine (1 mL, 6.84 mmol) was added dropwise. The reaction mixture was 

stirred at 40 ℃ for 20 h and then poured over ice (~ 100 mL).  The precipitate formed was 

collected through filtration, washed with H2O (15 mL), MeOH (10 mL) and acetone (10 mL). 

The solid was dried under vacuum to yield the title compound 99 (0.490 g, quant) as a white 

powder. νmax(FTIR)/cm-1: 3281 (OH), 2919, 2870 (CH, CH2), 1778, 1709 (C=O, N-phthaloyl), 

1547 (C-N and N-H, 2° amine), 1375 (C-N), 1234, 1109 (C-O-C, morpholine), 1147, 1067, 

1030, 895 (saccharide), 872, 791, 750, 719, 698 (CH out-of-plane, Ar). 1H NMR (400 MHz, 

DMSO-d6) δH: 1.68-1.88 (3H, m, CH3 acetyl group of chitosan backbone), 2.33-2.41 and 3.32-

3.40 (4H, CH2, morpholine), 3.45-5.35 (18H, m, broad, glycosidic protons, -O-CH2, CH-OH, 

CH2-N, amine CH2), 7.50-7.90 (4H, m, N-phthaloyl ArH).  
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6-O-(1-((R)-1-Phenylethan-1-amino)-propan-2-ol))-2-(isoindoline-1,3-dione)chitosan 100 

 

 

 

 

Epoxy-N-phthaloyl chitosan 93 (0.5 g) was added to a mixture of aq. NaOH (30 mL, 1.00 

mmolL-1) and DMF (1 mL). The mixture was then stirred for 15 min. and to this suspension 

(R)-α-methylbenzylamine (1 mL, 7.76 mmol) was added dropwise. The reaction mixture was 

stirred at 40 ℃ for 20 h and then poured over ice (~ 100 mL). The precipitate formed was 

collected through filtration, washed with H2O (15 mL), MeOH (10 mL) and acetone (10 mL). 

The solid was dried under vacuum to yield the title compound 100 (0.493 g, quant.) as a pale-

yellow powder. νmax(FTIR)/cm-1: 3281 (OH), 2919, 2880 (CH, CH2), 1778, 1709 (C=O, N-

phthaloyl), 1542 (C-N and N-H, 2° amine), 1375 (C-N), 1154, 1062, 1030, 895 (saccharide), 

873, 791, 749, 719, 700 (CH out-of-plane, Ar). 1H NMR (400 MHz, DMSO-d6) δH: 1.25 (3H, 

m, CH3), 2.91-5.35 (15H, m, broad, pyranose protons, -O-CH2, CH-OH, CH2-N, amine CH), 

7.25-7.40 (5H, m, ArH), 7.50-7.90 (4H, m, N-phthaloyl ArH).    
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6-O-(1-(Butan-1-amino)propan-2-ol)-2-(isoindoline-1,3-dione)chitosan 101 

 

 

 

Epoxy-N-phthaloyl chitosan 93 (0.5 g) was added to a mixture of aq. NaOH (30 mL, 1.00 

mmolL-1) and DMF (1 mL). The mixture was then stirred for 15 min. and to this suspension n-

butylamine (1 mL, 10.12 mmol) was added dropwise. The reaction mixture was stirred at 40 

℃ for 20 h and then poured over ice (~ 100 mL). The precipitate formed was collected through 

filtration, washed with H2O (15 mL), MeOH (10 mL) and acetone (10 mL). The solid was dried 

under vacuum to yield the title compound 101 (0.499 g, quant.) as a yellowish white powder. 

νmax(FTIR)/cm-1: 3281 (OH), 2919, 2880 (CH, CH2), 1778, 1709 (C=O, N-phthaloyl), 1542 

(C-N and N-H, 2° amine), 1375 (C-N), 1154, 1062, 1030, 895 (saccharide), 873, 791, 749, 719, 

700 (CH out-of-plane, Ar). 1H NMR (400 MHz, DMSO-d6) δH: 0.85-2.50 (9H, m, amine CH2 

and CH3), 2.90-5.35 (13H, m, broad, pyranose protons, -O-CH2, CH-OH and CH2-N), 7.50-

7.90 (4H, m, N-phthaloyl ArH).   
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6-O-(1-(N-(3-Aminopropyl)-1,3-propanediamino)propan-2-ol)-2-(isoindoline-1,3-

dione)chitosan 102 

 

 

 

Epoxy-N-phthaloyl chitosan 93 (0.5 g) was added to a mixture of aq. NaOH (30 mL, 1.00 

mmolL-1) and DMF (1 mL). The mixture was then stirred for 15 min. and to this suspension 

bis(3-aminopropyl)amine (1 mL, 7.15 mmol) was added dropwise. The reaction mixture was 

stirred at 40 ℃ for 20 h and then poured over ice (~ 100 mL). The precipitate formed was 

collected through filtration, washed with H2O (15 mL), MeOH (10 mL) and acetone (10 mL). 

The solid was dried under vacuum to yield the title compound 102 (0.510 g, quant.) as a white 

powder. νmax(FTIR)/cm-1: 3281 (OH), 2919, 2880 (CH, CH2), 1778, 1709 (C=O, N-phthaloyl), 

1542 (C-N and N-H, 2° amine), 1375 (C-N), 1154, 1062, 1030, 895 (saccharide), 873, 791, 

749, 719, 700 (CH out-of-plane, Ar). 1H NMR (400 MHz, DMSO-d6) δH: 1.50-1.60 (2H, m, 

CH2), 1.70-1.75 (2H, m, CH2) 2.90-5.35 (22H, m, broad, pyranose protons, -O-CH2, CH-OH, 

CH2-N, amine CH2), 7.50-7.90 (4H, m, N-phthaloyl ArH).  
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6-O-(1-(N-(2-Aminoethyl)propan-1,3-diamine)propan-2-ol)-2-(isoindoline-1,3-

dione)chitosan 103 

 

 

 

Epoxy-N-phthaloyl chitosan 93 (0.5 g) was added to a mixture of aq. NaOH (30 mL, 1.00 

mmolL-1) and DMF (1 mL). The mixture was then stirred for 15 min. and to this suspension N-

(2-aminoethyl)-1,3-propanediamine (1 mL, 7.92 mmol) was added dropwise. The reaction 

mixture was stirred at 40 ℃ for 20 h and then poured over ice (~ 100 mL). The precipitate 

formed was collected through filtration, washed with H2O (15 mL), MeOH (10 mL) and 

acetone (10 mL). The solid was dried under vacuum to yield the title compound 103 (0.503 g, 

quant.) as a pale-yellow powder. νmax(FTIR)/cm-1: 3281 (OH), 2919, 2880 (CH, CH2), 1778, 

1709 (C=O, N-phthaloyl), 1535 (C-N and N-H, 2° amine), 1375 (C-N), 1154, 1062, 1030, 895 

(saccharide), 873, 791, 749, 719, 700 (CH out-of-plane, Ar). 1H NMR (400 MHz, DMSO-d6) 

δH: 1.50-2.70 (10H, m, amine CH2), 2.90-5.35 (13H, m, broad, pyranose protons, -O-CH2, CH-

OH, CH2-N), 7.50-7.90 (4H, m, N-phthaloyl ArH).    
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6-O-(1-(N-(6-Aminohexyl)hexane-1,6-diamino)propan-2-ol)-2-(isoindoline-1,3-

dione)chitosan 104 

 

 

 

 

Epoxy-N-phthaloyl chitosan 93 (0.5 g) was added to a mixture of aq. NaOH (30 mL, 1.00 

mmolL-1) and DMF (1 mL). The mixture was then stirred for 15 min. and to this suspension N-

(6-aminohexyl)-1,6-hexanediamine (1 mL, 3.95 mmol) was added dropwise. The reaction 

mixture was stirred at 40 ℃ for 20 h and then poured over ice (~ 100 mL). The precipitate 

formed was collected through filtration, washed with H2O (15 mL), MeOH (10 mL) and 

acetone (10 mL). The solid was dried under vacuum to yield the title compound 104 (0.496 g, 

quant.) as a light-yellow powder. νmax(FTIR)/cm-1: 3281 (OH), 2919, 2880 (CH, CH2), 1778, 

1709 (C=O, N-phthaloyl), 1544 (C-N and N-H, 2° amine), 1375 (C-N), 1154, 1062, 1030, 895 

(saccharide), 873, 791, 749, 719, 700 (CH out-of-plane, Ar). 1H NMR (400 MHz, DMSO-d6) 

δH: 1.30-2.70 (24H, m, amine CH2), 2.90-5.35 (14H, m, broad, pyranose protons, -O-CH2, CH-

OH, CH2-N), 7.50-7.90 (4H, m, N-phthaloyl ArH).    
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6-O-(1-(N,N’-(Propane-1,3-diyl)bis(propane-1,3-diamine))propan-2-ol)-2-(isoindoline-

1,3-dione)chitosan 105 

 

 

 

 

Epoxy-N-phthaloyl chitosan 93 (0.5 g) was added to a mixture of aq. NaOH (30 mL, 1.00 

mmolL-1) and DMF (1 mL). The mixture was then stirred for 15 min. and to this suspension 

N,N’-bis(3-aminopropyl)-1,3-propanediamine (1 mL, 4.89 mmol) was added dropwise. The 

reaction mixture was stirred at 40 ℃ for 20 h and then poured over ice (~ 100 mL). The 

precipitate formed was collected through filtration, washed with H2O (15 mL), MeOH (10 mL) 

and acetone (10 mL). The solid was dried under vacuum to yield the title compound 105 (0.487 

g, quant.) as a pale white powder. νmax(FTIR)/cm-1: 3281 (OH), 2919, 2880 (CH, CH2), 1778, 

1709 (C=O, N-phthaloyl), 1544 (C-N and N-H, 2° amine), 1375 (C-N), 1154, 1062, 1030, 895 

(saccharide), 873, 791, 749, 719, 700 (CH out-of-plane, Ar). 1H NMR (400 MHz, DMSO-d6) 

δH: 1.60-1.75 (6H, m, CH2), 2.50-2.56 (14H, m, CH2-N), 2.90-5.35 (12H, m, broad, pyranose 

protons, -O-CH2, CH-OH), 7.50-7.90 (4H, m, N-phthaloyl ArH).    
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6-O-(1-(3-Aminopropan-1-ol)propan-2-ol)-2-(isoindoline-1,3-dione)chitosan 106 

 

 

 

Epoxy-N-phthaloyl chitosan 93 (0.5 g) was added to a mixture of aq. NaOH (30 mL, 1.00 

mmolL-1) and DMF (1 mL). The mixture was then stirred for 15 min. and to this suspension 3-

aminopropanol (1 mL, 13.07 mmol) was added dropwise. The reaction mixture was stirred at 

40 ℃ for 20 h and then poured over ice (~ 100 mL). The precipitate formed was collected 

through filtration, washed with H2O (15 mL), MeOH (10 mL) and acetone (10 mL). The solid 

was dried under vacuum to yield the title compound 106 (0.513 g, quant.) as a brownish yellow 

powder. νmax(FTIR)/cm-1: 3281 (OH), 2919, 2880 (CH, CH2), 1773, 1709 (C=O, N-phthaloyl), 

1548 (C-N and N-H, 2° amine), 1377 (C-N), 1154, 1063, 1025, 895 (saccharide), 873, 791, 

749, 722, 700 (CH out-of-plane, Ar). 1H NMR (400 MHz, DMSO-d6) δH: 1.55-1.61 (2H, m, 

CH2), 2.90-5.35 (19H, m, broad, pyranose protons, -O-CH2, CH-OH, CH2-N, amine CH2, OH), 

7.50-7.90 (4H, m, N-phthaloyl ArH).    
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6-O-(1-(N,N-Diethylethane-1,2-diamine)propan-2-ol)-2-(isoindoline-1,3-dione)chitosan 

107 

 

 

Epoxy-N-phthaloyl chitosan 93 (0.5 g) was added to a mixture of aq. NaOH (30 mL, 1.00 

mmolL-1) and DMF (1 mL). The mixture was then stirred for 15 min. and to this suspension 

N,N-diethylethylenediamine (1 mL, 7.12 mmol) was added dropwise. The reaction mixture was 

stirred at 40 ℃ for 20 h and then poured over ice (~ 100 mL). The precipitate formed was 

collected through filtration, washed with H2O (15 mL), MeOH (10 mL) and acetone (10 mL). 

The solid was dried under vacuum to yield the title compound 107 (0.489 g, quant.) as a pale-

yellow powder. νmax(FTIR)/cm-1: 3281 (OH), 2920, 2853 (CH, CH2), 1773, 1711 (C=O, N-

phthaloyl), 1556 (C-N and N-H, 2° amine), 1379 (C-N), 1152, 1066, 1035, 895 (saccharide), 

873, 791, 749, 722, 700 (CH out-of-plane, Ar). 1H NMR (400 MHz, DMSO-d6) δH: 0.90-1.00 

(6H, m, -N(CH2CH3)2), 2.40-2.65 (8H, m, -N(CH2CH3)2, CH2-N, CH2-NH), 2.90-5.35 (14H, 

m, broad, pyranose protons, -O-CH2, CHOH), 7.50-7.90 (4H, m, N-phthaloyl ArH). 

 

6-O-(1-(3-Aminopropane-1,2-diol)propan-2-ol)-2-(isoindoline-1,3-dione)chitosan 108 

 

 

 

Epoxy-N-phthaloyl chitosan 93 (0.5 g) was added to a mixture of aq. NaOH (30 mL, 1.00 

mmolL-1) and DMF (1 mL). The mixture was then stirred for 15 min. and to this suspension 3-
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aminopropane-1,2-diol (1 mL, 12.90 mmol) was added dropwise. The reaction mixture was 

stirred at 40 ℃ for 20 h and then poured over ice (~ 100 mL). The precipitate formed was 

collected through filtration, washed with H2O (15 mL), MeOH (10 mL) and acetone (10 mL). 

The solid was dried under vacuum to yield the title compound 108 (0.489 g, quant.) as a pale-

yellow powder. νmax(FTIR)/cm-1: 3281 (OH), 2920, 2875 (CH, CH2), 1773, 1705 (C=O, N-

phthaloyl), 1532 (C-N and N-H, 2° amine), 1373 (C-N), 1152, 1066, 1035, 895 (saccharide), 

873, 791, 749, 722, 700 (CH out-of-plane, Ar). 1H NMR (400 MHz, DMSO-d6) δH: 2.90-5.35 

(21H, m, broad, pyranose protons, diolamine protons), 7.50-7.90 (4H, m, N-phthaloyl ArH).  

 

 

6-O-(1-(3,3-Diethoxypropan-1-amine)propan-2-ol)-2-(isoindoline-1,3-dione)chitosan 109 

 

 

 

Epoxy-N-phthaloyl chitosan 93 (0.5 g) was added to a mixture of aq. NaOH (30 mL, 1.00 

mmolL-1) and DMF (1 mL). The mixture was then stirred for 15 min. and to this suspension 1-

amino-3,3-diethoxypropane (1 mL, 6.18 mmol) was added dropwise. The reaction mixture was 

stirred at 40 ℃ for 20 h and then poured over ice (~ 100 mL). The precipitate formed was 

collected through filtration, washed with H2O (15 mL), MeOH (10 mL) and acetone (10 mL). 

The solid was dried under vacuum to yield the title compound 109 (0.511 g, quant.) as a white 

powder. νmax(FTIR)/cm-1: 3281 (OH), 2920, 2875 (CH, CH2), 1773, 1705 (C=O, N-phthaloyl), 

1539 (C-N and N-H, 2° amine), 1375 (C-N), 1261 (C-O-C), 1152, 1066, 1035, 895 

(saccharide), 873, 791, 749, 722, 700 (CH out-of-plane, Ar). 1H NMR (400 MHz, DMSO-d6) 

δH: 1.20-1.33 (6H, m, (-O-CH2CH3)2), 2.50-5.35 (21H, m, broad, pyranose protons, -O-CH2, 

CHOH, CH2NH), 7.50-7.90 (4H, m, N-phthaloyl ArH).  
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6-O-(1-(N’-(2-Aminoethyl)ethane-1,2-diamine)-propan-2-ol)- 2-(isoindoline-1,3-

dione)chitosan 110 

 

 

 

Epoxy-N-phthaloyl chitosan 93 (0.5 g) was added to a mixture of aq. NaOH (30 mL, 1.00 

mmolL-1) and DMF (1 mL). The mixture was then stirred for 15 min. and to this suspension 

diethylenetriamine (1 mL, 9.26 mmol) was added dropwise. The reaction mixture was stirred 

at 40 ℃ for 20 h and then poured over ice (~ 100 mL). The precipitate formed was collected 

through filtration, washed with H2O (15 mL), MeOH (10 mL) and acetone (10 mL). The solid 

was dried under vacuum to yield the title compound 110 (0.493 g, quant.) as a yellowish white 

powder. νmax(FTIR)/cm-1: 3281 (OH), 2920, 2875 (CH, CH2), 1773, 1705 (C=O, N-phthaloyl), 

1539 (C-N and N-H, 2° amine), 1375 (C-N), 1261 (C-O-C), 1152, 1066, 1035, 895 

(saccharide), 873, 791, 749, 722, 700 (CH out-of-plane, Ar). 1H NMR (400 MHz, DMSO-d6) 

δH: 2.50-2.65 (8H, m, amine CH2), 2.80-5.35 (14H, m, broad, pyranose protons, -O-CH2, 

CHOH, CH2NH), 7.50-7.90 (4H, m, N-phthaloyl ArH).  
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6-O-(1-(2-Propynyl-1-amino)-propan-2-ol)- 2-(isoindoline-1,3-dione)chitosan 111 

 

 

 

Epoxy-N-phthaloyl chitosan 93 (0.5 g) was added to a mixture of aq. NaOH (30 mL, 1.00 

mmolL-1) and DMF (1 mL). The mixture was then stirred for 15 min. and to this suspension 

propargylamine (1 mL, 15.61 mmol) was added dropwise. The reaction mixture was stirred at 

40 ℃ for 20 h and then poured over ice (~ 100 mL). The precipitate formed was collected 

through filtration, washed with H2O (15 mL), MeOH (10 mL) and acetone (10 mL). The solid 

was dried under vacuum to yield the title compound 111 (0.487 g, quant.) as a pale-yellow 

powder. νmax(FTIR)/cm-1: 3338 (OH), 3291 (≡C-H), 2920, 2875 (CH, CH2), 2162 (C≡C), 

1773, 1705 (C=O, N-phthaloyl), 1539 (C-N and N-H, 2° amine), 1375 (C-N), 1261 (C-O-C), 

1152, 1066, 1035, 895 (saccharide), 873, 791, 749, 722, 700 (CH out-of-plane, Ar). 1H NMR 

(400 MHz, DMSO-d6) δH:  2.90-5.35 (17H, m, broad, pyranose protons, -OCH2, CHOH, 

CH2NH, C≡CH), 7.50-7.90 (4H, m, N-phthaloyl ArH). 
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6-O-(1-(N,N-Dimethylethane-1,2-diamine)propan-2-ol)-2-(isoindoline-1,3-dione)chitosan 

112 

 

 

 

Epoxy-N-phthaloyl chitosan 93 (0.5 g) was added to a mixture of aq. NaOH (30 mL, 1.00 

mmolL-1) and DMF (1 mL). The mixture was then stirred for 15 min. and to this suspension 

N,N-dimethylethylene-1,2-diamine (1 mL, 9.19 mmol) was added dropwise. The reaction 

mixture was stirred at 40 ℃ for 20 h and then poured over ice (~ 100 mL). The precipitate 

formed was collected through filtration, washed with H2O (15 mL), MeOH (10 mL) and 

acetone (10 mL). The solid was dried under vacuum to yield the title compound 112 (0.489 g, 

quant.) as a cream powder. νmax(FTIR)/cm-1: 3338 (OH), 2928, 2878 (CH, CH2), 1773, 1705 

(C=O, N-phthaloyl), 1554 (C-N and N-H, 2° amine), 1375 (C-N), 1152, 1066, 1035, 895 

(saccharide), 873, 791, 749, 722, 700 (CH out-of-plane, Ar). 1H NMR (400 MHz, DMSO-d6) 

δH: 2.14-2.20 (6H, m, N(CH3)2), 2.40-5.35 (18H, m, broad, pyranose protons, -OCH2, CHOH, 

CH2NH, amine CH2), 7.50-7.90 (4H, m, N-phthaloyl ArH). 
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6-O-(1-(N,N-Dimethylpropane-1,3-diamine)propan-2-ol)-2-(isoindoline-1,3-

dione)chitosan 113 

 

 

 

Epoxy-N-phthaloyl chitosan 93 (0.5 g) was added to a mixture of aq. NaOH (30 mL, 1.00 

mmolL-1) and DMF (1 mL). The mixture was then stirred for 15 min. and to this suspension 

N,N-dimethylpropane-1,3-diamine (1 mL, 7.95 mmol) was added dropwise. The reaction 

mixture was stirred at 40 ℃ for 20 h and then poured over ice (~ 100 mL). The precipitate 

formed was collected through filtration, washed with H2O (15 mL), MeOH (10 mL) and 

acetone (10 mL). The solid was dried under vacuum to yield the title compound 113 as a white 

powder (0.494 g, quant.). νmax(FTIR)/cm-1: 3338 (OH), 2928, 2878 (CH, CH2), 1773, 1705 

(C=O, N-phthaloyl), 1554 (C-N and N-H, 2° amine), 1375 (C-N), 1152, 1066, 1035, 895 

(saccharide), 873, 791, 749, 722, 700 (CH out-of-plane, Ar). 1H NMR (400 MHz, DMSO-d6) 

δH: 2.13-2.20 (6H, m, N(CH3)2), 2.90-5.45 (20H, m, broad, pyranose protons), 7.50-7.90 (4H, 

m, N-phthaloyl ArH).  

 

 

6-O-(1-(tert-Butyl (2-aminoethyl)carbamate)propan-2-ol)chitosan 114 

 

 

 

Boc-ethylenediamine phthaloyl-protected chitosan 94 (0.25 g) was mixed with H2O (12.5 mL) 

and DMF (1.25 mL). Hydrazine monohydrate (5.315 g, 5 mL, 102.6 mmol) was added to this 
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suspension and the mixture was stirred at 40 ℃ for 20 h. The mixture was concentrated under 

reduced pressure and the crude product was precipitated in diethyl ether (10 mL). The solvent 

was removed under vacuum and then, the product was triturated with acetone (15 mL) and 

dried at 60 ℃ for 3 h to yield the title compound 114 (0.245 g, quant.) as a white powder. 

νmax(FTIR)/cm-1: 3356, 3287 (OH, NH, NH2), 2919, 2871 (-CH and –CH2), 1639 (C=O), 1539 

(C-N and N-H, 2° amine), 1375 (C-N), 1252 (C-N and C-O, Boc), 1149, 1057, 1030, 895 

(saccharide). 

 

 

6-O-(1-((2-Aminoethyl)amino)propan-2-ol)chitosan 115 

 

 

 

Ethylenediamine phthaloyl-protected chitosan 95 (0.25 g) was mixed with H2O (12.5 mL) and 

DMF (1.25 mL). Hydrazine monohydrate (5.315 g, 5 mL, 102.6 mmol) was added to this 

suspension and the mixture was stirred at 40 ℃ for 20 h. The mixture was concentrated under 

reduced pressure and the crude product was precipitated in diethyl ether (10 mL). The solvent 

was removed under vacuum and then, the product was triturated with acetone (15 mL) and 

dried at 60 ℃ for 3 h to yield the title compound 115 (0.249 g, quant.) as a pale white powder. 

νmax(FTIR)/cm-1: 3358, 3278 (OH, NH, NH2), 2926, 2873 (-CH and –CH2, pyranose), 1540 

(C-N and N-H, 2° amine), 1375 (C-N), 1151, 1063, 1027, 895 (saccharide). 
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6-O-(1-(tert-Butyl (3-aminopropyl)carbamate)propan-2-ol)chitosan 116 

 

   

 

Boc-propanediamine phthaloyl chitosan 96 (0.25 g) was mixed with H2O (12.5 mL) and DMF 

(1.25 mL). Hydrazine monohydrate (5.315 g, 5 mL, 102.6 mmol) was added to this suspension 

and the mixture was stirred at 40 ℃ for 20 h. The mixture was concentrated under reduced 

pressure and the crude product was precipitated in diethyl ether (10 mL). The solvent was 

removed under vacuum and then, the product was triturated with acetone (15 mL) and dried at 

60 ℃ for 3 h to yield the title compound 116 (0.245 g, quant.) as an off-white powder. 

νmax(FTIR)/cm-1: 3356, 3279 (OH, NH, NH2), 2923, 2871 (-CH and –CH2), 1639 (C=O), 1539 

(C-N and N-H, 2° amine), 1375 (C-N), 1252 (C-N and C-O, Boc), 1149, 1057, 1030, 895 

(saccharide), 753,691 (-CH, aromatic). 

 

 

6-O-(1-(Phenylmethanamine)propan-2-ol)chitosan 117 

 

 

 

Benzylamino phthaloyl-protected chitosan 97 (0.25 g) was mixed with H2O (12.5 mL) and 

DMF (1.25 mL). Hydrazine monohydrate (5.315 g, 5 mL, 102.6 mmol) was added to this 

suspension and the mixture was stirred at 40 ℃ for 20 h. The mixture was concentrated under 

reduced pressure and the crude product was precipitated in diethyl ether (10 mL). The solvent 

was removed under vacuum and then, the product was triturated with acetone (15 mL) and 

dried at 60 ℃ for 3 h to yield the title compound 117 (0.249 g, quant.) as a white powder. 
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νmax(FTIR)/cm-1: 3356, 3279 (OH, NH, NH2), 2919, 2880 (CH, CH2), 1532 (C-N and N-H, 2° 

amine), 1375 (C-N), 1154, 1062, 1030, 895 (saccharide), 750, 698 (CH out-of-plane, Ar).    

 

 

6-O-(1-(2-Morpholinoethane-1-amino)-propan-2-ol)chitosan 118 

 

  

 

Morpholinoethylenediamine phthaloyl-protected chitosan 98 (0.25 g) was mixed with H2O 

(12.5 mL) and DMF (1.25 mL). Hydrazine monohydrate (5.315 g, 5 mL, 102.6 mmol) was 

added to this suspension and the mixture was stirred at 40 ℃ for 20 h. The mixture was 

concentrated under reduced pressure and the crude product was precipitated in diethyl ether 

(10 mL). The solvent was removed under vacuum and then, the product was triturated with 

acetone (15 mL) and dried at 60 ℃ for 3 h to yield the title compound 118 (0.248 g, quant.) as 

a white powder. νmax(FTIR)/cm-1: 3356, 3279 (OH, NH, NH2), 2919, 2851 (CH, CH2), 1547 

(C-N and N-H, 2° amine), 1375 (C-N), 1234, 1110 (C-O-C, morpholine), 1148, 1066, 1030, 

895 (saccharide). 

 

 

6-O-(1-(3-Morpholinopropan-1-amino)-propan-2-ol)chitosan 119 

 

 

 

Morpholinopropanediamine phthaloyl-protected chitosan 99 (0.25 g) was mixed with H2O 

(12.5 mL) and DMF (1.25 mL). Hydrazine monohydrate (5.315 g, 5 mL, 102.6 mmol) was 
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added to this suspension and the mixture was stirred at 40 ℃ for 20 h. The mixture was 

concentrated under reduced pressure and the crude product was precipitated in diethyl ether 

(10 mL). The solvent was removed under vacuum and then, the product was triturated with 

acetone (15 mL) and dried at 60 ℃ for 3 h to yield the title compound 119 (0.246 g, quant.) as 

a white powder. νmax(FTIR)/cm-1: 3356, 3279 (OH, NH, NH2), 2919, 2851 (CH, CH2), 1547 

(C-N and N-H, 2° amine), 1375 (C-N), 1234, 1109 (C-O-C, morpholine), 1148, 1066, 1030, 

895 (saccharide). 

 

 

6-O-(1-((R)-1-Phenylethan-1-amino)-propan-2-ol))chitosan 120 

 

 

 

1-phenylethan-1-amino phthaloyl-protected chitosan 100 (0.25 g) was mixed with H2O (12.5 

mL) and DMF (1.25 mL). Hydrazine monohydrate (5.315 g, 5 mL, 102.6 mmol) was added to 

this suspension and the mixture was stirred at 40 ℃ for 20 h. The mixture was concentrated 

under reduced pressure and the crude product was precipitated in diethyl ether (10 mL). The 

solvent was removed under vacuum and then, the product was triturated with acetone (15 mL) 

and dried at 60 ℃ for 3 h to yield the title compound 120 (0.246 g, quant.) as a yellowish white 

powder. νmax(FTIR)/cm-1: 3356, 3279 (OH, NH, NH2), 2919, 2875 (CH, CH2), 1539 (C-N and 

N-H, 2° amine), 1375 (C-N), 1154, 1062, 1030, 895 (saccharide), 750, 700 (CH out-of-plane, 

Ar).  
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6-O-(1-(Butan-1-amino)propan-2-ol)chitosan 121 

 

 

 

Butylamino phthaloyl-protected chitosan 101 (0.25 g) was mixed with H2O (12.5 mL) and 

DMF (1.25 mL). Hydrazine monohydrate (5.315 g, 5 mL, 102.6 mmol) was added to this 

suspension and the mixture was stirred at 40 ℃ for 20 h. The mixture was concentrated under 

reduced pressure and the crude product was precipitated in diethyl ether (10 mL). The solvent 

was removed under vacuum and then, the product was triturated with acetone (15 mL) and 

dried at 60 ℃ for 3 h to yield the title compound 121 (0.238 g, quant.) as a white powder. 

νmax(FTIR)/cm-1: 3356, 3279 (OH, NH, NH2), 2919, 2875 (CH, CH2), 1539 (C-N and N-H, 2° 

amine), 1375 (C-N), 1154, 1062, 1030, 895 (saccharide). 

 

 

6-O-(1-(N-(3-Aminopropyl)-1,3-propanediamino)propan-2-ol)chitosan 122 

 

 

 

 

N-(3-Aminopropyl)-1,3-propanediamino phthaloyl-protected chitosan 102 (0.25 g) was mixed 

with H2O (12.5 mL) and DMF (1.25 mL). Hydrazine monohydrate (5.315 g, 5 mL, 102.6 

mmol) was added to this suspension and the mixture was stirred at 40 ℃ for 20 h. The mixture 

was concentrated under reduced pressure and the crude product was precipitated in diethyl 

ether (10 mL). The solvent was removed under vacuum and then, the product was triturated 

with acetone (15 mL) and dried at 60 ℃ for 3 h to yield the title compound 122 (0.252 g, quant.) 
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as a white powder. νmax(FTIR)/cm-1: 3356, 3279 (OH, NH, NH2), 2919, 2875 (CH, CH2), 1539 

(C-N and N-H, 2° amine), 1375 (C-N), 1154, 1062, 1030, 895 (saccharide). 

 

 

6-O-(1-(N-(2-Aminoethyl)propan-1,3-diamine)propan-2-ol)chitosan 123 

 

 

 

 

 

N-(2-Aminoethyl)propan-1,3-diamine phthaloylated chitosan 103 (0.25 g) was mixed with 

H2O (12.5 mL) and DMF (1.25 mL). Hydrazine monohydrate (5.315 g, 5 mL, 102.6 mmol) 

was added to this suspension and the mixture was stirred at 40 ℃ for 20 h. The mixture was 

concentrated under reduced pressure and the crude product was precipitated in diethyl ether 

(10 mL). The solvent was removed under vacuum and then, the product was triturated with 

acetone (15 mL) and dried at 60 ℃ for 3 h to yield the title compound 123 (0.248 g, quant.) as 

a yellowish white powder. νmax(FTIR)/cm-1: 3356, 3279 (OH, NH, NH2), 2919, 2875 (CH, 

CH2), 1538 (C-N and N-H, 2° amine), 1375 (C-N), 1154, 1062, 1030, 895 (saccharide). 
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6-O-(1-(N-(6-Aminohexyl)hexane-1,6-diamino)propan-2-ol)chitosan 124 

 

 

 

 

Hexamethylenetriamine phthaloyl-protected chitosan 104 (0.25 g) was mixed with H2O (12.5 

mL) and DMF (1.25 mL). Hydrazine monohydrate (5.315 g, 5 mL, 102.6 mmol) was added to 

this suspension and the mixture was stirred at 40 ℃ for 20 h. The mixture was concentrated 

under reduced pressure and the crude product was precipitated in diethyl ether (10 mL). The 

solvent was removed under vacuum and then, the product was triturated with acetone (15 mL) 

and dried at 60 ℃ for 3 h to yield the title compound 124 (0.242 g, quant.) as a pale-yellow 

powder. νmax(FTIR)/cm-1: 3356, 3279 (OH, NH, NH2), 2919, 2880 (CH, CH2), 1544 (C-N and 

N-H, 2° amine), 1375 (C-N), 1154, 1062, 1030, 895 (saccharide).  

 

 

6-O-(1-(N,N’-(Propane-1,3-diyl)bis(propane-1,3-diamine))propan-2-ol)chitosan 125 

 

 

 

 

N,N’-(Propane-1,3-diyl)bis(propane-1,3-diamine phthaloyl-protected chitosan 105 (0.25 g) 

was mixed with H2O (12.5 mL) and DMF (1.25 mL). Hydrazine monohydrate (5.315 g, 5 mL, 

102.6 mmol) was added to this suspension and the mixture was stirred at 40 ℃ for 20 h. The 

mixture was concentrated under reduced pressure and the crude product was precipitated in 

diethyl ether (10 mL). The solvent was removed under vacuum and then, the product was 

triturated with acetone (15 mL) and dried at 60 ℃ for 3 h to yield the title compound 125 (0.249 
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g, quant.) as a white powder. νmax(FTIR)/cm-1: 3356, 3279 (OH, NH, NH2), 2936, 2876 (CH, 

CH2), 1549 (C-N and N-H, 2° amine), 1376 (C-N), 1154, 1062, 1030, 895 (saccharide). 

 

 

6-O-(1-(3-Aminopropan-1-ol)propan-2-ol)chitosan 126 

 

 

 

Aminopropanol phthaloyl-protected chitosan 106 (0.25 g) was mixed with H2O (12.5 mL) and 

DMF (1.25 mL). Hydrazine monohydrate (5.315 g, 5 mL, 102.6 mmol) was added to this 

suspension and the mixture was stirred at 40 ℃ for 20 h. The mixture was concentrated under 

reduced pressure and the crude product was precipitated in diethyl ether (10 mL). The solvent 

was removed under vacuum and then, the product was triturated with acetone (15 mL) and 

dried at 60 ℃ for 3 h to yield the title compound 126 (0.242 g, quant.) as a white powder. 

νmax(FTIR)/cm-1: 3356, 3279 (OH, NH, NH2), 2936, 2876 (CH, CH2), 1549 (C-N and N-H, 2° 

amine), 1376 (C-N), 1154, 1062, 1030, 895 (saccharide). 

 

 

6-O-(1-(N,N-Diethylethane-1,2-diamine)propan-2-ol)chitosan 127 

 

 

 

N,N-Diethylethane-1,2-diamine phthaloyl-protected chitosan 107 (0.25 g) was mixed with H2O 

(12.5 mL) and DMF (1.25 mL). Hydrazine monohydrate (5.315 g, 5 mL, 102.6 mmol) was 

added to this suspension and the mixture was stirred at 40 ℃ for 20 h. The mixture was 

concentrated under reduced pressure and the crude product was precipitated in diethyl ether 
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(10 mL). The solvent was removed under vacuum and then, the product was triturated with 

acetone (15 mL) and dried at 60 ℃ for 3 h to yield the title compound 127 (0.251 g, quant) as 

a yellowish white powder. νmax(FTIR)/cm-1: 3356, 3279 (OH, NH, NH2), 2920 - 2853 (CH, 

CH2), 1550 (C-N and N-H, 2° amine), 1378 (C-N), 1152, 1066, 1035, 895 (saccharide). 

 

 

6-O-(1-(3-Aminopropane-1,2-diol)propan-2-ol)chitosan 128 

 

 

 

3-Aminopropane-1,2-diol 108 (0.25 g) was mixed with H2O (12.5 mL) and DMF (1.25 mL). 

Hydrazine monohydrate (5.315 g, 5 mL, 102.6 mmol) was added to this suspension and the 

mixture was stirred at 40 ℃ for 20 h. The mixture was concentrated under reduced pressure 

and the crude product was precipitated in diethyl ether (10 mL). The solvent was removed 

under vacuum and then, the product was triturated with acetone (15 mL) and dried at 60 ℃ for 

3 h to yield the title compound 128 (0.243 g, quant.) as a white powder. νmax(FTIR)/cm-1: 3356, 

3279 (OH, NH, NH2), 2920, 2875 (CH, CH2), 1532 (C-N and N-H, 2° amine), 1373 (C-N), 

1152, 1066, 1035, 895 (saccharide). 

 

 

6-O-(1-(3,3-Diethoxypropan-1-amine)propan-2-ol)chitosan 129 

 

 

 

Diethoxypropaneamine phthaloyl-protected chitosan 109 (0.25 g) was mixed with H2O (12.5 

mL) and DMF (1.25 mL). Hydrazine monohydrate (5.315 g, 5 mL, 102.6 mmol) was added to 
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this suspension and the mixture was stirred at 40 ℃ for 20 h. The mixture was concentrated 

under reduced pressure and the crude product was precipitated in diethyl ether (10 mL). The 

solvent was removed under vacuum and then, the product was triturated with acetone (15 mL) 

and dried at 60 ℃ for 3 h to yield the title compound 129 (0.251 g, quant.) as a white powder. 

νmax(FTIR)/cm-1: 3356, 3279 (OH, NH, NH2), 2920, 2875 (CH, CH2), 1539 (C-N and N-H, 2° 

amine), 1375 (C-N), 1260 (C-O-C), 1152, 1066, 1035, 895 (saccharide). 

 

 

6-O-(1-(N’-(2-Aminoethyl)ethane-1,2-diamine)-propan-2-ol)chitosan 130365 

 

 

 

Diethylenetriamine phthaloyl-protected chitosan 110 (0.25 g) was mixed with H2O (12.5 mL) 

and DMF (1.25 mL). Hydrazine monohydrate (5.315 g, 5 mL, 102.6 mmol) was added to this 

suspension and the mixture was stirred at 40 ℃ for 20 h. The mixture was concentrated under 

reduced pressure and the crude product was precipitated in diethyl ether (10 mL). The solvent 

was removed under vacuum and then, the product was triturated with acetone (15 mL) and 

dried at 60 ℃ for 3 h to yield the title compound 130 (0.242 g, quant.) as a pale-yellow powder. 

νmax(FTIR)/cm-1: 3356, 3279 (OH, NH, NH2), 2920, 2875 (CH, CH2), 1539 (C-N and N-H, 2° 

amine), 1375 (C-N), 1260 (C-O-C), 1152, 1066, 1035, 895 (saccharide). Data matched the 

literature data.365 
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6-O-(1-(2-Propynyl-1-amino)-propan-2-ol)chitosan 131 

 

 

 

Propargylamine phthaloyl-protected chitosan 111 (0.25 g) was mixed with H2O (12.5 mL) and 

DMF (1.25 mL). Hydrazine monohydrate (5.315 g, 5 mL, 102.6 mmol) was added to this 

suspension and the mixture was stirred at 40 ℃ for 20 h. The mixture was concentrated under 

reduced pressure and the crude product was precipitated in diethyl ether (10 mL). The solvent 

was removed under vacuum and then, the product was triturated with acetone (15 mL) and 

dried at 60 ℃ for 3 h to yield the title compound 131 (0.245 g, quant.) as a light yellow powder. 

νmax(FTIR)/cm-1: 3358, 3279 (OH, NH, NH2), 3291 (≡C-H), 2920, 2875 (CH, CH2), 2162 

(C≡C), 1539 (C-N and N-H, 2° amine), 1375 (C-N), 1260 (C-O-C), 1152, 1066, 1035, 895 

(saccharide). 

 

 

6-O-(1-(N,N-Dimethylethane-1,2-diamine)propan-2-ol)chitosan 132 

 

 

 

N,N-Dimethylethane-1,2-diamine phthaloyl-protected chitosan 112 (0.25 g) was mixed with 

H2O (12.5 mL) and DMF (1.25 mL). Hydrazine monohydrate (5.315 g, 5 mL, 102.6 mmol) 

was added to this suspension and the mixture was stirred at 40 ℃ for 20 h. The mixture was 

concentrated under reduced pressure and the crude product was precipitated in diethyl ether 

(10 mL). The solvent was removed under vacuum and then, the product was triturated with 

acetone (15 mL) and dried at 60 ℃ for 3 h to yield the title compound 132 as an off-white 

powder (0.244 g, quant.). νmax(FTIR)/cm-1: 3356, 3278 (OH, NH, NH2), 2929, 2878 (CH, 
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CH2), 1548 (C-N and N-H, 2° amine), 1375 (C-N), 1260 (C-O-C), 1152, 1064, 1025, 895 

(saccharide). 

 

 

6-O-(1-(N,N-Dimethylpropane-1,3-diamine)propan-2-ol)chitosan 133 

 

 

 

Dimethylpropanediamine phthaloyl-protected chitosan 113 (0.25 g) was mixed with H2O (12.5 

mL) and DMF (1.25 mL). Hydrazine monohydrate (5.315 g, 5 mL, 102.6 mmol) was added to 

this suspension and the mixture was stirred at 40 ℃ for 20 h. The mixture was concentrated 

under reduced pressure and the crude product was precipitated in diethyl ether (10 mL). The 

solvent was removed under vacuum and then, the product was triturated with acetone (15 mL) 

and dried at 60 ℃ for 3 h to yield the title compound 133 (0.243 g, quant.) as a white powder. 

νmax(FTIR)/cm-1: 3356, 3279 (OH, NH, NH2), 2929, 2878 (CH, CH2), 1548 (C-N and N-H, 2° 

amine), 1375 (C-N), 1260 (C-O-C), 1152, 1064, 1025, 895 (saccharide). 
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6.5 Synthesis of Chapter 3 Compounds 

6.5.1 Diazonium-based Experiments 

 

Nitrobenzene 134259                                                    

 

 

Method 1: NaNO2 Diazotization 

4-Nitroaniline (0.138 g, 1.0 mmol) was dissolved in aq. HCl (5 mL, 3 molL-1) and to this 

solution at 0 ℃ was added NaNO2 (0.079 g, 1.18 mmol). The reaction mixture was then stirred 

at 0 ℃ for 30 min. To the diazonium salt solution thus formed, 50 % H3PO2 (12.5 mL, 231 

mmol) and HCl (12.5 mL, 0.5 molL-1) were added and stirred at 60 ℃ for 1 h. The organic 

phase was extracted with diethyl ether (3 x 10 mL) and washed with aqueous NaOH (10 mL, 

1 molL-1) and dried under vacuum to yield the title product 134 (0.040 g, 33 %) as a yellow 

oil. νmax(FTIR)/cm-1: 1522 (-NO2 asym. stretch), 1346 (-NO2 sym. stretch), 704, 682 (mono 

substituted benzene). 1H NMR (400 MHz, CDCl3) δH: 7.56-7.52 (2H, m, ArH), 7.69 (1H, m, 

ArH), 8.22 (2H, d, J = 7.6 Hz, ArH). 13C NMR (100 MHz, CDCl3) δC: 123.5, 129.3, 134.6, 

148.2. Data matched the literature data.259 

 

Method 2: Isopentyl nitrite Diazotization  

4-Nitroaniline (0.276 g, 2 mmol, 1 eq.) was dissolved in acetonitrile (10 mL) and cooled to 0 

℃. Isopentyl nitrite (0.32 mL, 2.4 mmol, 1.2 eq.) was added dropwise to the reaction mixture 

which was then stirred for at 0 ℃ for 30 min. To the diazonium salt solution thus formed, 50 

% H3PO2 solution (12.5 mL, 231 mmol) and aq. HCl (12.5 mL, 0.5 molL-1) were added and 

stirring was continued at 60 ℃ for 1 h. The organic phase was extracted with diethyl ether (3 

x 10 mL) and washed with aq. NaOH (10 mL, 1 molL-1) and dried under vacuum to yield the 

title product 134 (0.124 g, 50 %) as a yellow oil. 
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2-Hydroxy-5-[(4-nitrophenyl)diazenyl]benzaldehyde 136246 

 

                                             

  

Method 1: NaNO2 Diazotization                 

4-Nitroaniline (0.138 g, 1.0 mmol) was dissolved in HCl (5 mL, 3 molL-1). To this solution, 

NaNO2 (0.079 g, 1.18 mmol) was added at 0 ℃ and the reaction mixture was stirred for 30 min. 

Salicylaldehyde (0.122 g, 1.0 mmol) was dissolved in distilled water (3 mL) containing NaOH 

(0.07 g, 1.8 mmol) and Na2CO3 (0.42 g, 4 mmol) at 0 ℃ for 30 min and then added slowly to 

the diazonium salt solution so as to maintain the reaction temperature at 0-5 ℃. The reaction 

mixture was stirred at 0 ℃ for 1 h and then allowed to warm slowly to room temperature. The 

solid formed was filtered and washed with NaCl solution (10 ml, 10 % w/v aq.) and then dried 

under vacuum at 18 h to yield the title product 136 (0.227 g, 84 %) as an orange yellow powder. 

m.p. 183 ℃. νmax(FTIR)/cm-1: 3105 (O-H), 2857 (Ar-C-H), 1655 (C=O), 1606 (Ar-C=C), 1522 

(-NO2 asym. stretch), 1478 (N=N), 1339 (-NO2 symm. stretch). 1H NMR (400 MHz, d6-

DMSO) δH: 7.21 (1H, d, J= 8.8 Hz, ArH), 8.01 (2H, d, J= 2.5 Hz, ArH), 8.12-8.10 (1H, m, 

ArH), 8.21 (1H, d, J= 8.8 Hz, ArH), 8.39 (2H, d, J= 8.8 Hz, ArH), 10.36 (1H, s, CHO), 11.71 

(1H, bs, Ar-OH). 13C NMR (100 MHz, d6-DMSO) δC: 118.7, 122.8, 123.2, 124.8, 125.0, 

129.9, 144.7, 148.0, 155.2, 164.6, 190.2. Data matched the literature data.246 

  

Method 2: Isopentyl nitrite Diazotization                 

4-Nitroaniline (0.138 g, 1.0 mmol) was dissolved in acetonitrile (5 mL). To this solution, 

isopentyl nitrite (0.16 mL, 1.2 mmol) was added at 0 ℃ and the reaction mixture was stirred 

for 30 min. Salicylaldehyde (0.122 g, 1.0 mmol) was dissolved in distilled water (3 mL) 

containing NaOH (0.07 g, 1.8 mmol) and Na2CO3 (0.42 g, 4 mmol) for 30 min at 0 ℃ and then 

added slowly to the diazonium salt solution so as to maintain the reaction temperature at 0-5 

℃. The reaction mixture was stirred at 0 ℃ for 1 h and then allowed to warm slowly to room 

temperature. The solid formed was filtered and washed with NaCl solution (10 ml, 10 % w/v 

aq.) under vacuum and then dried under vacuum for 8 h overnight to yield the title product 136 

(0.227 g, 82 %) as an orange yellow powder. 
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Aniline 137 

 

 

                                                                         
 

 

Method 1: NaNO2 Diazotization 

1,4-Phenylenediamine (0.108 g, 1.0 mmol) was dissolved in aq. HCl (5 mL, 3 molL-1) and to 

this solution at 0 ℃ was added NaNO2 (0.079 g, 1.18 mmol). The reaction mixture was then 

stirred at 0 ℃ for 30 min. To the diazonium salt solution thus formed, 50 % H3PO2 (12.5 mL, 

231 mmol) and HCl (12.5 mL, 0.5 molL-1) were added and stirred at 60 ℃ for 1 h. Then, aq. 

HCl (5 mL, 2 molL-1) was added, and the aqueous layer was separated and neutralised by 

adding an aq. solution of NaOH (30 mL, 4 molL-1). The precipitate was dissolved in diethyl 

ether (20 mL) and the organic phase was extracted, dried over MgSO4 and the product was then 

concentrated under reduced pressure to yield the title product 137 (0.047 g, 51 %) as a brown 

oil. 1H NMR (400 MHz, CDCl3) δH: 3.45-3.50 (2H, b, NH2), 6.68 (2H, d, J = 8.5 Hz, ArH), 

6.75 (1H, m, ArH), 7.16-7.13 (2H, m, ArH). 13C NMR (100 MHz, CDCl3) δC: 115.1, 118.6, 

129.3, 146.4. 

 

 

Method 2: Isopentyl nitrite Diazotization 

1,4-Phenylenediamine (0.216 g, 2 mmol, 1 eq.) was dissolved in acetonitrile (10 mL) followed 

by the cautious addition of isopentyl nitrite (0.40 mL, 3 mmol, 1.5 eq.) at 0 ℃. The reaction 

mixture was then stirred at 0 ℃ for 30 min. To the diazonium salt solution thus formed, 50 % 

H3PO2 solution (12.5 mL, 231 mmol) and aq. HCl (12.5 mL, 0.5 molL-1) were added and 

stirring was continued at 60 ℃ for another 1h. Then, aq. HCl (5 mL, 2 molL-1) was added, and 

the aqueous layer was separated and neutralised by adding an aq. solution of NaOH (30 mL, 4 

molL-1). The precipitate was dissolved in diethyl ether (20 mL) and the organic phase was 

extracted, dried over MgSO4 and the product was then concentrated under reduced pressure to 

yield the title product 137 (0.108 g, 58 %) as a brown oil. 
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5-[(4-Aminophenyl)diazenyl]-2-hydroxybenzaldehyde 138247  

 

                                              

                                

Method 1: NaNO2 Diazotization                 

NaNO2 (0.138 g, 2 mmol, 1eq.) was dissolved in H2O (1 mL) and to this solution, 

salicylaldehyde (0.21 mL, 2 mmol, 1 eq.) dissolved in H2O (1 mL) containing NaOH (0.060 g, 

1.5 mmol) was added at 0 ℃. The solution thus formed was added dropwise to 1,4-

phenylenediamine (0.216 g, 2 mmol, 1 eq.) solution in aq. HCl (6 mL, 0.3 molL-1) at 0 ℃. The 

reaction mixture was then stirred at this temperature for 1 h and then allowed to warm slowly 

to room temperature. The precipitate was filtered, washed with DCM/MeOH (20 mL, 9:1 v/v) 

via sonication and the product was dried under vacuum to yield the title product 138 (0.251 g, 

52 %) as an orange yellow powder.  m.p. 181- 183 ℃. 1H NMR (400 MHz, d6-DMSO) δH: 

3.25 (2H, bs, NH2), 6.93 (2H, d, ArH), 7.21 (1H, d, ArH), 7.84-8.10 (1H, m, ArH), 8.16 (1H, 

d, ArH), 8.25 (2H, d, ArH), 10.41 (1H, s, CHO), 11.62 (1H, bs, Ar-OH). 13C NMR (100 MHz, 

d6-DMSO) δC: 115.7, 123.3, 123.5, 126.8, 127.1, 130.5, 137.1, 143.8, 156.0, 165.4, 196.0. Data 

matched the literature data.247 

 

Method 2: Isopentyl nitrite Diazotization                 

Isopentyl nitrite (0.27 mL, 2 mmol, 1eq.) was dissolved in CH3CN (1 mL) and to this solution, 

salicylaldehyde (0.21 mL, 2 mmol, 1 eq.) dissolved in H2O (1 mL) containing NaOH (0.060 g, 

1.5 mmol) was added at 0 ℃. The solution thus formed was added dropwise to 1,4-

phenylenediamine (0.216 g, 2 mmol, 1 eq.) solution in aq. HCl (0.3 M, 6 mL) at 0 ℃ and then, 

the reaction mixture was stirred at this temperature for 1 h. The reaction mixture was allowed 

to warm slowly to room temperature. The precipitate was filtered, washed with DCM/MeOH 

(20 mL, 9:1 v/v) via sonication and the product was dried under vacuum to yield the titled 

product 138 (0.241 g, 50 %) as an orange yellow powder. 
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Poly-aminophenyl-PTF (PAP-PTF) 140 

 

 

 
 

PTF (100 mg, washed with H2O and dried) was treated with an aq. solution of NaOH (20 mL, 

5 % w/v) at room temperature for 10 min. The treated materials were removed from the 

solution, washed with distilled water (5 x 10 mL) until the pH of washings became neutral, and 

dried at 50 ℃. The alkali-treated PTF/HH (100 mg), 1,4-phenylenediamine (0.216 g, 2 mmol, 

1 eq.) and isopentyl nitrite (0.27 ml, 2 mmol, 1 eq.) were added and stirred overnight in 

acetonitrile/dichlorobenzene (25 mL, 1/2 v/v) at 60 ℃. The material formed was filtered, 

washed with acetonitrile (20 mL), dichlorobenzene (10 mL) and DCM (20 mL). The obtained 

material was dried overnight at 60 ℃ to yield the title product PAP-PTF 140 (116 mg, quant.) 

as dark coloured materials. νmax(FTIR)/cm-1: 3337; 3216 (-NH2) , 2901 (CH), 1601; 1512 (Ar-

C=C), 1457 (-N=N-), 1312, 1160, 1110, 1054, 1030, 830 (C-O-C), 751 (Ar-C-H out-of-plane). 
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Poly-aminophenyl-HH (PAP-HH) 143   

  

                                                                         

 

HH (100 mg, washed with H2O and dried) was treated with an aq. solution of NaOH (20 mL, 

5 % w/v) at room temperature for 10 min. The treated materials were removed from the 

solution, washed with distilled water (5 x 10 mL) until the pH of washings became neutral, and 

dried at 50 ℃. The alkali-treated HH (100 mg), 1,4-phenylenediamine (0.216 g, 2 mmol, 1 eq.) 

and isopentyl nitrite (0.27 ml, 2 mmol, 1 eq.) were added and stirred overnight in 

acetonitrile/dichlorobenzene (25 mL, 1/2 v/v) at 60 ℃. The material was filtered, washed with 

acetonitrile (20 mL), dichlorobenzene (10 mL) and DCM (20 mL). The obtained material was 

dried overnight at 60 ℃ to yield the title product PAP-HH 143 (120 mg, quant.) as dark 

coloured fibres. νmax(FTIR)/cm-1: 3337; 3216 (-NH2) , 2901 (CH), 1601; 1512 (Ar-C=C), 1457 

(-N=N-), 1312, 1160, 1110, 1054, 1030, 830 (C-O-C), 751 (Ar-C-H out-of-plane). 
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Chitosan-grafted PTF 142 

 

 

 

PAP-PTF 140 (100 mg) was mixed with aq. HCl (7 mL, 0.6 molL-1) and then, NaNO2 (0.33 g, 

4.8 mmol) was added dropwise at 0 ℃. The reaction mixture was then stirred at 0 ℃ for 1 h. 

To the diazonium product thus formed, a solution of chitosan 1 (50 mL, 1 % w/v in acetic 

acid/H2O 0.05 % v/v) was added and the mixture was kept overnight at room temperature. The 

treated material was removed, ultrasonicated with deionized water (30 mL), filtered and then 

dried at 60 ℃ for 1 h to yield chitosan-functionalized PTF 142 (125 mg, quant.) as dark 

coloured fibres. νmax(FTIR)/cm-1: 3358, 3278 (OH, NH, NH2), 2922 (CH), 1597, 1504 (Ar-

C=C), 1461 (-N=N-), 1242, 1152, 1103, 1020, 897, 831 (C-O-C), 758, 697 (Ar-CH). 
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Chitosan-grafted HH 145 

 

                                                  

 

PAP-HH 143 (100 mg) was mixed with aq. HCl (7 mL, 0.6 molL-1) and then, NaNO2 (0.33 g, 

4.8 mmol) was added dropwise at 0 ℃. The reaction mixture was then stirred at 0 ℃ for 1 h. 

To the diazonium product thus formed, a solution of chitosan 1 (50 mL, 1 % w/v in acetic 

acid/H2O 0.05 % v/v) was added and the mixture was kept overnight at room temperature. The 

treated material was removed, ultrasonicated with deionized water (30 mL), filtered and then 

dried at 60 ℃ for 1 h to yield chitosan-functionalized HH 145 (127 mg, quant.) as dark coloured 

fibres. νmax(FTIR)/cm-1: 3358, 3278 (OH, NH, NH2), 2922 (CH), 1597, 1504 (Ar-C=C), 1461 

(-N=N-), 1242, 1152, 1103, 1020, 897, 831 (C-O-C), 758, 697 (Ar-CH). 
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6-O-(1-(N,N-Dimethylethane-1,2-diamine)propan-2-ol)chitosan (132)- functionalized 

PTF 152 

                                        

 

 

PAP-PTF 140 (100 mg) was mixed with aq. HCl (7 mL, 0.6 molL-1) and then, NaNO2 (0.33 g, 

4.8 mmol) was added dropwise at 0 ℃. The reaction mixture was then stirred at 0 ℃ for 1h. 

To the diazonium product thus formed, a solution of 6-O-(1-(N,N-dimethylethane-1,2-

diamine)propan-2-ol)chitosan 132 (50 mL, 1 % w/v in acetic acid/H2O 0.05 % v/v) was added 

and the mixture was kept overnight at room temperature. The treated material was removed, 

ultrasonicated with deionized water, filtered and then dried at 60 ℃ for 1 h to yield chitosan 

derivative-functionalized PTF 152 (126 mg, quant) as dark coloured fibres. νmax(FTIR)/cm-1: 

3356, 3278 (OH, NH, NH2), 2932, 2775 (C-H, methyl), 1600, 1510 (Ar-C=C), 1456 (-N=N-), 

1243, 1152, 1103, 1020, 897, 831 (C-O-C), 751 (Ar-CH). 
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6-O-(1-(N,N-Dimethylethane-1,2-diamine)propan-2-ol)chitosan (132)- functionalized 

HH 153 

                                            

 

PAP-HH 143 (100 mg) was mixed with aq. HCl (7 mL, 0.6 molL-1) and then, NaNO2 (0.33 g, 

4.8 mmol) was added dropwise at 0 ℃. The reaction mixture was then stirred at 0 ℃ for 1h. 

To the diazonium product thus formed, a solution of 6-O-(1-(N,N-dimethylethane-1,2-

diamine)propan-2-ol)chitosan 132 (50 mL, 1 % w/v in acetic acid/H2O 0.05 % v/v) was added 

and the mixture was kept overnight at room temperature. The treated material was removed, 

ultrasonicated with deionized water, filtered and then dried at 60 ℃ for 1 h to yield chitosan 

derivative-functionalized HH 153 (129 mg, quant.) as dark coloured fibres. νmax(FTIR)/cm-1: 

3358, 3279 (OH, NH, NH2), 2932, 2775 (C-H, methyl), 1600, 1510 (Ar-C=C), 1456 (-N=N-), 

1243, 1152, 1103, 1020, 897, 831 (C-O-C), 751 (Ar-CH). 
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6.5.2 Succinic Anhydride Bridging 

PTF-O-(4-oxobutanoic acid) 146 

 

 

 

PTF (100 mg, washed with H2O and dried) was treated with a solution of NaOH (20 mL, 5 % 

w/v aq.) at room temperature for 10 min. The treated materials were removed from the solution, 

washed with distilled water (5 x 10 mL) until the pH of washings became neutral, and dried at 

50 ℃. Alkali-treated PTF (100 mg) were heated with succinic anhydride (100 mg, 1 mmol) 

solution in DMSO (2.5 mL) at a constant temperature of 70 ℃ in a thermostatic bath for 2 h. 

The treated fibres were removed, washed with DMSO (20 mL) and then stirred with acetone 

(20 mL) at 55 ℃ for 30 min. The fibres were then washed with dist. water (3 x 10 mL) and 

dried at 50 ℃ to yield acylated PTF 146 (105 mg, quant.) as tan coloured fibres. 

νmax(FTIR)/cm-1: 3200 (OH), 2922, 2851 (C-H), 1724 (C=O, ester), 1157 (O=C-O-C). 

 

 

HH-O-(4-oxobutanoic acid) 147 

 

                                                                     

 

 

HH (100 mg, washed with H2O and dried) was treated with a solution of NaOH (20 mL, 5 % 

w/v aq.) at room temperature for 10 min. The treated materials were removed from the solution, 

washed with distilled water (5 x 10 mL) until the pH of washings became neutral, and dried at 

50 ℃. Alkali-treated HH (100 mg) were heated with succinic anhydride (100 mg, 1 mmol) 
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solution in DMSO (2.5 mL) at a constant temperature of 70 ℃ in a thermostatic bath for 2 h. 

The treated fibres were removed, washed with DMSO (20 mL) and then stirred with acetone 

(20 mL) at 55 ℃ for 30 min. The fibres were then washed with dist. water (3 x 10 mL) and 

dried at 50 ℃ to yield acylated HH 147 (108 mg, quant.) as tan coloured fibres. νmax(FTIR)/cm-

1: 3200 (OH), 2922, 2851 (C-H), 1724 (C=O, ester), 1157 (O=C-O-C). 

 

 

Chitosan-functionalized acylated PTF 148 

 

                                                              

 

Acylated PTF samples 146 (100 mg) were immersed in chitosan 1 (50 mL, 1 % w/v in acetic 

acid/H2O 0.05 % v/v) and the reaction mixture heated at 50 ℃ for 18 h. The treated fibres were 

removed and washed with dist. H2O (3 x 20 mL). The materials were then dried at 40 ℃ to 

yield the title product chitosan-PTF 148 (109 mg, quant.) as off-white fibres. νmax(FTIR)/cm-

1: 3356, 3280 (OH, NH, NH2), 2922, 2851 (C-H), 1724 (C=O, ester), 1636 (C=O, amide), 1555 

(N-H, amide), 1157 (O=C-O-C), 1060, 1030, 897 (saccharide). 
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Chitosan-functionalized Acylated HH 149 

 

                                                              

 

Acylated HH samples 147 (100 mg) were immersed in chitosan 1 (50 mL, 1 % w/v in acetic 

acid/H2O 0.05 % v/v). The mixture was kept at 50 ℃ for 18 h. The treated samples were 

separated and washed with dist. H2O (3 x 20 mL). The samples were then dried at 40 ℃ to 

yield chitosan-HH 149 (112 mg, quant.) as off-white fibres. νmax(FTIR)/cm-1: 3358, 3278 (OH, 

NH, NH2), 2922, 2851 (C-H), 1724 (C=O, ester), 1636 (C=O, amide), 1555 (N-H, amide), 

1157 (O=C-O-C), 1060, 1030, 897 (saccharide). 

 

6.5.3 Epichlorohydrin Cross-linking 

Chitosan-functionalized PTF 150 

 

                                                             

  

Chitosan 1 (0.75 g) and epichlorohydrin (0.2 mL, 0.05 molL-1) were dissolved in aq. acetic acid 

(50 mL, 2 % v/v). Raw PTF (100 mg, washed with water and dried) was then immersed in this 

solution at 20 °C for 1 min. The treated samples were then dried at 160 °C for 2 min and 



329 
 

subsequently, were mercerized by immersing in a solution of NaOH (20 mL, 20 wt% aq.) for 

4 min. The fibres were washed with dist. H2O (5 x 30 mL) and dried overnight on a hot plate 

at 40 °C to yield chitosan-treated PTF 150 (105 mg, quant.) as tan coloured fibres. 

νmax(FTIR)/cm-1: 3357, 3278 (OH, NH, NH2), 2922, 2851 (C-H), 1595 (N-H, 1° amine),  1416, 

1372, 1318, 1152, 1025, 895.   

 

Chitosan-functionalized HH 151 

 

                                                             

 

Chitosan 1 (0.75 g) and epichlorohydrin (0.2 mL, 0.05 molL-1) were dissolved in aq. acetic acid 

(50 mL, 2 % v/v). Raw HH (100 mg, washed with water and dried) was then immersed in this 

solution at 20 °C for 1 min. The treated samples were then dried at 160 °C for 2 min and 

subsequently, were mercerized by immersing in a solution of NaOH (20 mL, 20 wt% aq.) for 

4 min. The fibres were washed with dist. H2O (5 x 30 mL) and dried overnight on a hot plate 

at 40 °C to yield chitosan-treated HH 151 (108 mg, quant.) as tan coloured fibres. 

νmax(FTIR)/cm-1: 3357, 3279 (OH, NH, NH2), 2922, 2851 (C-H), 1595 (N-H, 1° amine),  1416, 

1372, 1318, 1152, 1025, 895.   

 

 

 

 

 

 



330 
 

6.6 Synthesis of Chapter 4 Compounds 

 

Ethyl-2-bromopropionate-g-poly(2-trimethylammonioethyl methacrylate chloride) 161 

  

 

 

 

Ethyl-2-bromopropionate (0.027 g, 0.149 mmol, 1 eq.) and 2-trimethylammonioethyl 

methacrylate chloride (TMAEMC) (1.90 mL, 10 mmol, 67 eq.) were dissolved in DMSO (2.5 

mL). The reaction was then degassed and placed under an atmosphere of nitrogen. Anisole (1 

mL, as an internal standard) and Cu(I)Br (0.022 g, 0.15 mmol, 1 eq.) were added, and the 

mixture was heated to 60 ℃. N,N,N’,N’,N”-Pentamehtyldiehtylenetriamine (PMDETA) (0.030 

g, 0.17 mmol, 1.1 eq.) was then added slowly and then the reaction stirred for 24 h. After 24 h, 

the reaction was quenched by exposing to air and the gel formed was dissolved in water (5 mL) 

and purified by dialysis with DI water (2.5 L) for 72 h with water being refreshed at intervals 

of 5 hours. The residue obtained after dialysis was concentrated under reduced pressure and 

then, dried under vacuum to yield the titled product 161 (15.8 g, 58.3 %, Mw 8.3×103 gmol-1) 

as a clear solid. 1H NMR (400 MHz, d6-DMSO and D2O) δH: 2.10 (3H, m, CH3), 2.40 (2H, 

m, CH2), 3.30 (9H, bs, N(CH3)3), 3.90 (2H, bs, -CH2-N), 4.40 (2H, bs, CO-O-CH2).  

 

PTF-Macroinitiators: PTF-Br 162 

 

 

 

PTF (100 mg) samples were washed with acetone (10 mL) and THF (10 mL) and ultrasonicated 

for 5 min, with the samples immersed in THF (5 mL) before use. The washed PTF fibres (100 

mg) were added to a two-necked flask containing triethylamine (TEA) (2.5 mL, 17.9 mmol) 
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and 4-dimethylaminopyridine (DMAP) (120 mg, 0.982 mmol) in dry THF (20 mL). The 

content was cooled to 0 ℃ and then, 2-bromopropionyl bromide (0.1 mL, 0.95 mmol) was 

added dropwise. The mixture was stirred at room temperature for 24 h. The treated fibres were 

removed and washed with DCM (20 mL) and EtOH (20 mL) by ultrasonication for 3 min. The 

fibres were then dried under vacuum to yield the title product 162 (220 mg, quant.) as light 

brown fibres. νmax(FTIR)/cm-1: 3334 (OH), 2909 (C-H), 1740 (C=O, ester), 1646, 1593, 1505, 

1456, 1423, 1372, 1318, 1230 (C-O), 1157, 1106, 1030, 897, 829.   

 

 

HH-Macroinitiators: HH-Br 163 

 

 

 

HH (100 mg) samples were washed with acetone (10 mL) and THF (10 mL) and ultrasonicated 

for 5 min, with the samples immersed in THF (5 mL) before use. The washed HH fibres (100 

mg) were added to a two-necked flask containing triethylamine (TEA) (2.5 mL, 17.9 mmol) 

and 4-dimethylaminopyridine (DMAP) (120 mg, 0.982 mmol) in dry THF (20 mL). The 

content was cooled to 0 ℃ and then, 2-bromopropionyl bromide (0.1 mL, 0.95 mmol) was 

added dropwise. The mixture was stirred at room temperature for 24 h. The treated fibres were 

removed and washed with DCM (20 mL) and EtOH (20 mL) by ultrasonication for 3 min. The 

fibres were then dried under vacuum to yield the title product 163 (226 mg, quant.) as light 

brown fibres. νmax(FTIR)/cm-1: 3334 (OH), 2909 (C-H), 1740 (C=O, ester), 1646, 1593, 1505, 

1456, 1423, 1372, 1318, 1230 (C-O), 1157, 1106, 1030, 897, 829.   
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PTF-g-Poly(2-Trimethylammonioethyl methacrylate chloride): PTF-g-PTMAEMC 165 

 

 

 

 

Initiator-grafted PTF 162 (21.36 mg) was introduced into a flask containing TMAEMC (2.1 

mL, 11.17 mmol), PMDETA (63.0 mg, 0.364 mmol) and DMSO (2.7 mL). The mixture was 

degassed and placed under an atmosphere of nitrogen. Cu(I)Br (25 mg, 0.174 mmol) was then 

added and the mixture stirred at 60 ℃ for 24 h. The reaction was quenched by exposing to air 

and the treated fibres were removed and washed with dist. water (3 x 30 mL) by ultrasonication 

for 3 min. The fibres were dried under vacuum to yield the title product PTF-g-PTMAEMC 

165 (38.15 mg, 55.8 % monomer conversion) as pale brown fibres. νmax(FTIR)/cm-1: 3356 

(OH), 2909 (C-H), 1724 (C=O, ester), 1646, 1593, 1505, 1456, 1423, 1370, 1318, 1240 (C-O), 

1157, 1106, 1030, 897, 953, 829.   
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HH-g-Poly(2-Trimethylammonioethyl methacrylate chloride): HH-g-PTMAEMC 166 

 

 

 

 

Initiator-grafted HH 163 (21.36 mg) was introduced into a flask containing TMAEMC (2.1 

mL, 11.17 mmol), PMDETA (63.0 mg, 0.364 mmol) and DMSO (2.7 mL). The mixture was 

degassed and placed under an atmosphere of nitrogen. Cu(I)Br (25 mg, 0.174 mmol) was then 

added and the mixture stirred at 60 ℃ for 24 h. The reaction was quenched by exposing to air 

and the treated fibres were removed and washed with dist. water (3 x 30 mL) by ultrasonication 

for 3 min. The fibres were dried under vacuum to yield the title product HH-g-PTMAEMC 166 

(39.01 mg, 55.9 % monomer conversion) as pale brown fibres. νmax(FTIR)/cm-1: 3358 (OH), 

2909 (C-H), 1724 (C=O, ester), 1646, 1593, 1505, 1456, 1423, 1370, 1318, 1240 (C-O), 1157, 

1106, 1030, 897, 953, 829.   
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HH-g-Poly(tert-Butyl acrylate): HH-g-PtBA 167 

 

 

 

 

Initiator-grafted HH 163 (22.56 mg) was introduced into a flask containing t-butyl acrylate (2.3 

mL, 15.84 mmol), PMDETA (68.0 mg, 0.392 mmol) and DMSO (2.9 mL). The mixture was 

degassed and placed under an atmosphere of nitrogen. Cu(I)Br (27.0 mg, 0.189 mmol) was 

then added the mixture was stirred at 60 ℃ for 24 h. The reaction was quenched by exposing 

to air after 24 h and the treated fibres were removed and washed with dist. water (3 x 30 mL) 

by ultrasonication for 3 min. The fibres were then dried under vacuum to yield the title product 

HH-g-PtBA 167 (35.43 mg, 50.2 % monomer conversion) as pale brown fibres. 

νmax(FTIR)/cm-1: 3356 (OH), 2909 (C-H), 1724 (C=O, ester), 1646, 1593, 1505, 1456, 1423, 

1370, 1318, 1240 (C-O), 1157, 1106, 1030, 897, 953, 829.   
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