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THESIS ABSTRACT 

 

This research thesis has been focused on the interfacial chemistry involved in the anchoring 

on various substrates of commercially significant biocides of the type Dimethyloctadecyl 

[3-(trimethoxysilyl) propyl] ammonium chloride (C26H58ClNO3Si). These biocides are 

referred throughout this thesis as Anchoring/Anchored Quaternary Ammonium Salts 

(AQAS). The strategic objective in this study is to develop “greener” biocide systems with 

reduced background environmental toxicity and reduced human health 

impacts. Three diverse substrates with varied potential end-user applications were studied 

to evaluate the adsorption, coverage and leachability of the anchored biocide systems. 

The first section of the study (Chapter 2) is concerned with elucidating the basic interfacial 

chemistry of mono-molecular oriented island mat-films of the AQAS biocides on an 

atomically flat quartz surface. Chapter 2 is essentially a platform study of the basic science 

underpinning the entire thesis. Imaging of the molecular layers at nano-scale resolution is 

possible using Atomic Force Microscopy (AFM). Morphological evidence of bacterial 

degradation on the biocide layers was observed using high-resolution Atomic Force 

Microscopy (AFM) and Confocal Scanning Microscopy. X-ray Photoelectron 

Spectroscopy (XPS) was extensively used for the surface analysis of anchored molecular 

layers. The sampling depth of XPS being ~ 10 nm gave detailed information regarding the 

ordering and clustering of the AQAS layers. The XPS N1s binding energy peaks were 

observed to give noticeable shifts attributed to higher-layer disordering and conformation 

effects associated with the long C18 alkyl chains of AQAS, which, under ordered tight-

packing conditions, might adopt an all-trans orientation. Increasing the hydrophilicity of 

the quartz substrate using oxygen plasma treatment increased the population of anchoring 

hydroxyls and so also increased the adsorption capacity and multi-layer coverage of the 
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quartz surface (Chapter 3). The latter sections of the thesis are focussed on the anchoring 

of the AQAS biocides on substrates with potential end-applications in high hygiene 

environments, surfaces and medical devices (Chapters 4 and 5). Expanded Perlite, a 

siliceous thermally pre-treated substrate with a honeycomb cellular structure was studied 

for the sustained release of the biocide under aqueous leaching conditions over a period of 

2 days (Chapter 4). This system may find future applications in food handling hygiene and 

wastewater treatment applications. The formation of oligomeric forms of AQAS in higher 

layers following curing at 160°C was identified using Solid State Nuclear Magnetic 

Resonance (SSNMR) spectroscopy. SSNMR technique was able to detect the AQAS 

oligomers due to the multi-layered nature of the oligomers mimicking a bulk material in 

this study, in contrast to the few molecular layers detected on a quartz surface in Chapter 

2, which are below the detection limits of conventional SSNMR. This study led to a 

quantitative evaluation of the AQAS sustained release kinetics observed for the biocide 

loaded expanded perlite honeycomb system under aqueous leaching studies. The leaching 

was followed using Fourier Transform Infrared Attenuated Total Reflectance Spectroscopy 

(FTIR-ATR) and Thermal Gravimetric Analysis (TGA). The final experimental section of 

the thesis (Chapter 5) comprises a study of the chemisorption of AQAS anchored directly 

onto optically transparent and heat resistant thermoset polyurethane films. This is a simple, 

low-dosage and cost-effective approach to form antibacterial hygienic films on an 

important polymer substrate used in medical devices, displays and touch screen devices in 

the electronics industry. The adsorption capacity of the polyurethane film surfaces was 

increased by enhancing the hydrophilicity of the surface using plasma treatment. In a 

parallel set of experiments, siloxane-polyurethane blend surfaces were subjected to 

oxygen-plasma treatment and these modified surfaces revealed substantially increased 

adsorption capacity and surface coverage.   
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1. Introduction 

1.1. The Challenge 

Biocides are a class of compounds used to suppress or eradicate organisms like bacteria, 

mould, fungi etc. that are detrimental to human or animal health, or that cause damage to 

natural or manufactured materials. Insect repellents, disinfectants and industrial chemicals 

like anti-fouling paints for ships1, antibacterial coatings for medical devices, and material 

preservatives all belong to the category of biocides. According to the Markets and Markets 

report2, 3, the Biocides global market has doubled over the past 5 years with an exponential 

increase in the turnover value of around 9.5 billion. This makes it one of the most sought 

after fields with high commercialization potential and marketing strategies worldwide. 

A reflection of this is underpinned in the estimated market potential of New Zealand 

biocide products, projecting an increase in biocide product exports revenue to US$100 

million by 2025. A market analysis report by Martin Jenkins4 states a 5.3% growth rate per 

annum for biocide related industries, which contributes to approximately 9.4% of the total 

exports in the country. The partnering industries comprise of varied sectors like textiles, 

packaging, paint and coatings, construction and healthcare. The principal cause for this 

continued growing demand for biocides is the increasingly growing health awareness 

amongst consumers5 alongside the exponentially growing population and depletion of 

natural resources. 

 

Concomitant to this exponential growth comes inadvertent by-products like undesirable 

bacterial resistance strains and eco-toxicity arising from the unscientific use and lack of 

standardized procedures for effective use of biocides. The spread of resistant strains of 

bacteria has been on the rise and is currently one of the major threats faced by the healthcare 
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sector. This has been attributed to the overuse and abuse of biocides and other therapeutic 

agents.6 This brings the biocide market and products under stringent scrutiny by 

environmental regulations by the Food and Drug Administration (FDA) and Environmental 

Protection Agency (EPA) worldwide. The American Medical Association has called for 

the removal of antibacterial agents in hygiene and cleaning products that have exhibited 

induction of antibiotic resistance.7, 8 Similar rigorous amendments has been done by 

European regulations to restrict the use of numerous active substances.7 Development of 

environmentally friendly products will be imperative in this regard. 

 

In this prospect, it is highly essential to optimize the performance of biocides with minimal 

effective dose and hence the surface presentation of biocides is a topic in dire need of 

investigation for human and environmental protection and sustainability of natural 

resources. An ideal approach in this regard is to develop effective biocidal surfaces utilizing 

minimal concentration and increased efficiency. Conventional biocidal systems use 

biocides in solutions or as dispersed in the bulk of a substrate. This greatly limits the 

efficacy, as the majority of biocide molecules are inaccessible to the target organism and 

ends up as environmental toxicological waste. Innovative utilization of surface chemistry 

to ensure molecular level accessibility to the biocides by the target organism could 

drastically reduce the lower threshold levels required for bacterial potency. A direct impact 

of this is enhanced efficiency, reduced background ecological toxicity and increased 

prospects of substrate recycling. The minuscule amount of biocides that are strategically 

positioned only as surface monolayers and multilayers will not hinder the substrate 

recycling process making this a more cost-efficient route compared to those blended in the 

bulk of the substrate. This approach of ‘surface presentation’ is promising towards the 
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development of biocidal products with higher compliance on environmental regulations 

that are getting aggressive by the day. 

 

The ideal deployment of biocidal surface presentations could be manifested generally 

through two major routes. Firstly, to use porous structures, which exhibit ultra-high internal 

and external surface areas and can, act as reservoirs and slow release systems for the 

biocides without restricting the molecular contact between biocide molecules and target 

organisms. Alternatively, covalent grafting of these molecules onto surfaces also has been 

widely used in a myriad of industries such as the biomedical device industry, textiles, 

bioprocessing and food packaging industries.9 Such covalent grafting ensures a stable 

bonding, prevents irregular etching or leaching and thereby prevents significant hazardous 

waste and environmental impacts.  

Improved hygiene and reduced infection rates is strongly associated with a healthy and an 

improved standard of living. Achieving this goal by producing environmentally benign 

highly effective biocidal systems encompassing the aforementioned properties is a need of 

the times we live in currently. The value propositions put forward on this concept of surface 

presentation of biocides here primarily aims to effectively and wisely manage natural 

resources in pursuit of a sustainable and green environment. The growing market trends 

pointing towards innovative biocidal system designs and commercialization pathways all 

should only be viewed in light of this bigger picture.  

 

1.2. Quaternary Ammonium Salts (QAS) as Biocides 

Quaternary ammonium salts (QAS) are one of the most widely sought after biocides due to 

the many advantages it possesses, such as effectiveness over a wide pH range, low 

mammalian toxicity, low vapour pressure and amphiphilic solubility. This makes them a 
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potential candidate to be used in a wide variety of applications such as surface disinfection, 

antimicrobial coatings in hospitals, surgical equipment, medical implants, food packaging, 

waste water treatment, environmental and construction sectors. QAS are of the general 

chemical structure: 

 

NR4

R3

R2

R1 X

 

Figure 1.1. General chemical structure of a Quaternary Ammonium Salt (QAS). 

 

where R represents an alkyl/aryl group with or without substituent functional groups and 

X- represents an anion that acts as a counterion to neutralize the charge. The possibility of 

fine-tuning the different aryl/alkyl chain substituents gives rise to diverse compositions, 

which in effect, broadens the spectrum of activity.10, 11 Jacobs and Heidelberger12 first 

reported the antibacterial properties of quaternary ammonium salts as early as in 1916. 

There has been a vast number of studies13-17 focussing on synthesis and optimization of 

different type of QAS and their antimicrobial properties, and feasibility of QAS in a variety 

of applications over the past decades. The efficacy of QAS biocides like cetrimide, 

benzalkonium chloride etc. in combating cross infection is undisputable and is evident from 

their extensive use in the hospitals and medical field. QAS systems are also used 

extensively in the food processing industries to provide protection from environmental 

pathogens and bacteria.18 Predominantly microbial organisms do not develop resistance 

towards the biocidal activity of QAS as they induce potency through a mechanical mode 

of action. However, some studies have reported the discovery of microbial resistance 

phenomena against a certain type of QAS.19 This also has led to the development of a 
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category of QASs known as gemini quaternary compounds. These are compounds with 

enhanced surfactant properties and molecular arrangement sequences consisting of two 

quaternary ammonium groups, hydrocarbon chains and spacer molecules.20, 21 

 

 Mode of Action of QAS 
QAS performs their attack on bacterial cell membrane through a mechanical form of lysis 

contrary to the other type of biocides which target cellular metabolic processes. 

This eliminates the probability of the bacterial cells developing resistance towards the QAS 

based systems.22 The cell wall of bacteria carries a net negative charge owing to the teichoic 

acid and polysaccharide elements in Gram-positive bacteria and lipopolysaccharides in 

Gram-negative strains. This negative charge is stabilized by the presence of divalent cations 

such as Mg 2+ and Ca2+.23 These membrane proteins are of vital importance to maintain the 

structural integrity of the cell wall membrane (Refer to Section 1.3). At a molecular level, 

the action of QAS involves the electrostatic interaction of the cationic nitrogen species with 

the head groups of acidic-phospholipids within the membrane. The hydrophobic alkyl chain 

of the QAS then interweaves into the hydrophobic bacterial membrane protein layer, 

thereby perturbing the membrane structure. Gilbert et al.11, 24 have reported such a 

mechanism whereby the membrane undergoes a transition from its native fluid-like state to 

a crystalline state causing a loss of osmoregulatory and physiological functions. There have 

been several studies25-27, that have attributed the bacterial killing to arise from such cation 

exchange mechanisms. This assumption was based on observations that gave a direct 

correlation of potency to the cationic charge density for different strains of bacteria with 

varying membrane structures. To demonstrate this hypothesis further, Crismaru et al.25 

studied the effect of inoculating the QAS solution with Ca2+ ions and observed a decrease 

in the antibacterial efficacy. The calcium ions in the QAS solution are thought to contend 
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with the QAS cation to replace the bacterial cell membrane cations thereby reducing the 

QAS efficacy. While a cation exchange is deemed critical in initiating the bacterial lysis 

process, the role of the alkyl chain in the QAS molecule is of equal significance and has 

been established by extensive studies in the recent years. The lysis action on bacterial 

membranes by the alkyl chain moieties present in these QAS brings about leakage of the 

cytoplasmic contents and eventually cell death.14 Owing to the mechanical mode of action 

(cell wall lysis) utilized by these biocides, the antimicrobial efficacy is preserved over 

repeated use or when immobilized onto surfaces.  

 

The alkyl chain length on the QAS plays an equally critical role in the biocidal efficacy.15 

The preferred length of the alkyl chain is between 4 and 18 and compounds with alkyl chain 

lengths less than 4 or above 18 have been reported to be virtually inactive.24, 28 The efficacy 

increases with an increasing number of carbon atoms and the optimum chain length is 

supposedly between 16 and 18 carbon atoms.29, 30 This could be due to the greater 

penetration efficiency of these hydrophobic alkyl chains into the lipid bilayers of the 

bacterial cellular membrane.31, 32 Gilbert et al.24 attributes this to a concentration 

independent dimerization of the QAS molecules in solution. Above such critical chain 

lengths (ideally greater than 10 carbon atoms), the attraction between the adjacent 

hydrophobic chains exceeds the electrostatic repulsion of their cationic nitrogen centres. 

QAS dimers thus formed bear bi-polar positive charges in conjunction with interstitial 

hydrophobic regions. Such dimers are thought to interact more strongly with the 

cytoplasmic membrane, than the monomeric form of QAS.10, 11 Common antibacterial 

agent chlorhexidine, a bisbiguanide, also exhibits similar bi-polar configurations of cationic 

and hydrophobic domains within a single molecule. It is noteworthy here that 

gemini-quaternary salts, which incorporate two cationic centres within the same molecule, 
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are known to exhibit higher antibacterial efficacy in comparison with mono-cationic 

quaternary salts. 

 

The conventional route of application of QAS is via impregnation of target areas or 

materials using a solution species of the respective QAS compounds.33, 34 This approach in 

spite of being beneficial, leads to leaching out of the substance eventually making the 

material ineffective and inadvertently generating background toxicity. An alternative 

indisputable approach to eliminate putative impacts is to immobilize QAS molecules onto 

surfaces or as pendant groups on a polymers backbone. Such systems have shown enhanced 

efficacy over corresponding small molecule QAS in solution.35 Such tethering also reduces 

residual toxicity, higher efficacy and durability.15, 36, 37 The QAS molecule can be modified 

to incorporate an alkoxy-silane terminating moiety, enabling them to anchor onto a variety 

of surfaces. Silane coupling agents are well known for grafting antimicrobial agents such 

as N-halamine or quaternary ammonium compounds to various surfaces.38, 39 

The alkoxysilane (Si-O-R) groups are easily hydrolysed in the presence of water or 

moisture to form covalent linkages with substrate surface hydroxyl groups. This establishes 

a persistent non-leachable biocidal system thus making it an ecologically and 

environmentally viable solution against the prevalent background toxicity of common 

biocides. 

 

 Hydrolysis of Alkoxy Silanes and Anchoring onto Surfaces 
A comprehensive study by Arkles et al.40 reports that hydrolysis of alkoxysilanes occurs 

by both base and acid catalysed mechanisms. However, the overall pathway for the 

hydrolysis and full condensation of alkoxysilanes is complicated. There are six possible 

hydrolysis paths, 21 possible water-producing condensations, and 36 possible alcohol-
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producing reactions taking into consideration only the next nearest neighbouring species 

and ignoring the impact from those beyond them. This assumption is validated by several 

prior studies including a theoretical kinetic formalism deduced by Bruce D. Kay41 on the 

evolution of chemical functional groups about a specific silicon atom, which undergoes 

concurrent hydrolysis and condensation reactions. The study suggests that the formation of 

silanols by hydrolysis is first order for acid and base catalysed systems. Leyden et al.42-44 

have reported the hydrolysis and condensation behaviour of C18-AQAS under different pH 

conditions using reflectance FTIR studies show rapid hydrolysis of methoxy groups under 

mildly acidic conditions. A schematic model presented by Kay and Assink41 representing 

the hydrolysis and condensation reactions of tetraalkoxysilanes is shown in Figure 1.2.  

 

 

Figure 1.2. Cascading hydrolysis and condensation reactions of tetra-alkoxy silanes.41  

Redrawn using the model from reference 41 
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The model was also presented in a numeric matrix by assigning a 3-digit number to each 

species at different steps of the reaction. The number of alkoxy (OR) substitution is 

represented in the first digit, the number of hydroxyl (OH) substitutes in the second digit, 

and the number of siloxane substitutions (OSi) in the third digit (Figure 1.3). Thus, a 

trialkoxysilane is indicated by the number ‘300’ and a silane-triol by ‘030’. It is observed 

that a base hydrolysis favours a 300 to 003 pathway, whereas acid hydrolysis favours a 300 

to 030 pathway. 

 

 

Figure 1.3. Numeric representation of Alkoxysilane species during hydrolysis and 
condensation cascade reaction.40  

Redrawn using the model from reference 40 
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 Anchored Quaternary Ammonium Salts with a C18 Alkyl Chain 
 

N,N-dimethyl-N-[3-(trimethoxysilyl)propyl]-1-Octadecyl ammonium chloride which is 

referred to as an Anchored Quaternary Ammonium Salt (AQAS) is chosen for the studies 

in this work. The structure of the molecule given in Figure 1.4 shows the quaternary 

nitrogen centre, the long alkyl chain of 18 Carbon atoms on one end and the siloxy 

terminating anchoring species on the other end of the molecule that aids in easy grafting 

onto surfaces. The CAS Registry Number of the molecule is 27668-52-6. 

 

Si
O

O
O

N

Cl

 

Figure 1.4. Chemical structure of N,N-dimethyl-N-[3-(trimethoxysilyl)propyl]-1-
Octadecyl Ammonium Chloride. 

 

The antimicrobial properties of silane anchored QAS with a C18 chain have been studied 

and reported by Isquith et al.45 as early as in 1972. The AQAS was chemically bonded onto 

glass surfaces and cotton cloth and tested for their antimicrobial activity. It was found to 

be active against Escherichia coli B (ATCC 23226), Streptococcus faecalis (ATCC 9790) 

and a mixture of the mixed fungal spores of Aspergillus niger (ATCC 9642), Aspergillus 

flavus (ATCC 9643), Aspergillus versicolor (ATCC 11730), Penicillium funiculosum 

(ATCC 9644), and Chaetomium globosum. The study also reported durable antimicrobial 

activity of a number of substrates (Table 1.1) when treated with the silane anchored QAS, 

against a spectrum of microorganisms (Table 1.2) of medical and economic importance. 

Yoshino et al.46 have also reported a comprehensive study on silane anchored QAS 
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comparing different alkyl chain lengths, surfaces and their corresponding potencies against 

a wide range of organisms.  

 

Siliceous surfaces  Man-made fibers  Natural fibers  

Glass Acrylic Cotton 

Glass wool  Modacrylic Wool  

Sand Polyester Linen 

Stone Cellulose acetate Felt 

Ceramic Rayon   

  Acetate   

Metals Anidex Miscellaneous 

Aluminum Spandex Leather 

Stainless steel Vinyl Wood 

Galvanized metal Dacron Rubber 

  Viscose Plastic 

    Formica 

Table 1.1. AQAS treated substrates exhibiting antimicrobial activity.45 
Redrawn using the model from reference 45 

 

A subsequent study by Isquith et al.47 reported a kinetic test method, which maximises the 

probability of cell-to-surface contact using a 14C modified C18 surface. The method 

provides a quantitative measurement of the rate of kill per square centimetre of the treated 

surface area thereby giving valuable dose-response application information. 
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Bacteria (gram positive)  Algae 

    

Staphylococcus aureus  Cyanophyta (blue-green) oscillatoria 

Streptococcus faecalis  Cyanophyta (blue-green) anabaena 

Bacillus subtilis  Chrysophyta (brown) 

  Chlorophyta (green) Selenastrum gracile 

  Chlorophyta (green) Protococcus 

Bacteria (gram negative)  Fungi 

    

Salmonella chloeraesius Aspergillus niger 

Escherichia coli  Aspergillus flarres 

Mycobacterium tuberculosis  Aspergillus terreus 

Pseudomonas aeruginosa  Aspergillus verrucaria 

Aerobacter aeiogenes Chaetomium globosum 

Salmonella typhosa  Penicillum funiculosum 

  Trichophyton interdigital 

Yeast Pullularia pullulans 

Saccharomyces cerevisiae  Trichoderm sp. madison P-42 

Candida albicans Cephaldascus fragans 

Table 1.2. Microorganisms susceptible to AQAS.45 
Redrawn using the model from reference 45 
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The efficiency of these organosilicon substituted quaternary ammonium salts studies led to 

the development of DOW CORNING 5700 Antimicrobial Agent to prepare antimicrobial 

surfaces, especially on fibres and textiles. Dow Corning 5700, which is quintessentially a 

C18 AQAS, won an IR-100 award from Industrial Research/Development as one of the best 

new products to be commercialised in 1977.48 The same product was also studied as an 

active antimicrobial agent to treat carpets49 and was reported to be active against a wide 

range of bacteria like S.aureus, S.faecalis, E.coli, S.typhosa, S.choleraesuis, P.aeruginosa, 

M.smegmatis, M.tuberculosis, S.mutans, K.pneumonia, E.agglomerans, A.calcoaceticus, 

and S.epidermidis; and also against Fungi like A.niger, A.flavus, A.terreus, C.globosum, 

A.verrucaria, P.funiculosum, T.interdigitale, P.pullulans, T.maidson, C.fragens. 

Murray et al.50 have evaluated the antimicrobial efficacy of cotton-polyester fabric treated 

with Dow Corning 5700™. Dow Corning went onto patent similar products like 

Dow Corning 5701™, an antimicrobial agent for stabilized foams and chemically identical 

to the product DOW CORNING 5700 ™, marketed under the trade name SYLGARD™. 

This could be incorporated into semi-flexible, high resilient, and rigid foam as well as 

polyester flexible and vinyl foams.51  

 

There has been a number of studies that reported the antibacterial efficacy of C18 AQAS 

grafted on a range of substrates like surgical drapes52, silicone elastomer polymer 

surfaces53, silica54-56, titanium surfaces57, Zeolite filter media58, polyester based fabrics59 

like, Nylon-6, Polyester and Acrylic, microfibrillated cellulose60, cotton fibres61 , silk and 

woollen fibres.62 The advantages of the covalently linked C18 AQAS onto silicone 

elastomer (SE) polymer surface, including long-term durability and negligible leachability, 

was reported by Clarkson et al.53  
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Silane anchored AQAS has also been used to graft onto polymer resins that find clinical 

significance in preventing dental fillings failure by recurrent decay. Gong et al.63 performed 

a one-pot synthesis of a Quaternary ammonium silane-functionalized methacrylate using 

tetraethyl orthosilicate (TEOS) as an additional anchoring unit applied to the silane QAS 

(Figure 1.5). This product was co-polymerised with 2,2-[4(2-hydroxy 3-

methacryloxypropoxy)-phenyl]propane producing methacrylate resin. The resin 

demonstrated kill-on-contact microbiocidal activity using single-species biofilms of 

Streptococcus mutans (ATCC 36558), Actinomyces naeslundii (ATCC 12104) and 

Candida albicans (ATCC 90028). Similar one-pot synthesis using silane AQAS and 

methacrylate moieties was reported by Zhang et al.64. The study was aimed at preventing 

caries and prolonging the longevity of dental resin composite restorations. 

 

Figure 1.5. Reaction scheme for synthesizing Silane-functionalized methacrylate using 

Tetraethyl orthosilicate (TEOS).63 

Copyright permission achieved for use of figure in a thesis from Elsevier Copyright 
Clearance Center’s RightsLink® service. License number : 4607390337955 
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 Toxicity of C18 AQAS Compounds 
 

Siddiqui et al.65 have studied the toxicity impacts of C18 AQAS by monitoring the 

percutaneous absorption of C18 AQAS in rabbits. The synthesis of the AQAS was carried 

out using radioactive carbon; 14C18 AQAS was administered to live rats by dermal 

application. The radioactivity of the excreta was monitored to trace the removal of the 

AQAS from the animals’ body. No radioactivity of 14C was found in the urine or tissues of 

dermally treated animals confirming the absorption of 14C18 AQAS through the skin of the 

rabbit being essentially zero. The potential absorption hazard while using this antimicrobial 

agent in contact with the skin is therefore considered insignificant. A follow-up study by 

Siddiqui et al.66 involved the oral administration of C18 AQAS to pregnant rats and studying 

the liver mass effects and development of the foetus in comparison with the control group. 

It was concluded that oral administration of C18 AQAS as high as 1000 mg/kg/day did not 

produce teratogenicity or other indications on developmental toxicity in the rat conceptus 

(embryo).  

 Mode of Action, Advantages and Disadvantages of Existing QAS 

Biocide Technologies 
 

QAS and AQAS are widely used as antimicrobials, disinfectants and sanitizing agents, 

cationic detergents, fabric softeners and phase transfer catalysts. The mode of action of 

each of the QAS compound types are dependent on the absence or presence of the 

anchoring group and the solubility of the particular species. Table 1.3 (below) summarises 

the types of QAS commonly used in solution or on surface and the expected mechanisms 

of potency. QAS without anchoring siloxane species will generally exist as cationic 

surfactants in solution and those with siloxane terminating species may exist as anchored 
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first layers or soluble multilayers. It has to be noted that a methoxy silane terminating 

species on the AQAS undergoes rapid hydrolysis in aqueous systems40, 67, thus having 

similar binding to the substrate as that of a hydroxyl silane terminated AQAS molecule. 

The anchoring of AQAS require only very low dosages compared to blended QAS or 

AQAS. The quantities of monolayer AQAS are generally 6-7 orders of magnitude less than 

a blended QAS biocide system. These anchoring type AQAS are used as  sanitizing agents, 

which can be sprayed onto surfaces directly for instantaneous sanitation under ambient 

conditions (Zoono™) but which are generally not thermally cured. The AQAS species 

attach onto the sprayed surfaces through hydrogen bonding and this may limit the durability 

of the system. For extended durability, heat curing of the coated surface is therefore 

important. This might be essential for sustained hygiene in the medical devices and related 

industries. The thermal treatment leads to the establishment of covalent linkage and hence 

the surface will be more durable compared to a coated but non-thermal treated surface.  
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QAS Biocide Type Commercial Products Speciation and media Most Probable Potency Mechanisms 

Soluble QAS with short alkyl 
chains, no anchoring group 

Didecyldimethylammonium,                                         
Benzyl alkyl 
dimethylammonium chlorides 

Aqueous cationic 
surfactant 

Cation exchange with alkali earth cations on the 
bacterial cell surface: cell wall weakening 

Soluble QAS with a long 
alkyl chains, no anchoring 
group 

Cetrimonium bromide Aqueous cationic 
surfactant 

Cation exchange with alkali earth cations on the 
bacterial cell surface: cell wall weakening 

Covalent siloxane surface-
anchoredAQAS 
(silanol reagent) 

Biosafe HM4100, Zoono  
Layers of anchored or 
oligomeric AQAS higher 
layers 

Anchored first layers : Cell wall lysis by the C18 
chain 
Soluble oligomeric higher layers: Cation 
exchange with cell wall resulting in cell wall 
weakening 

Covalent siloxane surface-
anchored AQAS 
(Sigma methoxysilane 
reagent) 

DOW CORNING 5700 , 
SYLGARD™  

Methoxy silane rapidly 
converts to silanol 
species in the presence of 
water 

Anchored first layers : Cell wall lysis by the C18 
chain 
Soluble oligomeric higher layers: Cation 
exchange with cell wall resulting in cell wall 
weakening 

Table 1.3.  Types of QAS/AQAS Biocide Systems & Potency Mechanisms   
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1.3. Microbiology of Critical Organisms 

In this study, E.coli and S.aureus are chosen as representative strains of Gram-negative and 

Gram-positive bacteria. The terminology of Gram-negative and Gram-positive arises from 

the retention of the purple crystal violet dye during the gram-staining procedure.68 This 

retention or absence of it occurs due to the different cell wall structure that the different 

strains embrace, and should not to be confused with the charge they carry. Gram-positive 

bacteria are those that retain the purple crystal violet dye and Gram-negative are those that 

do not retain the stain.  

 

Gram-positive and Gram-negative bacteria distinguish themselves by the presence or 

absence of an outer membrane additional to the cytoplasmic membrane (Figure 1.6). 

In Gram-negative bacteria, the cell wall is composed of a single layer of 

peptidoglycan (∼2nm) surrounded by an additional membranous structure called the outer 

membrane which is usually considered as part of the cell wall. This outer membrane 

consists of a unique component namely lipopolysaccharide (LPS) which acts as a selective 

permeability barrier and is characteristic of gram-negative bacteria. On the other hand, the 

cells walls in Gram-positive bacteria are composed of several layers of peptidoglycan 

(~ 20-80 nm) with teichoic acid molecules that are rich in phosphate groups, running 

perpendicular to the peptidoglycan sheets.69  
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Figure 1.6. Schematic representation of a Bacterial membrane.70 
Redrawn using the model from reference 69 

 

The peptidoglycan layer imparts cell wall rigidity, shape and integrity to the bacteria. 

The differential cell wall structure with varying viscoelastic properties between different 

strains aids in designing target-specific biocides.71, 72 For this reason, the prime target of 

attack for common biocides is the bacterial cell wall membrane. It is to be noted that both 

Gram positive and Gram negative are negatively charged. This negative charge is 

associated with the teichoic acid and polysaccharide components in Gram-positive bacteria 

and the lipopolysaccharides present in the cytoplasmic membrane of Gram-negative 

bacteria.73 The negative charge imparted by the phosphate components of the 

lipopolysaccharides of the membranes is neutralized by calcium or magnesium ions. 

E.coli typically has rod-shaped morphologies with a smooth surface and is about 2.0 μm 

long and 0.25–1.0 μm in diameter.74-76 Most strains possess flagella that makes them motile. 

S.aureus shows a spherical morphology and occurs in grape-like clusters.77 It is non-motile, 

unlike E.coli. 
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1.4. Substrates for QAS Deposition 

The range of substrates for QAS deposition is very extensive in the literature. In this current 

work, we focus on silica-based materials due to their archetypal surface hydroxyl 

functionality which aids in the anchoring of silane anchored QAS. A second category based 

on polymers (polyurethane based substrate) also is explored in view of its wider 

application.  

 

 Silica Substrates 
The name silica comprises a large class of products with the general formula SiO2 or 

SiO2.xH2O. The surface of a silica substrate is terminated by either a siloxane group 

(Si-O-Si) or one of several forms of silanol groups (Si-OH). The silanols can be divided 

into isolated groups (or free silanols), where the surface silicon atom has three bonds into 

the bulk structure and the fourth bond attached to a single OH group, and vicinal silanols 

(or bridged silanols), where two single silanol groups, attached to different silicon atoms, 

are close enough to hydrogen bond. A third type of silanols, called geminal silanols, consist 

of two hydroxyl groups that are attached to one silicon atom. The geminal silanols are close 

enough to hydrogen bond each other, whereas the free hydroxyl groups are too far apart. 

The surface structure of amorphous silica is highly disordered, and so a regular 

arrangement of hydroxyl groups cannot be expected. For this reason, the surface of 

amorphous silica may be covered by isolated as well as vicinal hydroxyl groups. 

On exposing it to water or atmospheric moisture, it further adsorbs water physically by 

means of hydrogen bonding.  

 

Owing to its surface properties, as well as the chemical and thermal stability of silica, 

there has been tremendous development in the field of fine-tuning silica particles as 
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active carrier systems for controlled release applications or as bioactive molecules. A 

larger body of work has been done in the field of synthetic silica particles with varying 

morphologies and functionalities. Functionalization and utilization of these materials find 

application in catalysis, separation and as sensors.78-80 Synthetic silica systems like MCM-

41 and SBA-15 comprising of honeycomb-like porous structure with hundreds of empty 

channels have been developed, studied and used as commercial adsorbents and catalysts.79, 

81-83 These synthetic silica materials, which fall under the broader category of zeolites, are 

also sometimes referred to as molecular sieves due to their ability to selectively sort 

molecules based on a size exclusion process. They are composed of aluminosilicate 

minerals and known to have a very regular pore structure of molecular dimensions. It has 

to be noted that while microspheres are potentially useful for many non-biological 

functions, they are not suitable for many important biotechnological and biomedical 

applications owing to their large particle size in comparison with mammalian cell 

dimensions. This has led to the development of nano-scaled particles of silica with 

increased surface areas as high as 1050 m2/g.84 A natural alternative to honeycomb-like 

porous structure of silica is Expanded Perlite, which is a siliceous rock.85, 86 It encompasses 

a unique popcorn-like porous structure with pore dimensions in the range of ~ 100 µm and 

a Si:Al ratio of 5:1. It is economically inexpensive in comparison to synthetic alternatives 

and available in many geographic locations around the world. Yet another naturally 

occurring silicate material is Halloysite.87 This has an interesting cylindrical or tubular 

structure (called nanotubes) with an outer diameter of 50–60 nm, an inner diameter of 12–

15 nm, and a length of 0.5–10 μm. The Si:Al ratio is approximately 1:1 with the outer 

surface of the nanotubes mostly composed of SiO2 and the inner surface of Al2O3. 

These two surfaces being oppositely charged, could be utilized to incorporate molecules 
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with different charges and would be of great interest in the field of encapsulation of active 

components.  

 

  Polyurethane Substrates 
Polyurethanes are one of the most versatile materials in the world today. Their application 

range is very wide across different sectors like construction, medical devices, footwear, 

furniture, automotive etc. Polyurethane materials are also used as artificial skin, bone 

grafts, scaffolds, articular cartilage and in many other bio-implants.88-90 

Generally, polyurethane is successfully recycled from a variety of consumer products and 

hence is favoured by industries due to environmental considerations, extended product life 

cycle and resource conservations.91, 92 

 

Polyurethanes are characterised by the presence of urethane linkages (–HN–COO–), and 

their properties can be tailored by varying the types of polyol and polyisocyanates, which 

are the starting materials for this polymer.93, 94 Long flexible segments from the polyol 

component can give a soft polymer with good elasticity and vice versa. The toughness or 

rigidity is proportional to the extent of crosslinking produced within the polymer chains. 

The crosslinking present in polyurethanes relates to a three-dimensional network of 

polymer chains and their molecular weight is very high. The surface functionalities of 

polyurethane substrates would also be affected by a change in the ratios of constituent 

polyols and isocyanates used for synthesis.  

 

Tethering cationic biocides to the polymer backbone is extensively mentioned in the 

literature. This method however, comes with a drawback whereby the biocidal molecules, 

which might be positioned within the bulk of the polymer, will cease to be active.95 
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Surface molecular layers deployed in this current study would be a solution to this concern. 

Additionally, they would reduce any possible recycling bottlenecks rendered due to the 

presence of external components in the bulk of the polymeric material.  

 

1.5. Surface Modification of Substrates by Plasma Treatment 

The plasma state essentially involves ionization of a gas into charged and neutral species 

including electrons, ions, and vacuum ultraviolet radiation. Plasma treatment is a 

well-known method to modify the surface of a material by irradiating it with the dissociated 

molecular components of a gas. The high-energy state of these components is chemically 

very reactive causing surface modifications and thereby improving the surface 

functionality. The surface hydrophilicity increases which leads to increased adhesion and 

bonding between different substrates or coatings.96 The main advantages of plasma over 

other methods is the flexibility in employing a variety of gases for treatment. The most 

commonly used gases are O2 and N2. Nonetheless, for physical etching processes, inert 

gases such as Ar and He are also employed. 

 

Plasma treatment is widely used for nanotexturing on polymers97 and fibres. 

However, substrates like quartz are resistant to such morphological changes,98-100 but 

undergoes an increased surface activity. Sanchis et al.97 have reported an increase in 

oxygen-containing carbon species of polyurethane after irradiation with oxygen plasma. 

Surface activation processes work by altering the first several molecular layers through 

chemical functionalization that increases the surface energy of the material leading to 

improved adhesion and wettability of the treated material. It has to be noted that only the 

surface (first several molecular layers) of the material is altered; the characteristics of the 

bulk material remain the same. This increased surface activity improves the uniformity of 
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the coating on a surface. The advantages of increased surface activity is very relevant for 

molecular-layer systems like in the present study of anchored quaternary ammonium salts 

on surfaces. These molecular layer biocides are particularly aimed at creating efficient 

systems with reduced dosage without compromising their potencies. Thus, plasma 

treatment plays a key role in making these molecular systems contribute towards a greener 

environment.  

 

1.6.  Selection of Surface and Bulk Analytical Techniques  

The choice of analytical techniques in this thesis work is primarily based on the concept of 

probing the surface molecular layers with the exception of solid-state NMR analysis, where 

characterisation of the bulk is deployed.  

 

 Atomic Force Microscopy 
Binnig et al.101 revolutionized surface imaging with the invention of the first atomic force 

microscope capable of atomic-scale resolution of surfaces. A decade later, Giessibl et al.102 

reported the imaging of a silicon surface with atomic resolution. Ever since, the 

advancements in the field of this powerful technique have been nothing short of being 

exceptional. The atomic force microscope operates by measuring the variations in force 

between a scanning probe and the sample surface thus combining the functions of a 

scanning tunnelling microscope and a stylus profilometer.  

An atomic force microscope works by raster scanning a surface using a probe and sensing 

the interaction between the tip and the sample (Figure 1.7). A typical AFM system consists 

of a micro-machined flexible cantilever probe mounted to a Piezoelectric (PZT) actuator, a 

sharp tip at the end of the cantilever which is usually made of silicon or silicon nitride, an 
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optical deflection system (laser diode and photodetector), and an electrical feedback 

system. The cantilever deflects while the surface is being scanned owing to the interaction 

between the AFM tip and the sample surface. The four-quadrant photodetector receives the 

laser beam reflected off the AFM tip and provides a cantilever deflection feedback, which 

forms the basic principle of contact mode of scanning. The laser beam deflected from the 

AFM tip while contouring the surface, contributes to creating a topographical image data 

from the feedback circuity signals.103  

 

Figure 1.7. Schematic representation of an AFM. Oscillating cantilever leads to 
oscillating signal on the photodetector. 

 

1.6.1.1. Modes of Imaging 

Contact mode has been the most widely used and originally conceived mode in which the 

AFM tip is in direct contact with the sample surface during the raster scanning. A constant 

force is applied between the tip and the sample. In this mode of operation, two types of 

images can be obtained namely, height and deflection. The height image is generated by 

recording the cantilever deflection as the tip is scanned over the surface of the sample. The 

height image provides calibrated height information of the sample, providing accurate 

measurements on surface roughness, the height of surface features, and thickness of 
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biological layers. The deflection image is captured by keeping the deflection of the 

cantilever constant while the AFM tip scans over the sample surface. This is achieved by 

adjusting the sample height using a feedback loop.104 However on many occasions, the 

feedback loop can be erroneous causing small deflections to the AFM probe and the 

resulting error signal is used to produce the deflection image (also referred to as amplitude 

image in tapping mode).105 Hence, this image is less quantitative in nature and will not 

accurately reflect the height variations on the surface, but rather provide information on 

fine surface details.  

As the tip is in constant contact with the sample surface during the scanning, a considerable 

shear force can be generated causing damage to soft biological samples and thereby create 

image artefacts. Weakly adsorbed objects may be significantly distorted or displaced and 

this fact points to a significant disadvantage of this technique, but the resolution is the 

highest obtainable in the absence of such factors.106 The AFM probe should be chosen in 

accordance with the sample stiffness; softer tips with low force constants (N/m) for soft 

samples and vice versa. The interaction between the AFM cantilever tips and the sample 

surface is driven by the stiffness characteristics of the tip. The choice of tips based on their 

stiffness or spring constant is critical for good quality imaging. The spring constant of the 

cantilever tip in relation to its dimensions can be expressed in the following equation: 

 

 

 
Equation 1.1 

 

where w = cantilever width; t = cantilever thickness; L = cantilever length and Y = Young’s 

modulus of the cantilever material.  
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In addition to the contact mode, the microscope can be operated in non-contact, 

near-contact and tapping modes that reduce lateral forces that may disrupt soft, biological 

materials. Tapping mode is currently the most dominant choice for AFM analyses. In the 

tapping mode (also called as intermittent contact mode), the AFM probe is excited 

externally near its resonance frequency and the amplitude and phase of the cantilever are 

monitored as the tip is scanned over the sample surface. The free oscillation amplitude of 

the cantilever is dampened due to the sample surface and tip interactions and thus an image 

is generated. Three types of images can be recorded in tapping mode namely, height, phase, 

and amplitude. The height image provides topographic information similar to contact 

mode. The amplitude image is equivalent to the deflection image in contact mode and 

provides information on the fine surface structure. The phase image records the phase lag 

of the cantilever oscillation relative to the cantilever driving voltage signal and gives 

important information on the sample composition and properties such as viscoelasticity and 

adhesion.107 In the AC or tapping mode, scanning can be performed in a ‘repulsive’ or 

‘attractive’ mode.108 Repulsive AC mode is the most common and it indicates the tip being 

in repulsive (hard) contact with the surface in some fraction of its oscillation. Tracking the 

surface on small increase in amplitudes as the tip approaches the surface is known as the 

attractive AC mode. This mode is gentler on samples compared to the repulsive AC mode 

and is required for soft biological materials. There are also other modes like amplitude 

modulation frequency modulation (AM-FM) developed for specific applications like nano-

mechanical property mapping which is beyond the scope of this study.109 

 

Piezoelectric excitation is normally used to drive the cantilever oscillation due to its design 

simplicity, but the response of the cantilever is often far from ideal. This, in essence, limits 

the resolution of imaging especially while imaging in a liquid medium due to the copious 
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number of oscillation overtones and tip drag produced. Recent advances in this field have 

led to the development of a novel excitation mechanism of the cantilever using a blue laser 

photothermal route110 which addresses these shortcomings, thereby providing significant 

improvement for tapping mode analyses in liquid medium. 

 

The AFM imaging can also provide more information than just morphological data. The 

section height tool in the Oxford Cypher AFM software can be used to analyse the 

morphological images to obtain the height or thickness values. A surface profile graph 

is produced by this tool, which allows the accurate measurement of height values at 

different points on a sample scan area. A typical AFM image together with the surface 

profile are shown in Figure 1.8. The darker shaded regions observed in the image are 

indicative of voids in the coating layer thereby exposing the underlying substrate. The red-

toned colour gradients within the lighter yellow colour zones represent increasing number 

of multilayers on the surface. 

 

Figure 1.8. The surface height profile (along the bold red line on the left image) is indicated 
by the plot on the right side. 
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 X-ray Photoelectron Spectroscopy 
X-ray Photoelectron Spectroscopy (XPS) is a surface analysis technique first developed in 

the 1960s by Kai Siegbahn at the University of Uppsala, Sweden. Siegbahn later on, won 

the Nobel Prize for Physics for his work in 1981.111 A sample surface under vacuum 

conditions is irradiated with X-rays and the energy of the emitted electrons by photoelectric 

effect is detected. The number of detected electrons per energy interval versus their kinetic 

energy is obtained as a spectrum. The obtained spectrum is unique to each element and 

allows the determination of elemental speciation on a surface.  

 

When incoming X-ray photons interact with the electrons in the surface atoms, they emit 

electrons by the photoelectric effect. Generally, Mg Kα (1253.6 eV) or Al Kα (1486.6 eV) 

X-rays which have photons of penetrating power in the order of 1-10 µm are usually used. 

Due to their limited power, they interact only with atoms in the surface region. 

Sometimes electrons from a higher valence level fill the voids created by the emission of 

these photoelectrons. This results in the release of energy, which could be transferred to a 

secondary electron and is eventually expelled from the atomic orbitals. Such secondary 

electrons are known as Auger electrons. A simplified schematic diagram showing this 

process is given below (Figure 1.9). 
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Figure 1.9. Photoelectron emission from orbitals due to X-ray irradiation. 

 

The combined kinetic energies of the emitted electrons can be obtained by the following 

equation: 

 KE = hν – BE -фs  Equation 1.2 

 

where hν is the energy of the incoming photon, BE is the binding energy of the atomic 

orbital from which the electron originates and фs is the spectrometer work function.111 

The binding energy is the energy difference between the initial and final states after the 

photoelectron has left the atom and is unique to each element. Variations or shifts in 

elemental binding energies occur due to changes in the chemical potential and polarizability 

of compounds and is of great importance in the identification of surface species. 

The inelastic mean free path of emitted electrons is very small in solids and the spectral 

peaks detected by the XPS analyser are produced by those electrons that originate from the 

top few atomic layers. This provides a sampling depth of d=3λ from which 95% of electrons 

are scattered. The λ for Al Ka X-rays being around 3.5 nm makes the sampling depth ~ 10 

nm112 thus making XPS analysis a very surface sensitive technique. The electrons leaving 
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the sample are detected by an analyser, which operates within a range of energy known as 

the pass energy and accepts only those electrons within the designated pass energy range. 

For samples with an unknown surface composition, a broad scan survey spectrum is 

obtained to chemically identify the elements on the surface. Most elements have 

photoelectron peaks in the range between 0 -1100 eV. Once the elemental composition is 

attained, detailed scans (known as core level scans or narrow scans) with smaller pass 

energy range can be performed to get more in-depth information such as chemical 

information of each element. 

 

1.6.2.1. Enhanced Surface Sensitivity: Varying the Take-Off Angle. 

A normal XPS analysis is carried out at a 90° take-off angle, which is measured between 

the emitted photoelectron trajectory and the surface. This would mean the angle between 

the spectrophotometer and the normal to the surface would be θ = 0° (sample stage at 

normal position). In order to acquire more information from the surface, the take-off angle 

can be decreased to reduce the sampling depth. When the sample stage is tilted 

consequently reducing the take-off angle, the emitted photoelectrons traverses more 

through the surface layers. This is schematically shown below in Figure 1.10. 
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Figure 1.10. Sample-stage tilting and change in the take-off Angle.  

 

Increasing the value of θ by tilting the sample stage decreases the depth of sampling, 

thereby increasing surface sensitivity.  

Sampling depth d = 3λ cos θ 

     = 3λ sin (90-θ) 

     = 3λ sin α 
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 FTIR Spectroscopy 
Fourier-transform infrared spectroscopy (FTIR) is a technique for obtaining an infrared 

spectrum of absorption from a sample, using Fourier transform conversion of a time domain 

raw data to frequency domain data, and thus helps in characterizing, identifying and 

quantifying samples. Infrared spectra originate from the transitions between discrete 

vibrational and rotational energy levels of molecules.113 The mid-infrared range of the 

electromagnetic spectrum, approximately between 4000–400 cm−1 is used to study the 

fundamental vibrations and associated rotational-vibrational structure of molecules. 

Photons associated with this part of the electromagnetic spectrum is not sufficient to excite 

electrons but can induce vibrational excitation of covalently bonded atoms and groups. 

These bonded atoms or groups in molecules vibrate by virtue of absorbing specific 

frequencies in the IR that resonate with their fundamental vibrational frequency and 

generate an absorption band at the corresponding frequency.  

The vibration of molecules can be treated as a simple harmonic motion. According to this 

approximation, the spring obeys Hooke’s law, which implies that the force required to 

extend the spring is proportional to the displacement.114 The frequency of the vibrating 

spring represented as a simple harmonic motion can be expressed in the following equation: 

 

 

 
Equation 1.3 

 

 

 

where ν is the frequency, k is the force constant and µ is the reduced mass. When the 

molecules are excited, they absorb a quantum of energy E corresponding to this vibrational 
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frequency and following the equation E = hν where h is the Plank’s constant. In order for a 

vibrational mode in a molecule to be "IR active," the dipole moment associated with the 

vibration has to change. The number of vibrational modes or the ways in which a molecule 

can vibrate is dependent on the molecular geometry. A linear molecule can have 3n-5 

degrees of vibrational modes (vibrational freedom) and nonlinear molecules have 3n-6 

degrees of vibrational freedom. The intensity of bands observed in an IR spectrum depends 

on the number of bonds present in the molecule and associated change in dipole moments.  

Conventional IR spectrophotometers work by transmitting IR radiation directly through a 

sample. The sample is prepared by grinding it to a fine powder, dispersing the powder in a 

mid-Infrared transparent or inactive matrix like KBr and pressed to a glassy disk pellet 

~1 mm in thickness. This sample preparation is a time consuming process, which can 

further get complicated if the sample to matrix mixing ratios gets erroneous or if the 

prepared matrix is non-homogenous. This could contribute to inevitable reproducibility 

concerns. For this reason, attenuated total reflection is more widely used these days for 

getting absorption spectra of samples. 

 

1.6.3.1. Attenuated Total Reflection (ATR) 

 

Attenuated total reflection (ATR) is a sampling technique used in conjunction with infrared 

spectroscopy. This technique allows direct analysis of samples bypassing the conventional 

pellet disc preparation using KBr crystals. ATR is conceptualized on the phenomenon of 

total internal reflection of a beam of light that occurs when the incident beam exceeds the 

critical angle of incidence while it passes through a medium of a higher refractive index 

than the surrounding medium.115 According to Snell's law, the ratio of the sines of the 
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angles of incidence and refraction is equivalent to the reciprocal of the ratio of the indices 

of refraction, and expressed in an equation as follows: 

 n1 Sin θi = n2 Sin θr Equation 1.4 

θi is the angle of incidence, θr is the angle of refraction. n1 and n2 represent the refractive 

indices of the two media (ATR crystal and sample in this scenario) where the light beam 

traverses. The angle of incidence θi when increased reaches a critical stage at which the 

refracted ray grazes the surface of the interface and this is also the largest possible angle 

for which refraction can still occur.  

 

 

Figure 1.11. Total Internal Reflection of light at the Interface of media with different 
Refractive Indices. 

 

Any angle of incidence greater than this critical angle will undergo a total internal reflection 

as depicted in Figure 1.11. If the critical angle is not met by the incoming IR beam, a 

combined ATR and external reflectance will occur. Many factors could contribute to this 

skewed experimental result like 1) if the angle of incidence of the IR beam is too low, 2) if 

the refractive index of the crystal is too low, 3) if the refractive index of the sample is too 

high or a combination of these three factors. For this reason, the refractive indices of the 

crystal and sample are critical in the ATR sampling technique. An ATR crystal acts as the 
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higher refractive index medium causing total internal reflection of the incident light beam. 

The excellent optical and mechanical properties of diamond make it an ideal material for 

ATR; however, other materials like germanium, KRS-5 and zinc selenide are also used for 

making an ATR crystal.  

 

While performing the ATR analysis, the sample it is necessary to keep the sample in close 

contact with the ATR crystal and during this internal reflection, an evanescent wave is 

created which extends beyond the crystal surface and propagates into the sample. This 

evanescent wave protrudes only a few microns beyond the crystal surface into the sample 

and hence can give information on the sample surface within a range of approximately 1 - 

2 µm. This depth of penetration is dependent on many factors like the wavelength of light, 

the angle of incidence and the indices of refraction for the ATR crystal and the sample 

medium being probed. The incident beam will be attenuated or altered in those regions of 

the infrared spectrum where the sample absorbs energy from the evanescent wave (Figure 

1.12). This attenuated IR beam exits the ATR crystal and is passed to the detector in the 

spectrophotometer. The system generates a Fourier Transform infrared spectrum. 

The number of reflections of the IR beam within the ATR crystal can be varied by varying 

the angle of incidence.  

 

Figure 1.12. Attenuated Total Reflection and Evanescent wave formation in FTIR ATR 
Spectroscopy. 
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 Scanning Electron Microscope (SEM) 
The scanning electron microscope (SEM) is a very versatile instrument that helps in the 

analysis of the microstructure morphology and chemical composition characterisations. 

The first SEM prototype was developed by Max Knoll in 1935. The SEM utilizes a focused 

electron beam to raster scan across the surface of the specimen producing a large number 

of electron signals, which are converted to a visual signal.116 The major component of an 

SEM is an electron gun that produces the electrons and accelerates them to the required 

energy level in the high-vacuum conditions within the chamber, thus preventing scattering 

of electrons by air. The other components are specimen stage, electron beam scanning coils, 

signal detection, and processing system, which work synergistically to provide real-time 

observation and image recording of the specimen surface. 

When an incident electron strikes the specimen surface, the energetic electrons penetrate 

into the sample before they encounter and collide with a specimen atom.117 A primary 

electron beam thus produces a region of primary excitation from which different type of 

signals are produced (Figure 1.13). This volume and depth of this excitation region 

increases with an increase in the energy of the incident electron beam and decreases with 

increasing density and atomic number of the specimen.  

The image generated is dependent on the acquisition of signals produced from the electron 

beam and specimen interactions. These interactions can be divided into two major 

categories: elastic interactions and inelastic interactions. Incident electrons that undergo 

elastic scattering with negligible energy loss are called backscattered electrons (BSE). 

These electrons yield a useful signal for providing both compositional and topographic 

information of the imaging sample. The BSE electrons have large energy (greater than 

50 eV) which shields them from being absorbed by the sample and are capable of providing 
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information about features that are deep beneath the surface. However, their lateral 

resolution is low. 

 

 

Figure 1.13. Regions of excitation and signals emitted- thereof during an SEM analysis. 

 

Contrary to the elastic interactions producing BSE images, an inelastic scattering results in 

a substantial loss of energy of the incident electrons, which is transferred to the electrons 

of the sample atom. This energy is utilized for the excitation of the specimen atoms and 

produces secondary electrons (SE) of low energy and are the most widely used signal in 

SEM imaging. Due to their low energy (3-5 eV), they can escape only from the top few 

nanometres of the sample surface and owing to this, they give accurate topographic 

information with good resolution of the surface. Apart from these signals, which are utilized 

for image generation, there are a number of other types of signals generated from this 

incident electron bombardment on the sample like characteristic X-rays, Auger electrons, 

and cathodoluminescence.  
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1.6.4.1. Energy-Dispersive X-ray Spectroscopy (EDS)  

Energy-dispersive X-ray spectroscopy (EDS) is an analytical technique used for the 

elemental analysis or chemical characterisation of a sample in conjunction with the 

Scanning Electron Microscope. The characterisation is based on the fundamental principle 

of electromagnetic emission spectrum arising from the unique atomic structure of elements. 

When electrons in the inner shells are emitted from the constituent atoms due to irradiation 

with the incident electron beam (Figure 1.13), the vacant orbits are filled with outer shell 

electrons and leads to X-ray emission. The energy of these X-rays correspond to the energy 

difference between the outer shell electrons and inner shell electrons and are characteristic 

of individual elements. High-energy incident electrons are required to generate these 

characteristic X-rays.116 

 

  Solid State NMR Spectroscopy  
Nuclear magnetic resonance is a physical phenomenon used to study molecular properties 

of matter. Nuclear magnetic resonance occurs when the nuclei of certain elements are 

placed in a static magnetic field and exposed to an external oscillating magnetic field. 

This phenomenon is only characteristic of those nuclei which possess a property called 

spin. The nuclear spin is the intrinsic quantum property used to comprehend the nuclear 

angular momentum, which is quantized. The spin angular momentum of the nuclei leads to 

a magnetic moment µ, which also is quantized and is given by the equation: 

 

  

or  

 

 
Equation 1.5 

 

µ =   

Z
e
 

2mN 
I µ =   ɣ I 



40 
 

where I is the nuclear spin angular momentum, mN is the mass of the nucleus and Ze is the 

charge number. The nuclear magnetic moments may also be expressed in terms of the 

gyromagnetic ratio ɣ as shown above. When nuclei with a spin is placed in a magnetic field 

of strength B, a torque is exerted on the magnetic moment µ of the nuclei, which tends to 

align itself parallel to the magnetic field. The presence of the angular momentum causes it 

to undergo a gyroscope-like movement about the applied magnetic field B0 and is known 

as the Larmor Precession (Figure 1.14). The frequency of the precession is known as the 

Larmor frequency. It is characteristic of a specific nucleus.118  

The Larmor frequency ν can be expressed by the following equation: 

 

  

 

 

 
Equation 1.6 

 

The specific relationship between resonant frequency and the field strength is an inherent 

characteristic of each nucleus and is generally designated the gyromagnetic ratio ɣ. 

                       

Figure 1.14. Precession of nuclei and the energy states when a magnetic field B0 is 
applied. 

 

ν =   
ɣ Bo 

2π 

[Hz] Larmor Frequency    
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While the majority of nuclei prefers to align in the direction of the applied magnetic 

moment (lower energy state or α state), there would be a small fraction which will align in 

a direction opposite to the applied field and is known as the higher energy state or the β 

state. At room temperature the ratio of the number of nuclei in the lower energy state 

(α  state) to that of the higher energy state (β state) can be represented by the equation: 

 

 

 

 
Equation 

1.7 

Transitions between these two spin states involve the absorption or release of energy in the 

form of photons with frequency corresponding to the Larmor frequency ν, which is 

dependent on the gyromagnetic ratio ɣ and the magnetic strength B. These transitions can 

be made by irradiating the nuclei within the magnetic field with a radio frequency pulse, 

resulting in absorbed energy Δ E= h ν where ΔE corresponds to the difference in energy 

between the different spin states, h is the Planck’s constant (6.626×10-34m2 kg/s) and ν, the 

Larmor precession frequency of the nuclei.118
 

 

Solid state NMR spectra can potentially provide more information than a solution NMR 

spectra giving more insights into the molecular dynamics, and structure. This is because in 

solids, the atoms/molecules have a restricted motion, hence the interactions like chemical 

shift anisotropy, direct dipolar coupling, nuclear quadrupole coupling are not averaged to 

zero unlike in liquids where they are partly or completely averaged out due to molecular 

tumbling. 

E:  energy difference between the spin states 

k: Boltzmann's constant, 1.3805x10-23 J K-1  

T: temperature in Kelvin. 
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1.7.  Aim & Novelty of the Thesis Projects  

 

The rise in global consumer demand for hygiene products and increasing consumer 

sensitivities towards human health impacts and environmental collateral damage provides 

the foundation for this thesis work. As described previously in this section international 

government regulatory authorities are eliminating even those biocides, which were 

approved previously due to their “non-green” properties. Gaining regulatory approval for 

new biocides from EPA, FDA is extremely expensive, time-consuming, and poses a 

bottleneck to the development of novel biocide systems. Amidst these challenges, only a 

few international research groups are focussed on developing greener biocides. This current 

work is aimed at filling existing gaps towards the development of a greener and sustainable 

biocidal system for the environment. 

 

The thesis comprises three sections, interconnected by a common thread, namely the C18 

AQAS biocide. The first section consists of the fundamental study of anchored C18 AQAS 

on atomically flat quartz substrate. It provides an in-depth surface chemistry study utilizing 

AFM and angular-dependent XPS analysis, giving information on surface coverage, 

structure and bacterial potency of monolayers of the widely deployed C18 AQAS biocide. 

The second study focusses on the utilization of a naturally occurring aluminosilicate 

material called Expanded Perlite, which encompasses well-defined honeycomb cell 

structures as sites for C18 AQAS adsorption, accumulation and sustained release over a 

prolonged period. The oligomeric species of the C18 AQAS identified using Solid State 

NMR studies have proven to be potent against both gram-positive and gram-negative 

strains of bacteria thereby finding applications in hygiene systems like sewage treatment 

and water purification. The final part of the thesis aims at exploring a polyurethane thin 
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film as an anchoring substrate for the C18 AQAS. This part involves the synthesis of an 

optically clear, heat resistant thermosetting polyurethane film, AQAS anchoring on the 

PUR films and microbiological study to confirm the potency of the system. Such thin films 

could find applications in touch screens for display devices, kiosks and most applications 

where public sanitation is of great significance.  
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2. AFM and Angular Dependent XPS Studies of 

Anchored Quaternary Ammonium Salt Biocides on 

Quartz Surfaces 
 

2.1. Introduction 

 

The global market trend towards greener biocides has been driven by consumer demand 

for improved hygiene with reduced risks to human health and background environmental 

impact.3 This trend is reflected in the incorporation of greener biocides in commercial 

products across several niche sectors including healthcare, construction, packaging, water 

and air quality, etc. The biocide types that can be presented at mono-molecular or nanoscale 

coverage levels have significant advantages over conventional thicker coating 

technologies, especially if the former is strongly anchored to the substrates and therefore 

are able to provide persistent non-leachable hygienic protection over an extended period. 

The advantages of anchored biocides include ideally optimized hygiene at very low 

mono-molecular coverage dosage levels which are several orders of magnitude less than 

conventional coating technologies. In addition to the reduced risk of toxicity with very low 

dosage levels, this also substantially simplifies the product life-cycle, in particular in 

regards to safe substrate recycling processes.  

 

One of the more important, and established, anchored biocides is the commercial product, 

Biosafe HM4100, an Anchored Quaternary Ammonium Salt (AQAS) incorporating a 

siloxane anchoring group. The mechanism of its potency is invoked by its manufacturers 

to be lysis (cell wall penetration) by the C18 chain, which is attached to the positively 
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charged quaternary nitrogen.119-121 A contrasting aspect is that the common, potent non-

anchoring Quaternary Ammonium Salt (QAS) biocides are usually considered to act by 

ion-exchange with alkaline earth cations in the cellular membrane surface.25, 122 Such a 

cation-exchange mechanism is not feasible for surface-anchored QAS.  

 

The overall aim of this paper is to elucidate, using surface-analytical techniques, the 

fundamental morphology, structure, orientation and surface chemical behaviour of AQAS 

biocide monolayers and multilayers on a flat quartz surface with known silanol-anchoring 

capacity. The surface-analytical techniques employed are Atomic Force Microscopy 

(AFM) and angular-dependence X-Ray Photoelectron Spectroscopy (XPS) with some 

additional molecular surface-region analysis from Attenuated Total Reflectance Infrared 

Spectroscopy (ATR FTIR). The secondary aim of using AFM is to investigate the extent 

of cellular disruption for common Gram-positive (Staphylococcus aureus) and Gram-

negative (Escherichia coli) bacteria in surface contact with the surface layers of AQAS on 

Quartz. The latter recognizes the limitations of AFM to probe the actual bacteria-AQAS 

contact surface and so focuses on evidence of perturbation on the outer bacterial surfaces. 

 

There have been recent developments in the literature for the types of systems in this study, 

viz., Anchored QAS film/Substrate and Bacteria/Anchored QAS film/Substrate systems. 

Some but not all of these reports involve the combination of surface analysis methods, 

Atomic Force Microscopy (AFM) and X-Ray Photoelectron Spectroscopy (XPS).123-138 

The extensive review of the literature prior to 2015 by Xue et al.129 includes a comparison 

of ammonium and phosphonium salt biocides.  
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The recent literature papers can be summarized in relation to the relevance of key aspects 

to the aim of the present study: AFM and XPS studies of similar surface films not including 

anchored QAS; 123-125, 136 QAS type species on or in substrates such as copolymers, 

polymers, resins or membranes;126, 128, 130-133, 137 AQAS surface studies but not deploying 

both AFM and XPS analysis,126, 127, 130-133, 138 and binary systems such as chitosan/silica or 

silver (which is itself a potent established biocide).135, 137 

 

The important challenge defined by van de Lagemaat et al.126 seeking new improved direct 

methods in evaluating and understanding anti-bacterial activity is relevant to this study, and 

for the field in general. Iarikov et al.134describe a system involving a different form of 

quaternary salt prepared in situ for which a nano-scale layer thickness is observed. Also, the 

XPS study by Poverenov et al.132 discusses N1s peak assignments for a related system. 

Paterakis et al.123 and the important early study by Schwartz et al.136 have identified island 

structures in AFM studies of conducting polymers and organo-silanes respectively on 

various surfaces.  

 

The originality in this study can be defined in terms of the literature analysis above and 

specifically with reference to the challenge posed by Lagemaat et al.10 It is the first in-depth 

AFM and angular dependence XPS study of the fundamental surface chemistry of the 

important Bacteria/Anchored QAS/Quartz system, including coverage, structure, ordering 

and disordering of the widely deployed type of anchored QAS biocide (Biosafe HM4100). 

The biocide has as its active component: 3 (trihyroxysilyl) propyl dimethyloctadecyl 

ammonium chloride (Figure 2.1) which forms a covalently bonded AQAS layer (Figure 

2.2). This is the layer that is the primary focus of this paper.  
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Figure 2.1. Biosafe HM4100 AQAS chemical structure.  

 

 

Figure 2.2. Hydrogen bonding, condensation and siloxy bridging of AQAS molecules on 
the –OH rich quartz surface.1 

  

                                                 
1 6.Strategic Thesis Model: AQAS Surface Layers 
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2.2. Experimental 

 Materials and Reagents 
The Anchored Quaternary Ammonium Salt used (AQAS: Biosafe HM4100) was obtained 

from Biosafe Inc. (Pittsburg PA) in the initial stages of the experiment and subsequently 

from Gelest Inc. U.S.A. Quartz microscope slides G381 were purchased from ProSciTech 

Pty Ltd (Australia). Escherichia coli (ATCC 25922) and Staphylococcus aureus (ATCC 

6538) cultures were prepared in the Medical Microbiology Laboratory at the University of 

Auckland (Grafton Campus). Tryptic Soya Broth (TSB) was purchased from Fort Richard 

(Bacto). Tris hydroxymethylmethylamine SA buffer (Tris) was purchased from Romil Ltd. 

AFM cantilevers were purchased from Budget Sensors and Bruker International. 

Poly- L- lysine was purchased from Sigma Aldrich. Nucleic Acid stains (Propidium 

Iodide/Syto 9) were purchased as BacLight™ Bacterial Viability Kit from Thermo Fisher 

Scientific. 

 

The AQAS product, Biosafe HM4100 is approved by the EPA (Reg. No. 83019-1) and 

FDA and is listed as a modifier of plastic substrates. It is an established antimicrobial 

product which finds application both as a surface anchored system as well as in bulk 

systems such as polymer resins. The AQAS product is thermally stable up to 250◦C in inert 

conditions121 and up to 200°C under air/ambient conditions.  

 

The potencies of a stable layer of Biosafe 4100 against various organisms have been 

specified by an ISO 17025 accredited medical-testing laboratory and these potencies have 

been reported by the manufacturers139 (Gelest/Biosafe) and in published literature.140 

These include rapid potency (99.999% killing within 5 mins) against Staphylococcus 
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aureus. Potency against Escherichia coli has been reported separately in the scientific 

literature.140, 141 

 Chemisorption of AQAS onto Quartz Substrates 
 

The preparation of a stable chemisorbed AQAS layer follows the protocols given by the 

manufacturers (Gelest/Biosafe). The mechanism of film formation is expected to involve 

two steps: the silanol terminating groups of the AQAS (Biosafe HM4100) initially 

hydrogen bond with the terminal silanol groups of the quartz surface, which after curing at 

160°C lead to a stable persistent covalently bonded AQAS layer (Figure 2.2).  

 

2.2.2.1. Pre-Cleaning of the Quartz Slide Surface: 

The quartz slides were washed in a 1 % (w/w) non-ionic surfactant Triton X 100 solution, 

and were rinsed several times in de-ionized water under sonication for 15 minutes, each at 

45°C. This was allowed to dry in air, followed by standing in 35% hydrogen peroxide under 

ambient conditions to remove any pre-existent carbonaceous surface impurities on the 

slides. The slides were further rinsed extensively in de-ionized water and air-dried for 

deposition of AQAS onto the surface. The same pre-cleaning process was carried out for 

preparation of the control bacterial surface. The duration between pre-cleaning step and 

AQAS deposition was always minimised (<5 mins) to avoid the decrease of hydrophilicity 

of the quartz surface with increasing time.142 

 

2.2.2.2. Preparation of AQAS solution:  

The three different concentrations of the AQAS (Biosafe HM4100) aqueous solution were 

prepared in de-ionized water (0.1%, 0.01% or 0.001% (w/w)). The solution was stirred at 

90°C for 1 hour. The initial solution was observed to be cloudy at ambient temperature 
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presumably due to cluster formation in solution associated with AQAS-AQAS hydrogen-

bonding.143 This changed to a homogenous clear solution as the temperature was raised to 

90°C under stirring and this clear solution was used for the coating of quartz substrates. 

These solutions at elevated temperatures would be expected to retain the AQAS-AQAS 

silanol bridging (mentioned above) to a significant extent. 

 

2.2.2.3. Preparation of pH varied AQAS solution 

A 0.1% solution of Biosafe HM4100 in milliQ water has a pH of 4.02. A second solution 

of Biosafe HM4100 (0.1%) was prepared and the pH adjusted to 1.17 by dropwise addition 

of 1M HCl to the 0.1% Biosafe HM4100 solution (1M HCl prepared from standard HCl 

37%; 12M). These two solutions with pH 4.02 and 1.17 were coated onto separate quartz 

slides and subjected to XPS analysis. 

 

2.2.2.4. Adsorption of AQAS onto the Quartz Slides (Biocidal Surface):  

The pre-treated quartz slides were soaked in the prepared AQAS solutions for 15 minutes 

in ambient conditions followed by curing in an oven at 160°C for 15 minutes. As mentioned 

elsewhere, this process is assumed to result in the formation of a stable AQAS layer (see 

Results and Discussion, Solution Processes. 2.5.1).  

 

2.2.2.5. Preparation of Poly L lysine pre-treated Quartz Slides (Control surface) 

Poly-L-lysine was received as an aqueous solution (0.1% w/v in H2O) and diluted to 

0.066 % in 10mM Tris buffer with the final pH of 9.8 after dilution. Clean quartz slides 

were immersed in the poly-L-lysine solution and incubated at 37°C for 2 hours. The slides 

were removed from the solution and left to dry overnight at ambient conditions.144  
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 Bacterial Preparation for AFM Study of AQAS Surfaces 
Bacterial broths of the strains E.coli (ATCC 25922) and S.aureus (ATCC 6538) were 

prepared (109 CFU/ml) in Tryptic Soya Broth (TSB) and incubated overnight at 37°C on a 

shaker plate at 200 rpm. The cells were collected by spinning down at 4000 rpm for 5 

minutes after which the pellet was washed twice in saline solution and finally re-suspended 

in saline to attain ~ 10 7 CFU/ml. 2 µl each (~ 104 cells) of the bacterial solution thus 

prepared was deposited onto a poly-L- lysine treated quartz (control surface) and 0.01 % 

(w/w) concentration of AQAS treated quartz biocidal surface separately, using a 

micropipette and then air dried for 20 minutes before AFM imaging. 

  

We have adopted, for this study, the established and published microbial testing results 

accredited by ISO17025 (medical laboratory accredited) from the manufacturer’s 

specifications.121 The product is certified for antimicrobial effectiveness complying with 

ISO 22196:2007 standard.121  

 

 Bacterial Preparation for Confocal Microscopy Study of AQAS 

Surfaces 
 

2.2.4.1. Nucleic Acid Stain Preparation 

Propidium iodide (or PI) is a fluorescent molecule that can be used to stain cells. When PI 

is bound to nucleic acids, the fluorescence excitation maximum is 535 nm and the emission 

maximum is 617 nm. PI is not able to permeate viable membranes and hence is mostly used 

for identifying dead cells. SYTO 9 is a fluorescent dye having a high affinity for DNA and 

exhibits enhanced fluorescence upon binding with the cells. It can stain both live and dead 

Gram positive and Gram negative bacteria as it is permeant to viable cell membranes. It has 
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an absorption wavelength of 483 nm and emission maximum of 503 nm. 1 µl of a 

combination of Syto9 and PI stains in the ratio 1:1 were diluted in 166 µl saline (0.01mM).  

 

2.2.4.2. Bacterial Preparation 

E.coli 25922 was cultured overnight in TSB broth. 1 ml of the overnight culture was taken 

and spun down at 10000 rpm for 2 minutes. This supernatant was removed, and re-

suspended in saline, homogenized and spun down again at 10000 rpm for 2 minutes. The 

supernatant was again removed and re-suspended in 1 ml of saline. 10 µl of this solution 

was mixed with the 90 µl of stain solution, incubated in the dark for 10 minutes and taken 

for deposition on AQAS surfaces for confocal microscopy study.  

 

2.2.4.3. Sample Slide Preparation 

5 µl of the stained bacterial solution was deposited on the antibacterial AQAS surface 

(0.01 % w/w concentration of AQAS). The bacterial solution droplet was confined to a 

gasket and loaded onto the confocal microscope for imaging. Imaging was carried out 

immediately after the bacterial solution was deposited onto the slides. 
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2.3. Analytical Methods  

 FTIR−ATR Spectroscopy 
 

FTIR−ATR Spectroscopy. The Nicolet iS50 FTIR spectrometer was used with a diamond 

ATR element to record vibrational spectra of the AQAS surface films in the C−H stretching 

region. The spectra was obtained in the range of 4000−400 cm−1 and averaged over 32 

scans. Omnic ESP, version 7.1 was used for data acquisition and analysis. 

 

 Atomic Force Microscopy 
Height, amplitude and phase data were recorded simultaneously using tapping mode on an 

Asylum Cypher ES from Oxford Instruments (Santa Barbara, CA). Air images were 

recorded using silicon probes with tip radius 5-10 nm, f ~150 or ~350 kHz and k 5-40 

Nm- 1(BudgetSensors, Sofia, Bulgaria). For larger scan areas an MFP-3D Origin AFM 

(Oxford Instruments, Santa Barbara, CA) was used with the probes mentioned above. The 

setpoint amplitude was adjusted to 80% of the free air amplitude (1V) for the approach and 

varied during imaging to obtain a good trace/retrace. The scan rate was generally kept at 

1 Hz to obtain optimum images. 

The height image provides topographic information similar to contact mode and has been 

chosen to best represent the monolayer formation of AQAS on the quartz surface. 

The amplitude image is equivalent to the deflection image in contact mode and provides 

information on fine surface structure and hence has been selected to represent the finer 

surface details of bacteria on the AQAS surfaces. 
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 X-Ray Photoelectron Spectroscopy (XPS) 
The Kratos Axis DLD XPS with a hemispherical electron energy analyser was used for 

analysing and confirming the N elemental composition of the AQAS-coated quartz 

substrates. Prior to individual elemental scans, a survey scan was taken for all the samples 

in order to detect the elements present. Core level data of O, N, Si and C were recorded in 

one spot per sample. Spectra were excited using monochromatic Al Kα X-rays 

(1486.69 eV) with the X-ray source operating at 150 W. Survey scans were collected with 

a 160 eV pass energy, while core level scans were collected with a pass energy of 10 eV. 

The analysis chamber was at pressures in the 10−9 Torr range throughout the data collection. 

Quantification112 of survey scans utilized relative sensitivity factors supplied with the 

instrument. Apart from the normal angle of emission, an angular variance study was 

engaged to look into the dependence of alkyl chain orientations on the surface. A normal 

take-off angle is taken as 90° from the surface and the angular variance made in this study 

was taken as a 60° take off angle from the surface. It should be noted that changing the 

take-off angle from 90° to 60° results in a change of sampling depth from 10 nm to 8.6 

nm.112  

The CASA-XPS 2.3.14 software was used for data analysis. The binding energy of the C 1s 

of, 285 eV was used for calibration. Shirley backgrounds were used in the peak fitting. 

Core level data were fitted using Gaussian–Lorentzian peaks (30% Lorentzian).  

 

 Confocal Scanning Microscopy 
A point-scanning (or beam–scanning) confocal microscope was used to capture images 

(Zeiss LSM 710 with an AxioObserver inverted stand and 10x/0.45 Plan Apochromat 

objective lens. The lasers used were Argon ion 488 nm, diode-pumped solid-state 561 nm. 

Confocal microscopy of the AQAS slides was performed using a Zeiss LSM 710 
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microscope, equipped with a 10x/0.45 NA dry objective lens with a working distance of 

2 mm. The thickness of the gasket chamber (500 microns) posed an issue for resolution and 

selection of objective lenses. However, a raster scan was performed on the sample area in 

a point-by-point fashion and a z series of optical sections were collected over the 500 µm 

depth of the gasket. The scan area is 850 µm x 850 µm and the vertical height of the 

combined stacks is 283 µm. A 3D projection of the dataset was created using the ZEN 

software. This projection maintains the optical section spacing rather than flattening the 

dataset into a single plane.  

 

2.4.  Statistical Data  

Film layer thickness, surface roughness and surface coverage were all calculated from a 

minimum of 2 samples with 3 separate scan areas on each. The film layer thickness was 

calculated by averaging four or more different height profiles (across holes, selecting areas 

representing monolayer coverage) on each scan.  

 

For images of adhering bacteria, at least three samples (prepared on different days) with 

six or more AFM images per sample were analyzed for each bacterial strain. The images 

depicted in the paper show a biological response, representative of the whole data-set, but 

chosen due to their superior resolution and image quality. 

 

All data are presented as averages ± standard error. Statistical significance was determined 

via a two-sided student T-test, assuming equal variance, with p-values <0.05 representing 

a significant difference between populations.  
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2.5. Results & Discussion 

 Solution Processes 
The Anchored Quaternary Ammonium Salt (AQAS) employed in this study is the 

commercial product Biosafe HM4100, which is 3-(trihydroxysilyl) 

propyldimethyloctadecyl ammonium chloride. The terminal hydroxysilyl groups on the 

AQAS biocide are assumed to establish initial hydrogen-bonding links to the surface 

silanols on the quartz surface, which then convert to stable covalent Si-O-Si linkages during 

the thermal (160°C) curing process.40, 121 This stable covalently-bonded layer is the potent 

anti-microbial surface that interacts with the bacterial cells as investigated in this study.  

 

FTIR-ATR spectral comparison of the AQAS sample in bulk with that in dried form (from 

an evaporated reduced aqueous solution) was carried out to confirm that the nature of the 

AQAS species was unchanged during the solution process. Figure 2.3 consists of IR 

spectra from material recovered after evaporation from the solution, which appears to be 

essentially unchanged AQAS. Minor changes in the broad silanol OH stretching region 

(around 3309 cm-1) and in the Si-O-Si asymmetric stretching region (about 1087 cm-1) can 

be attributed to minor changes in the inter-molecular hydrogen bonding between AQAS 

molecular units resulting from dissolution and re-deposition processes. The formation of 

the final AQAS covalent layer is assumed to result from condensation reactions of free 

AQAS silanols with silanols on the quartz surface at curing temperatures (160o C).  
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Figure 2.3. FTIR-ATR spectra of bulk solid AQAS and centrifuged material from AQAS 
material in solution. 

 

The overall assignment of the bands in the FTIR spectra are as follows: the peak at 

1639  cm-1 (δ) is assigned to -OH- deformation;145, 146 the peaks at 455 cm-1 assigned to 

Si-O-Si bending vibrations;147 the peak at 692 cm-1 to Si-O-Si symmetric stretching 

vibrations;148, 149 the peak at 1087 cm-1 to Si-O-Si asymmetric stretching vibrations;150, 151 

the broad peak at 3390 cm−1 is assigned to silanol –OH groups. The breadth of these silanol 

–OH stretching bands is associated with hydrogen bonding between AQAS units in solution 

clusters and oligomers, which in turn leads to the island film surface structures.152 

These island film formation on the quartz surface are evident in the AFM AQAS surface 

images (Refer to Section 2.5.2 AFM - AQAS Layers & Figure 2.6). Similar island film 

structures have also been reported by previous authors.123, 136 Schwartz et al.136 have 
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reported self-assembled monolayers of octadecyltrichlorosilane on mica in nucleating 

isolated, self-similar domains or island films.  

 

A schematic diagram summarizing the overall film formation process is shown in Figure 

2.2. The process of silanol-silanol hydrogen-bonding linkages leading to a mat-like 

structure of molecules on a surface was invoked in previous studies of related but different 

systems.143, 153 The silanol end groups of the AQAS biocide units mainly within an 

oligomeric cluster are then expected to H-bond to the quartz surface silanols and under 

curing conditions121 forming covalent Si-O-Si bridging linkages and leading to a stable 

bonded AQAS surface film. 

 

 Atomic Force Microscopy: AQAS Layers 
AFM images at several locations across the cleaned and dry quartz surface after peroxide 

pre-treatment confirmed a typical smooth surface with an average RMS value of 

0.50 ± 0.01 nm (Figure 2.4). AFM images of the extended surface after AQAS treatment 

showed two distinct surface features: relatively large zones of the surface film (typically 

about 30 µm diameter) and secondary very narrow vertical features (>5nm high and 

typically about 2.5 µm diameter). The latter, unlike the surface film zones (above), were 

found to be easily washed from the surface with water, and so are assumed to be small 

quantities of ionic silicate by-products. The focus of this study has been on the zones of 

stable, bonded AQAS surface film, which cannot be removed by washing (i.e. are 

non-leachable). 
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Figure 2.4. AFM image of a clean Quartz surface (tapping mode). 

 

AFM images of the layer formed within the AQAS film zone from 0.1% AQAS solution at 

different spatial scales (80, 20 and 5 µm) demonstrated that the layer was reasonably 

uniform in appearance with a consistent minimum average thickness of about 2.6 ± 0.1 nm 

(Figure 2.5, see Section 2.4). This film height is consistent with a single molecular layer 

of AQAS molecules oriented perpendicularly to the surface with the C18 alkyl chain 

(probably with some conformational disorder) directed away from the surface as evidenced 

by the XPS and FTIR data in this study (Refer to Section 2.5.3 XPS: AQAS Layers). 

There is some variability on the top surface of all of the island films, which is attributed to 

the presence of some C18 disordering and/or partial second or higher layers. 
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Figure 2.5. AFM images of AQAS surface monolayers: Surface-coverage (90±1.4)) at different scales - AQAS solution concentration 0.1% 
(w/w).
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Table 2.1. Surface coverage of AQAS layers with varying concentrations of 
AQAS.(Biosafe HM4100) 

 

AFM imaging was carried out to observe the coverage within the AQAS film zones as 

mentioned above and the topography of the chemisorbed AQAS film after curing 

(Table 2.1). Topographical AFM images show the decrease in surface coverage within the 

AQAS zones as the AQAS dipping solution concentration decreases (Figure 2.6). At the 

highest AQAS solution concentration of 0.1% (w/w), the surface coverage within the 

bonded film zones is 90 ±1.4 % and this coverage within the film zones decreases to 

57 ± 1.9 % when the concentration of the active biocide is lowered to 

0.01% (w/w)- a difference which is statistically significant with a confidence interval 

>99%. The error margins are the standard error of the percentage of coverage. It is 

important to note that the monolayer exists within island films (extended layers of AQAS 

clusters separated by zones of clear quartz surface voids) and not as isolated dispersed units 

of AQAS. This is consistent with AQAS-AQAS mat-like hydrogen-bonding across the 

quartz surface in addition to the primary covalent anchoring between the quartz surface and 

the AQAS mat (see Chapter 6).

Concentration Of AQAS solution      
(w/w) %

Surface Coverage % 
(AFM)

Avg. Surface Layer Height nm 
(AFM)

0.1 90 ± 1.4 2.6 ± 0.1
0.01 57 ± 1.9 2.8 ± 0.2

0.001 25 ± 2.6 2.0 ± 0.1
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Figure 2.6. AFM Images of AQAS surface layers from different solution concentrations - coverage variation with AQAS solution concentration. 

The layer heights for the blue section lines in the AFM images (top) are given in the surface profiles (bottom).
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While the samples at higher concentrations (>0.01%) generated a very stable mono-

molecular layer (Figure 2.7) and were the primary subjects of our study, the samples with 

the lowest concentration, 0.001%, revealed an unstable surface coating which was largely 

and easily removed by washing with water, and this type of sample was therefore not 

explored in detail. This leads to the conclusion that the lowest practical threshold dipping 

concentration for a stable island film formation on the surface is about 0.01% (w/w). 

 

Figure 2.7. AFM Images of Quartz surface coated with a 0.01% (w/w) dipping solution 
concentration of AQAS: 

a) surface before rinsing with water b) surface after rinsing with water 

The white spots observed in Figure 2.7.a. are contaminants, which are easily removed with rinsing 

 

Yarovsky et al.154 previously studied conformational chain lengths of the C18 alkyl chain 

of adsorbates bonded on silica surfaces. A C18 long alkyl chain in an all-trans conformation 

is approximately 2.2 nm in length and a folded conformation gives a length of 1.6 nm. 

Assuming the perpendicular height above the quartz surface of the siloxane and quaternary 

nitrogen centre (estimated from the bond lengths and angles) to be approximately 1 nm,155, 

156 we anticipate a total height of approximately 2.6-3.2 nm for the AQAS monolayer. 

This height is comparable to the maximum height (2.6 ± 0.1 nm) of the AQAS monolayer 

measured by AFM. The difference is probably attributable to other secondary disordering 



65 
 

or folding of the C18 alkyl chain as suggested by the XPS N1s angular dependence data 

showing evidence for significant AQAS disordering effects (see XPS data. 

Section 2.5.3 later). Prior studies by Wasserman et al.157 has reported the thickness of 

complete monolayer coverage of alkylsiloxanes including a C18 chain length to be 2.6 nm 

as measured by ellipsometry and low angle X-ray reflectivity. 

 

 X-Ray Photoelectron Spectroscopy (XPS): AQAS Layers 
XPS spectra (sampling depth ~ 10nm) is a preferred surface analytical method for 

molecular surface layers. XPS N1s angular dependent spectra of the AQAS surface on 

quartz reveal two distinct peaks (399 eV and 402 eV) in the N1s region (Figure 2.8 & 

Figure 2.9). The 402eV peak exhibits distinct angular dependence indicating an orientation 

ordered species (Figure 2.10). An additional sub-band appears at 404 eV at relatively lower 

surface coverage. The comparison of XPS data in the present study between AQAS/quartz 

surfaces formed from dipping solutions at pH 4.02 and 1.17 indicates that the ratio of the 

two nitrogen peak components is relatively insensitive to this pH change (Figure 2.11). 

 

 
 

Figure 2.8. XPS N (1s) spectra of Biosafe HM4100 AQAS in bulk-form and as deposited 
on Quartz surface.

a b 
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Figure 2.9. XPS N (1s) spectra of Biosafe HM4100 AQAS deposited on Quartz surfaces from the following dipping concentrations (w/w):   
a) 0.1%   b) 0.05%   c) 0.01%;  

Respective surface coverage %: a) 90 ± 1.4; b) 68 ± 5; c) 57 ± 1.9. 
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Figure 2.10. Angular Variance of N (1s) spectra of AQAS surfaces deposited from 0.1% 
dipping solution. Black curve represents a normal angle of emission (90° take-off angle) 

and blue curve represents an angular emission (60° take-off angle). 
 
 

Figure 2.11. XPS N (1s) spectra of pH varied AQAS on Quartz with:a) AQAS solution at 
pH 4.02   b) AQAS solution at pH 1.17. 
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The assignment of these peaks to AQAS-related species158, 159 is consistent with XPS data 

recorded for bulk solid Biosafe HM4100, which has its singular N1s peak at 401eV ( 

 

Figure 2.8). The 402eV peak, given its clear angular dependence behaviour, is therefore 

assigned to a highly ordered surface species and the obvious prospect is the AQAS species 

in the first covalently anchored surface layer, where the anchoring process orients the first 

layer AQAS (2.6 ± 0.1 nm in thickness from the earlier AFM images) perpendicular to the 

quartz surface. The assignment of the second peak at 399eV, which does not exhibit 

comparable angular dependence, is a little more complex. The peak at 399eV would appear, 

on the basis of the angular dependence insensitivity, to arise from a disordered surface 

species free of the anchoring influence of the quartz surface. Poverenov et al.132 have 

assigned a similar peak observed for a range of polymer and glass substrates to a neutral N 

species, or in other words, an amine159-161 rather than a QAS N+. A small change of the 

relative ratio of the two nitrogen peak components from 1.8 % to 2.1% is observed with 

adjustment of pH from 4.02 to 1.17, which argues against an assignment of 399eV to a 

neutral surface amine. A neutral amine would be expected to be protonated forming a 

quaternary ammonium species at very low pH and this would lead to the expectation that 

the 399eV peak would decrease significantly in relative intensity, but which is not 

observed. It has also been established by Newkome et al.162 that the de-alkylation of 

quaternary ammonium salts is not likely to happen under mild conditions such as those in 

our adsorption processes. We are left with the conclusion that the 399eV species is very 

likely to be associated with multi-layering of AQAS on the surface, which is not anchored 

to the quartz and is present in a disordered form. The disordered nature of this species also 

appears to rule out the prospect of ordered liquid-crystal type structures in the higher AQAS 
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layers.2 The options for this disordered species are limited in this type of basic system and 

the key question is: are these disordered AQAS in the first or higher layers and if in the 

first layer why are these disordered species not surface-anchored and therefore oriented? 

In the absence of definitive further evidence, it is concluded that this 399eV species is 

mainly resident in higher (second, third, etc.) layers. The relative ratio of the peak intensity 

of 399eV to that of the 402eV decreases with decreasing surface coverage (see Figure 2.9) 

and with an associated decrease in the proportion of the higher AQAS layers. However, the 

contribution from C18 chains on the periphery of anchored first-layer AQAS island films, 

where the film-edge stacking forces would be asymmetric so that these peripheral AQAS 

units exhibit either outward or random flexing163 of the C18 chains3 cannot be ruled out. 

Such flexing of the C18 chains would involve the introduction of gauche conformational 

groupings (e.g. TGT, GTG and others) into peripheral zones of AQAS C18 chains, while 

mainly all trans (TTT) conformational groupings are expected to occur in ordered tight 

packed chains in the core of the AQAS island films.154, 167 The conformational changes of 

the C18 alkyl chains may cause them either to collapse around the N+ centre leading to a 

shielding effect,163 or flex outward, thereby further exposing the N+. In either case, such 

changes would be expected to have a significant effect on the binding energies.168 

 

The appearance of the weak 404eV sub-band (see Figure 2.9) observed at lower coverage 

is tentatively attributed to peripheral AQAS units on the edges of the island films. It is 

assumed that packing densities within the inner cores of the AQAS island films would not 

                                                 
2 Information gathered from further analyses has led to a more refined understanding of the nature of 
multilayering model. See Chapter 4: A Sustained Release Anchored Biocide System Utilising the Honeycomb 
Cellular Structure of Expanded Perlite and Chapter 6: Strategic Thesis Model: AQAS Surface Layers 
 
3This orientation is dependent on the relative strengths of adsorbate-substrate interaction and adsorbate-
adsorbate interaction.164, 165, 166  
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vary much as the coverage changes, because the existence of island films 

(mat-like structures) implies AQAS-AQAS bonding across the surface. 

 

One final piece of evidence provides an important insight into the nature of the higher-layer 

AQAS molecules: washing the multi-layered surface with water does not lead to the easy 

removal of these higher layers. This suggests that AQAS-AQAS bonding of the type 

reported for the first anchored layer (above) also occurs for the higher non-anchored layers. 

In these higher layers, the AQAS-AQAS bonding via siloxane groupings is likely to be 

mixed oligomeric and clustered in nature, which would explain the low water leachability 

(above), and the disordered nature of this speciation as revealed in the angular dependence 

XPS data.  

 

The differences in peak positions (402eV to 399eV including the 404eV sub-band) can be 

attributed to charge and conformation changes within the AQAS layers. Changes in the 

conformation of the C18 alkyl chain of the AQAS163 resulting from adsorption may also 

lead to changes in shielding of the N+ charge, and hence cause a small shift of a couple of 

eV in the N1s signal.168 The possibility also exists that the greater chemical shift for the 

404eV sub-band at lower surface coverage (above) is due to C18 chain disordering within 

the island film peripheral zone. The proposed conclusions regarding the assignments of the 

XPS peaks observed for the AQAS on quartz system (Figure 2.9) are summarised in Table 

2.2.  
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Table 2.2. Proposed assignments of XPS peaks to AQAS layer types. 

 

The total atomic percentage of N for all of our AQAS sample surfaces arising from 

quaternary nitrogen species is 0.96% with a standard error of ± 0.1. This value is well above 

the threshold atomic percentage of quaternary nitrogen (N1s) required for bacterial contact 

killing (0.45%) as proposed by Roest et al. 169  

 

 Bacteria on AQAS Surface (AFM) 
AQAS are well known for their broad biocidal activity, as revealed by the manufacturers’ 

specifications based on ISO17025 laboratory potencies.139 These potencies include 

Staphylococcus aureus and several others. Potency against Escherichia coli has been 

reported separately by D’Antonio et al.141 Gram positive and Gram negative bacteria have 

been employed in this study to confirm that the observed cell disruption had some more 

general significance. Also, the absence of an outer cell membrane which exists in 

Gram negative bacteria, but not in Gram positive bacteria, provided a confirmation that 

these two somewhat different types of cellular target surfaces exhibited similar potency 

outcomes. The mechanism most frequently invoked is a form of lysis, which involves as 

its first step, the positive quaternary nitrogen centre on the AQAS attracting the negatively 
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charged bacterium; and in the subsequent step, the C18 chain penetrates the outer bacterial 

membrane, causing leakage of the intercellular contents. However, when higher layers of 

AQAS can be removed by washing then diffusion-dependent potency mechanisms such as 

ion exchange with cations in the cell membranes may become possible. The AQAS surfaces 

formed from a 0.01% concentration of the biocide have been adopted as our archetypal case 

history for AQAS activity using the AFM. The bacterial topography on the biocidal surface 

was observed in comparison to bacteria on a control (clean quartz) surface to which it was 

immobilized using the agent poly-L-lysine. The electronegative forces of attraction from 

the positively charged poly-L-lysine and the negatively charged bacterial cell wall causes 

the bacteria to adhere firmly to the substrate and aids in imaging the bacteria.144 

 

It is important to note that AFM is effective at monitoring changes in the top surfaces of 

the bacterial cells but is unable to observe changes on the interfacial interface with the 

AQAS layer where the lysis process actually occurs. It should also be noted that the 

bacterial images reported here are from dry surfaces (see experimental Section 2.2.3) as 

attempts to record images of bacteria on wet AQAS surfaces could not be readily obtained. 

It is also important to note that the industrial applications of AQAS surfaces are generally 

under dry conditions.170  

2.5.4.1. E.coli on AQAS surfaces 

The AFM studies on E.coli 25922 on the control surface and on the AQAS surface revealed 

the removal of bacterial pili indicating the disruption of the outer membrane and further 

damage resulting in total cell rupture (Fig.12). The piliar destruction could be indicative of 

the onset of disruption of outer membrane and further damages resulting in cell lysis. 

Studies by da Silva et al. have reported the removal of piliar structures on E.coli by an 

antimicrobial peptide, PGLa.75, 171 An E.coli surface under normal conditions has been 



73 
 

previously reported to have wrinkled morphologies by Umeda et al.172 due to the shrinkage 

of the outer membrane during the drying procedure. This is also evident in the current study 

as seen in Figure 2.12. This shape has been observed several times, it has typical E.coli 

dimensions compared to literature images,75, 172, 173 and appears only after E.coli is 

introduced onto the AQAS/Quartz surface. It can be seen from the subsequent images 

(Figure 2.12 b & c) that these wrinkles start disappearing when the bacteria rests on the 

biocidal surface giving out a smooth morphology owing to the turgor pressure build-up 

inside the cellular environment. Such smoothing of cell surfaces has been reported in 

previous studies and the turgid states of bacterial cells are indicative of a breakdown of the 

osmoregulatory capacity of the bacterial cells.174 This would further proceed to a complete 

leakage of intracellular periplasmic contents and final death of the bacteria. The AQAS 

layer was observed to be intact after the bacterial debris was washed off from the surface 

indicating the stability and reusability of the monomolecular layer. There was no 

background debris on either of the two bacteria / poly-l-lysine surfaces. The only surfaces 

where debris appeared were bacteria on the AQAS/Quartz surfaces.  
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Figure 2.12. AFM amplitude images of E.coli on 

a) control-Poly-L-Lysine surface; b) degradation of E.coli on AQAS surface; and c) E.coli cells shrinking in dimension and cellular detritus of 

cells on AQAS surface. 
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While following the degradation of E.coli on the biocidal surfaces, a small proportion of 

the bacterial species on the surface were consistently observed to show a changed shape 

whereby the rod-shaped morphologies seemed to expand in a balloon-like fashion at the 

longitudinal axis of the single bacterium. This led to a lemon-shaped structure, which 

resembled a bloated membrane and appeared ready to rupture (Figure 2.13). A study by 

Huang et al.175 has reported similar changes in cell wall morphologies due to defects in the 

cell wall segment synthesis. Increased substitution of glycan–peptide–glycan segments in 

place of glycans near the mid-plane of the cell was observed to create a swelled cylinder, 

similar to the lemon shape of cylindrical Gram-negative bacteria after treatment with the 

chemical A22, an inhibitor of the cytoskeletal protein MreB. The current study also 

provides evidence of rupturing of the membrane at the periphery of the cells, from where 

the cellular leakage originates.  

 

It is also important to note at this point that a 100% complete coverage is not necessary for 

biocidal activity as evident from the discontinuous AQAS film layer observed in the 

foreground of Figure 2.13 b. This discontinuous film structure of the biocidal layer would 

not hinder the proposed bacterial lysis provided the dimensions of bacteria in the 1-2 µm 

range such as E.coli are larger than the surface voids of smaller dimensions (< 0.3 µm) that 

permit bridging of film zones. This observation reinstates the fact that a minimum required 

dose for effective antibacterial potency can be achieved by an anchored surface presented 

biocide. Henceforth it will greatly reduce the ecological toxicity currently encountered by 

superfluous use of biocides in the environment. 
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Figure 2.13. Altered shape of E.coli bacteria prior to degradation. (b) Note: Scale of surface 

voids on the AQAS layer indicating that cell dimensions exceed the scale of the voids. 

 

2.5.4.2. S.aureus on AQAS surfaces 

AFM studies on S.aureus cells also were carried out after the former were adsorbed on 

AQAS biocidal surfaces (Figure 2.14 b and c). An examination of the interface between 

adjacent S.aureus bacterial cells as shown in (Figure 2.14.a and b) shows a clear difference 

between the control and biocidal surfaces. The control gives clear sharp intercellular 

interfaces with no known protrusions, while the bacteria deposited on the biocidal surface 

always show formation of vesicles at the periphery of cells (Figure 2.14 b and c) prior to 

a complete lysis followed by eventual periplasmic leakage approximately after 1 hour. The 

appearance of vesicles was observed 100% of the time on the S.aureus bacteria deposited 

on AQAS surfaces. Similar outer membrane vesicles appear on Gram-negative bacteria, 

E.coli, upon attack by silver ions, has been reported previously as a novel envelope stress 

response.173 Increased vesicles were indicative of a weakened outer membrane, thus 

exposing the thin peptidoglycan layer to mutilation and subsequent damage of the inside 

cytoplasmic membrane or intracellular metabolic activity. It is of interest to note here, the 

mechanism of anti-bacterial potency for non-anchored QAS and anchored AQAS systems 
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follow different courses. The former usually involves the cation exchange25, 26 of the 

positively charged soluble QAS with alkaline earth cations within the cell membrane. This 

aqueous cation exchange mechanism is not possible for an anchored QAS, as shown by 

prior studies176, 177 that report the non-antibacterial nature of hydrogen-bonded 

polyallylamine system lacking free polycationic species. Therefore, a form of lysis 

involving cell penetration by the C18 chain is invoked in the present study. This might be 

inducing progressive damage to the cell membrane, which is manifested in the form of 

vesicular structures observed on the edges of the cells. The importance of the chain length 

of the hydrophobic alkyl tail, in imparting antimicrobial efficacy119, 127, 131, 133 supports this 

inference.
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Figure 2.14. S.aureus cells on: a) control Poly-L-Lysine surfaces with uniform perimeters;  b) AQAS surfaces revealing vesicle-like formations 
on the periphery of cells;  and  c) AQAS surfaces revealing cellular degradation. 
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2.5.4.3. Confocal Microscopy Study of E.coli on AQAS surfaces 

The purpose of using confocal microscopy was to confirm the potency of the AQAS surface 

under wet conditions, and to observe the dynamics between the solution bacteria and the 

biocide surface. A schematic depiction of the experimental design is shown in Figure 2.15. 

 

 

Figure 2.15. a) Schematic of the Confocal Microscopy experimental configuration and 
b) Live (green)-Dead (red) Fluorescence from the Bacterial population adjacent to the 

AQAS surface.  
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The result gives a clear depiction of the spread of live (green) and dead (red) bacteria on 

the sample surface and further away from the sample (Figure 2.15) thus confirming the 

potency of the AQAS surface. The dead bacteria (red) are more dominant close to the 

surface while further away from the surface, the live bacteria (green) are dominant. 

The gradient of red to green regions evident in the image reflects the net solution dynamics 

of live bacteria moving towards and dead bacteria moving away from the biocidal surface. 

The mechanism of potency is presumed to be lysis (cell wall perforation by the C18 chain 

of the AQAS) but has not been able to be elucidated directly by the imaging techniques 

(AFM or Confocal Microscopy) deployed in this research. It nevertheless remains an 

objective for future work using an alternative imaging technique. A key outcome of this 

confocal microscopy work is the confirmation of the potency of the AQAS (Biosafe) 

surface indicated by the specified potencies of Biosafe HM4100 conveyed by the 

manufacturers.139 

 

2.6. Summary & Conclusion 

The recent challenge by Lagemaat et al.126 that new approaches need to be developed to 

understand the modes of action of anti-bacterial systems has significantly inspired this 

work. This type of system, viz., bacteria /AQAS is of increasing importance in global 

industrial and healthcare hygiene applications in comparison with conventional biocide 

coatings and blends, because of its “green” advantages which involve, primarily, extremely 

low dosage levels associated with mono-layers or even multi-layers. A detailed and holistic 

picture of the fundamental surface chemistry of the system (bacteria/AQAS/quartz) has 

emerged from this interfacial study. The AQAS units in the dipping solution appear to 

interact to form hydrogen-bonded clusters, which are expected to be the precursors to the 

initial physically adsorbed AQAS attached by hydrogen bonding to the surface silanols of 
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the quartz substrate. The curing process at 160°C then converts the silanol-silanol 

hydrogen-bonded interaction into a covalent, stable, persistent biocide first layer via a 

condensation reaction. This covalent layer exists on the quartz surface within micro-zones, 

assumed to be influenced by quartz surface hydrophilicity, which includes island film 

structures. The disordered higher AQAS layers are not easily removed by aqueous washing 

and so are expected to involve AQAS-AQAS clustering (oligomers) via their silanol 

groups. The arrangement of AQAS layers is further clarified in Section 3.4.3. This also 

explains aspects of the XPS data. Some disordering from asymmetric packing forces 

inducing conformational disorder in the C18 chain of the AQAS units may even occur within 

the first layer in the peripheral zones of the island films. The voids (gaps) within the island 

film structures are smaller than the dimensions of most bacteria and so should not limit the 

potency of the biocide layer. The adsorption of bacteria (most likely involving 

C18 penetration lysis) on to this AQAS surface immobilizes the organisms and makes AFM 

imaging possible. The AFM images of both bacteria studied in these bacteria/AQAS 

systems reveal clear evidence of cellular perturbation or degradation. The challenge 

remains now, to deploy new or alternative direct methods (beyond AFM) that can explore 

the bacteria/AQAS interface and especially the detailed fundamental mechanism of lysis 

potency. While lysis appears the most probable mechanism of bacterial potency for a 

covalently anchored biocide incorporating a C18 chain, we do not rule out the possibility 

that the diffusion of AQAS arising from dissolution of weakly held higher layers may 

involve some exchange with surface alkali earth cations in the bacterial cells. 
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3. Enhanced Surface Coverage of AQAS on Oxygen 

Plasma Treated Quartz Substrates 
 

3.1. Introduction 

Plasma treatment is a process by which the surface of a material is modified via the impact 

of ionized gaseous molecular species. Because of the high-energy state and reactivity of 

these ionized gas species, they can induce changes to the surface of materials. It has to be 

noted that only the surface region (first 15nm in this study) of the material is altered while 

the characteristics of the bulk material remains unchanged.178 The plasma induced changes 

are a function of the morphology and relative stability of surfaces.179 For this reason, the 

changes for atomically flat quartz substrates in this study are not as extensive as has been 

previously observed for polymeric substrates.180 Surface activation processes work by 

altering several outer surface layers of the bulk material by opening of the surface structure 

(introduction of surface roughness) and incorporation of oxidized functional groups that 

increase the surface energy of the material leading to improved anchoring and wettability 

of the treated material. Several studies have previously established the increase in 

hydrophilicity of surfaces with oxygen plasma treatment.181-183 Bhattacharya et al.184 have 

published a comprehensive study on the surface changes on silica substrates under oxygen 

plasma treatment whereby they have reported a correlation between the contact angle 

(increased hydrophilicity) on silica surfaces and length of exposure of the quartz surface to 

oxygen plasma treatment.  

 

The aim of this study is to investigate the effect of increased hydrophilicity introduced by 

oxygen plasma surface treatment on the adsorption capacity of quartz substrates for silyl 



83 
 

anchoring quaternary ammonium salts (AQAS). These anchored QAS are extensively used 

and well-documented surface biocides.46, 49, 50, 52-56, 185 It has been established in our earlier 

studies186 (see Chapter 2, Section 2.5.2) that the surface coverage of mono-layered AQAS 

systems on quartz is dependent on the solution concentration of the active substance. 

The first anchored layer of AQAS coverage was observed as well-defined ordered island 

films within micro-zones on the surface. Oxygen plasma surface enhancement of substrates 

is expected to lead to increased hydrophilicity187 and to an increased surface coverage of 

AQAS with associated reduction of the void area (clear quartz surface) between the AQAS 

island films. These processes of increased roughness and increased AQAS coverage are 

expected to enhance the probability of bacterial potency. Surface analytical techniques such 

as Atomic Force Microscopy (AFM) and X-Ray Photoelectron Spectroscopy (XPS) are 

employed in the elucidation of the surface processes in this study. 

 

3.2. Experimental 

 Materials and Reagents 
The Anchoring Quaternary Ammonium Salt used (AQAS: Biosafe HM4100) was obtained 

from Biosafe Inc. (Pittsburg PA) in the initial stages of the experiment and subsequently 

from Gelest Inc. U.S.A. Quartz microscope slides G381 were purchased from ProSciTech 

Pty Ltd (Australia). AFM cantilevers were purchased from Budget Sensors and Bruker 

International. The AQAS product, Biosafe HM4100 is approved by the EPA 

(Reg No. 83019-1) and FDA and is listed as a modifier of plastic substrates. These surface 

anchored biocides are potent against a wide range of organisms ranging from bacteria, 

viruses and fungi.46, 185  
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 Methods 

3.2.2.1. Chemisorption of AQAS onto quartz substrates by thermal curing 

The preparation of a stable chemisorbed AQAS layer follows the protocols given by the 

manufacturers (Gelest/Biosafe). The mechanism of film formation is expected to involve 

two steps: the silanol terminating groups of the AQAS (Biosafe HM4100) initially 

hydrogen bonds with the terminal silanol groups of the quartz surface, which after curing 

at 160°C leads to a stable persistent covalently bonded AQAS layer.186 

 

3.2.2.2. Pre-Cleaning of the Quartz Slide Surface 

The quartz slides were washed in a 1 % (w/w) non-ionic surfactant (Triton X 100) solution 

and were rinsed several times in de-ionized water under sonication for 15 minutes, each at 

45°C. This was allowed to dry in air, followed by standing in 35% hydrogen peroxide under 

ambient conditions for 15 minutes to remove any pre-existent carbonaceous surface 

impurities on the slides. The slides were further rinsed extensively in de-ionized water and 

air-dried for deposition of AQAS onto the surface. The surface was confirmed using AFM 

imaging to be flat and clean after this cleaning pre-treatment. The duration between the 

pre-cleaning step and AQAS deposition was always minimised (<5 minutes) to avoid the 

decrease in hydrophilicity188 of the quartz surface with increasing time.  

 

3.2.2.3. Preparation of AQAS solution 

A 0.01% (w/w) concentration of the AQAS (Biosafe HM4100) aqueous solution was 

prepared in de-ionized water. The solution was stirred at 90°C for 1 hour. A homogenous 

clear solution was obtained and this clear solution was used for the coating of quartz 

substrates. Using a similar method a 0.001 % (w/w) concentration of AQAS was also 

prepared. 
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3.2.2.4. Adsorption of AQAS onto the Quartz Slides 

The pre-treated quartz slides were soaked in the AQAS coating solution for 15 minutes 

under ambient conditions, followed by curing in an oven at 160°C for 15 minutes.  

 

3.2.2.5. Plasma Treatment  

Modification of the quartz surfaces was carried out using a CS-1701 Reactive Ion Etcher 

(oxygen plasma) at the Microfabrication clean room lab Facility of The University of 

Auckland. The O2 port opening was set to 100% and the chamber pressure set to 450 mTorr 

(~60 Pascal). The exposure time was set to 3 minutes while voltages were adjusted in steps 

from 100 W to 500 W. 

 

3.3. Analytical Methods  

 Atomic Force Microscopy 
Height, Amplitude and phase data were recorded simultaneously using tapping mode on an 

MFP-3D Origin Asylum AFM from Oxford Instruments (Santa Barbara, CA). Air images 

were recorded using silicon probes with tip radius 5-10 nm, f ~150 or ~350 kHz and 

k 5-40 Nm-1 (Budget sensors, Sofia, Bulgaria). The set-point amplitude was adjusted to 

80% of the free air amplitude (1V) for the approach and varied during imaging to obtain a 

good trace/retrace. The scan rate was generally kept at 1 Hz to obtain optimum images. 

 

 X-ray Photoelectron Spectroscopy 
The Kratos AXIS DLD X-ray photoelectron spectrometer with a hemispherical electron 

energy analyser was used for analysing and confirming the elemental composition of the –

AQAS coated quartz slides. Prior to individual elemental scans, a survey scan was taken 



86 
 

for all samples to detect the elements present. Core level data of O, N, Si, and C were 

recorded in one spot per sample. Spectra were excited using monochromatic Al Kα X-rays 

(1486.69 eV), with the X-ray source operating at 150 W. Survey scans were collected with 

a 160 eV pass energy, whereas core level scans were collected with a pass energy of 10 eV. 

The analysis chamber was at pressures in the 10−9 Torr range throughout the data collection. 

Quantification112 of survey scans utilized the relative sensitivity factors supplied with the 

instrument. The CasaXPS 2.3.14 software was used for data analysis. The binding energy 

of the C 1s of 285 eV was used for calibration. Shirley backgrounds were used in the peak 

fitting. Core level data were fitted using Gaussian−Lorentzian peaks (30% Lorentzian). 

 

 Contact Angle Measurement Device 

A CAM100 contact angle measurement device from KSV Instruments Ltd., (Monroe, 

Connecticut, U.S.A) was used to measure the contact angle formed by water on the quartz 

sample surfaces before and after plasma treatment. The sessile drop method was used for 

determining the contact angle whereby a droplet is deposited by a syringe, which is 

positioned above the sample surface, and a high-resolution camera captures the image from 

the profile or side view. The angle formed between the sample surface and a tangent on the 

liquid drop (water in this case) is known as the contact angle (Fig.3.1) 

 

 

Figure 3.1. Contact angle formed by water droplet on a sample surface. 
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3.4. Results & Discussion 

 Enhanced Surface Hydrophilicity with Plasma Treatment 
Pre-cleaned quartz substrates were subjected to oxygen plasma treatment of varying plasma 

power wattages (100 W, 200W, 300W and 500W) for 3 minutes. The contact angle of water 

droplets formed on the quartz slides was measured to determine the hydrophilicity changes 

before and after plasma treatment. The contact angle is the angle between the solid surface 

and the tangent of the droplet’s shape at the edge of the droplet. The contact angle for higher 

plasma powers (>100W) was undetectable immediately after the plasma treatment step due 

to extreme wettability.184 Hence, the measurements were carried out ~16 hours after the 

plasma treatment to confirm that extreme surface activity has subsided. This facilitates a 

stable measurement of surface hydrophilicity. The plasma-modified surfaces are also prone 

to ‘ageing’ or decay of functionalities with time as established in previous studies.188-193 

Multiple readings were taken at different points on the sample surface. The results are 

summarised in a graphical plot (Figure 3.2) as shown below.  
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Figure 3.2. Contact angle values of Quartz slides at different oxygen plasma power. 

 

The decrease in contact angle with increasing plasma power indicates an enhancement in 

surface hydrophilicity. Beyond 100 W, an increase in contact angle values from 14 to 20 

(comparative decrease in hydrophilicity) is observed. Liston et al.192 have reported similar 

observations in their review on plasma surface modification. Krishnamurthy et al.179 have 

reported the contact angles of an argon plasma treated surface reaching a minimum before 

it increased. Such comparisons of oxygen plasma and argon plasma are of limited value as 

the latter is not expected to generate oxygenate groups on the quartz surface that are 

assumed to be responsible for the increased hydrophilicity. Krishnamurthy et al.179 also 

have reported the FTIR-ATR spectra of the argon plasma treated slides showing subtle 

changes in the Si-O stretching region (900 to 1250 to cm-1)179 and have attributed this to 

the breaking and reforming of bonds (physical damage rather than chemical modification) 

on the surface. This could be suggestive of increased surface roughness perhaps similar to 
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those observed in polymeric substrates.194 The oxygen plasma action on quartz in this study 

is expected to yield new molecular surface-anchoring groups such as hydroxyl sites. In any 

case, the changes observed for oxygen plasma modified flat quartz substrates are not as 

extensive as those observed for polymeric substrates (Section 5.5.5). 

 

XPS analysis (10 nm surface sampling depth) of the plasma-treated quartz surface (Table 

3.1) gives an increased ratio of atomic percentages between oxygen and silicon 

species: 2.1(no plasma) to 2.4 (500W plasma). This increase in the proportion of oxygen 

species at 532 eV has been attributed to the enhancement in the population of silica surface 

hydroxyl species195, 196 resulting from oxygen plasma treatment. This is reflected in the 

increased hydrophilicity of the surface as observed from the contact angle values (Figure 

3.2). 

 

Table 3.1. Atomic percentage of surface species determined from XPS survey scan of 
Quartz under different plasma power settings. 

 
 

The AFM surface analysis (Figure 3.3) of plasma treated quartz samples exposed to 500 

W for 3 minutes, shows no change in the RMS roughness values (RMS < 1nm) or the 

surface topography, which concludes that plasma treatment, does not cause any significant 

microscale etching on the quartz surface. 
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Figure 3.3. AFM height images of pristine Quartz (left) and plasma-treated Quartz (right). 

 

 AQAS Adsorption on Plasma Treated Quartz Surfaces 
 

A 0.01% (w/w) solution of AQAS was chosen to create molecular layer coatings on quartz 

slides. This concentration of AQAS has been reported in our previous studies186 to create 

optimum surface coverage on a quartz slide and is sufficient enough to invoke potency 

against the adhering bacteria (Chapter 2 Section 2.5.4.1). A comparative analysis was 

carried out for quartz slides with and without plasma treatment prior to the coating step. 

The AFM morphological results (Figure 3.4) shows increased multi-layering 

(see Chapter 6) of AQAS following plasma power treatment of 500 W for 3 minutes on the 

pristine quartz slides. The AFM images at different scanning region scales (80 µm, 20 µm 

and 5µm) all show closely packed multilayers of AQAS for the plasma treated quartz slides.  
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Figure 3.4. AQAS layers on pristine Quartz slides(top row) and plasma-treated (500 W) Quartz slides (bottom row).
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This trend of increasing multilayer formation corresponds to the increase in plasma power 

settings. Higher plasma powers led to increased multi-layering for the same solution 

concentration of AQAS (Figure 3.5). As can be seen from the AFM images, the 

morphology of the chemisorbed AQAS layers on the quartz changes with increasing plasma 

power. The coverage increases with higher plasma power to form AQAS layers with 

smaller but more evenly distributed voids. The AQAS surface coverage values for the 

samples were calculated using the Oxford/Cypher AFM software, which shows an increase 

in coverage from 26 % at 50 W plasma power to 60% at 500 W. It is important to note here 

that the distinctive multi-layers imaged using AFM are the higher layers that are bound to 

the first anchored layer on the quartz surface. 

 

Figure 3.5. AQAS multilayer formation on Quartz with increasing Plasma power. 
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A detailed analysis of the surface layer heights of AQAS layers on quartz slides was carried 

out (Figure 3.6). A 5 µm sample scan area is chosen and the top row represents a 

non-plasma treated quartz and the bottom row represents a plasma treated quartz with 

500 W plasma for 3 minutes. The respective surface profile across the section marked by a 

red line is shown to the right of each image. This clearly gives evidence of the multi-

layering effect brought about by the plasma treatment. The height difference between the 

lowest and highest peak values of the profile shows around 2.9 ± 0.1 nm for the non-plasma 

treated sample, which is aligned with expectations for a vertically oriented, anchored 

AQAS monolayer incorporating an 18 carbon-chain alkyl length.154, 186 However the profile 

of samples with AQAS on plasma treated quartz slides shows a clear increase in layer 

thickness (19.0 ± 2.0 nm), which is very approximately the vertical dimension of 6 oriented 

molecular layers.  

 

 

Figure 3.6. AQAS layer heights comparison with pristine Quartz and Plasma-treated 
Quartz. 
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From the surface coverage and layer thickness observed, it can be inferred that the plasma 

treatment process promotes increases in multi-layering of the AQAS. This can be due to 

the increased surface activity of the quartz slides promoting bulk deposition at random 

locations on the sample slide. In addition, it can be noticed that the voids between the 

island-films are reduced for the plasma treated samples, which also suggests increased 

quartz surface activity. This occurs due to the increased hydroxyl functionality created on 

the quartz surface, which enables the anchoring of more AQAS onto the surface. 

The average void dimension between the island films is ~ 3 µm for the non-plasma treated 

samples and this void is greatly reduced to less than 1 µm for the plasma treated samples. 

This reduction of voids between island films finds its relevance in the ultimate application 

of this AQAS as a contact bactericide. Reduced voids between the island films ensure that 

the probability of bacteria coming into contact with the AQAS is increased. The possibility 

that the bacteria, such as E.coli with a long dimension of about 2 µm, being positioned 

within the voids and hence not encounter any perturbation or lysis by the C18 alkyl group 

of AQAS is therefore reduced. Thus, the reduced voids within the island films at lower 

AQAS solution concentration is expected to lower the minimum threshold dosages for 

potency of the surface anchored biocide. 

 

 Leaching of Surface Anchored AQAS Layers 
To further evaluate the leachability of these higher layers on plasma treated surfaces, a 

leaching study was carried out by subjecting the AQAS adsorbed quartz slides under 

running DI water for 15 minutes. Quartz slides treated with 500 W plasma power for 

3 minutes and then immersed in a 0.01% aqueous solution of AQAS were chosen as the 

basis of this leaching study. The AFM morphological images before and after the rinsing 

process are shown in Figure 3.7. The surface height profile of each of these scan areas 
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(indicated by the red line across the surface) is given below each image. There is a 

considerable loss of AQAS layer height from 19±2 nm to 8.1± nm as a result of the leaching 

process above. This indicates the leaching of some (perhaps four) of the outermost 

physisorbed AQAS layers. Other studies (Section 4.4.3) demonstrate that these multi-

layers of AQAS after thermal curing are oligomeric in nature.197  

 

Figure 3.7. AQAS multilayers on Quartz showing leaching of physisorbed higher layers 
and retention of anchored inner surface layers. 

 

These oligomers formed by the self- condensation of AQAS molecules198-200 were 

identified using solid state NMR analyses in our previous literature 

(Chapter 4.Section 4.4.3).197 The oligomers, which are formed, are labelled as T1, T2 and 

T3 in the increasing order of their cross-linking. The more leachable oligomeric higher 

layers are of the type, T1, while the less leachable inner multi-layers (second layer and 

above) are expected to be of the higher molecular weight types, T2 and T3. The most soluble 

T1 oligomeric AQAS species (lower molecular weights) are assumed to be adsorbed as the 

outer-most AQAS multilayers layers in the surface film. The less-soluble higher-molecular 

oligomers, T2 and T3, are adsorbed in the inner layers adsorbed onto the first anchored 
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AQAS layer. Hence, the outer more soluble oligomers are the first species leached from 

the surface and the less soluble oligomers are retained longer during the leaching process 

(Scheme 3.1 and Chapter 6).  

 

 

Scheme 3.1. Leachability of AQAS oligomers adsorbed on a Plasma-treated Quartz 
surface. 

 

 Threshold AQAS Concentration for Attaining Stable Layers  
An increased coverage with reduced voids and more uniform multi-layering of the AQAS 

oligomers was attained using a 0.01 % (w/w) solution concentration of the AQAS on a 

plasma-treated quartz surface. To investigate the required lower threshold concentration of 

AQAS to achieve stable layers, the AQAS solution concentration was reduced to 0.001% 

(w/w) and the plasma treated quartz slides were dip coated with this more dilute AQAS 
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solution. The slides did not yield a stable persistent layer even with a surface pre-treatment 

using 500 W plasma power setting. The inability to form stable layers at such extreme low 

concentrations of AQAS on non-plasma treated surfaces has been reported previously.186 

Hence, the threshold concentration for the formation of a stable layer of AQAS on a quartz 

surface is definitively 0.01%. 

 

3.5. Conclusion  

Increased surface coverage of AQAS layers was achieved by pre-treating the quartz slides 

with oxygen plasma. Contact angle measurements proved the increase in surface 

hydrophilicity of the slides after plasma treatment. This was also confirmed by the 

increased oxygen to silicon atomic percentage ratios obtained from an XPS survey scan of 

the treated quartz slides. This increase is attributed to a higher proportion of quartz silica 

surface hydroxyls formed by the oxygen plasma treatment. These additional plasma 

generated hydroxyls are important because they are expected to be able to anchor more 

AQAS. Hence, hydroxyl-enriched quartz surfaces are expected to increase anchored AQAS 

first-layer coverage, which will have associated leachable higher layers of oligomers. 

Plasma treatment can therefore, be used to increase the AQAS adsorption capacity by 

increasing the hydrophilicity of the quartz surface.  
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4. A Sustained Release Anchored Biocide System 

Utilising the Honeycomb Cellular Structure of 

Expanded Perlite 
 

4.1. Introduction 

The oxide substrate employed in this sustained release biocide study is 

Expanded Perlite (EP), which is formed by high temperature transformation of the dark 

glassy hydrated volcanic mineral, Perlite. Perlite (P) is a naturally occurring, predominantly 

amorphous, silica rich, dense volcanic rock formed during the fast cooling of a viscous lava 

and found in many geographic locations around the world.201, 202 When heated to 850 °C, 

Perlite expands to release the trapped water and is transformed into a cellular honeycomb 

material.203, 204 The unique honeycomb microstructure makes it an extremely light-weight 

material, and therefore EP is widely used as a filler in coatings. This high temperature 

transition of perlite to expanded perlite and the structural characteristics at a molecular level 

has been recently elucidated by Solid State NMR (SSNMR) studies.85 Recent studies have 

shown that these expanded perlites exhibit an average surface area of 1–2 m2 g−1 205-207, and 

can be chemically transformed into a high surface area amorphous silica of unusually high 

surface area (740 m2 g-1).86 

 

The unusual properties of EP (viz., light weight, thermal stability and chemical inertness) 

also make it a candidate for applications across a range of fields and sectors. However, EP 

has received comparatively little attention in the industrial, biology or surface chemistry 

literature, compared to other synthetic porous oxides such as amorphous or encapsulating 

silica. EP has also been evaluated for its potential applications in agriculture, as an 
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adsorbent for metals, oil spills etc.208-210 The honeycomb structure of EP suggests it should 

find many practical applications in place of silica type adsorbents or capsules. Expanded 

perlite has been used as potential carriers for proteinaceous toxins with anti-Listeria 

monocytogenes activity and has shown better antimicrobial activity in comparison with 

that of a synthetic silica particle carrier.211 EP materials have also been used as a carrier for 

biocidal agents which were used for modification of polylactic acid (PLA) fibres in 

respiratory protection devices.212-214 Incorporation of perlite also has been reported to 

increase the tensile strength and elastic modulus of common polymers.215, 216Expanded 

perlite also has been used to disperse chitosan for enhancing the adsorption capacity of 

copper (II), finding application in waste water treatment.217 In contrast, silica nano-particles 

have been studied extensively as substrates for controlled release agents218 and for 

encapsulation of antifouling agents219, 220, biocides221-224, essential oils225 etc.  

 

Each type of oxide adsorbent (zeolite, silica, clay, EP etc.) has particular advantages and 

disadvantages. Zeolites226 are ordered silicate aluminate minerals or synthetic adsorbents 

and have high surface areas and are thermally stable but have adsorption channels that are 

less than 0.8 nm in diameter and so can only adsorb (on cation sites) smaller molecules 

(usually electron donors). Forms of meso-porous silica such as MCM41 and SBA15 give 

sharp peaks in XRD analyses that are characteristic of an ordered solid, and these materials 

exhibit micro-pores and high surface areas.227 Amorphous forms of silica228 such as fumed 

silica from Sigma-Aldrich also have high surface areas consisting mainly of nano-scaled 

particles with silanol surface groups, which are modified at elevated temperatures. 

Clays are mainly layered aluminosilicates, which can intercalate molecules but are 

thermally less stable than other types of adsorbent.229, 230 Hence every type of porous oxide 

is valuable and each type has its own range of practical applications. EP has the special 
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advantages of its honeycomb structure, light weight properties, and excellent thermal 

stability. However, EP has had very little utilization by the global research community 

compared to the other three oxide adsorbent types, and would be a promising alternative to 

synthetic adsorbents in view of its natural abundance and economic viability. 

 

The encapsulating feature of the EP honeycomb structure together with its silica-rich 

composition makes it an interesting candidate for a sustained release system for biocides. 

Amongst the common biocides, conventional (non-silyl) Quaternary Ammonium Salts 

(QAS) have been indexed to be the most sought after biocide for applications in waste water 

treatment, disinfection and sterilization in medical devices etc.231, 232 These QAS can be 

modified to incorporate siloxane terminating moieties which enables them to anchor onto 

a variety of surfaces. This establishes a persistent non-leachable biocidal system involving 

a covalent linkage between the silyl terminating groups and the substrate surface groups. 

Most of such surface-anchored quaternary ammonium salts (AQAS) also have a C18 alkyl 

chain attached to the quaternary nitrogen, which is believed to promote bacterial potency 

in many circumstances, via cell-wall lysis.119, 120 Studies have reported the impact of alkyl 

chain length on the extent of antibacterial activity.233 Island film formation and potency of 

an anchored quaternary ammonium salt biocide with a C18 alkyl chain on quartz surfaces 

have recently been reported using Atomic Force Microscopy (AFM) and angular dependent 

X-ray Photoelectron Spectroscopy (XPS) analyses.186 Unlike the anchored quaternary 

ammonium salts (AQAS), the non-silyl (non-anchored) quaternary ammonium salt 

biocides (QAS) are thought to achieve their potency against organisms through an ion-

exchange of alkaline earth cations in the cellular membrane surface25, 26, leading to cell 

disruption and death. 
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An important recent study by Michailidis et al.224 have utilized the interwoven branched 

3D mesoporous structure of silica nanoparticles (MCM-48) as an efficient carrier of AQAS 

biocides for use in paint formulations. The methoxy silyl terminated quaternary ammonium 

salt was grafted onto the silica particles under ambient conditions and studied for 

antibacterial efficacy.  

 

The methoxy terminator groups of methoxy silyl AQAS materials can undergo 

condensation reactions with silanol terminators of the silica substrates by removal of 

methanol234, 235 (Scheme 4.2). They can also undergo inter-molecular AQAS-AQAS 

condensation reactions at elevated temperature by the elimination of dimethyl ether.236, 237 

In aqueous medium, the methoxy silyl anchors are known to convert to silanols which 

facilitates binding to the silica substrate surfaces through condensation reactions.40 

 

Methoxy AQAS agents have very extensive ranges of microbiological potencies. There are 

several literature reports on these potencies, among which the paper by Yoshino et al.46 is 

the most comprehensive. This study has reported the potencies of methoxy terminated 

AQAS with a C18 alkyl chain for the following bacterial organisms: Gram negative: 

Escherichia coli, Pseudomonas aeruginosa, Salmonella typhimurium; Gram positive: 

Staphylococcus aureus, Bacillus subtilis, Micrococcus luteus; Yeast fungi: Candida 

albicans, Saccharomyces cerevisiae; Mold: Trichophyton mentagrphytes, Microsporium 

gypseum, Pencillium chrysogenum, Aspergillus niger. As previously mentioned, the AQAS 

targets the bacterial cell wall during the attack. The broad spectrum potency of AQAS 

ascertains its efficacy irrespective of the difference in cell wall constitution of the Gram 

negative and Gram positive strains of bacteria. In Gram-negative bacteria, the cell wall is 

composed of a single layer of peptidoglycan (∼2nm) encompassed within an outer 
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membrane composed of lipopolysaccharide (LPS) which acts as a selective permeability 

barrier. Gram positive bacteria lacks this outer membrane, but their cell walls are composed 

of several layers of peptidoglycan (20–80 nm) with teichoic acid molecules running 

perpendicular to the peptidoglycan sheets.  

 

The aim of this study is to develop a sustained release biocide system that exploits the 

honey-comb cellular structure of EP by adsorbing a methoxy-silyl terminated Anchoring 

Quaternary Ammonium Salt (AQAS).  

 

The novelty of this AQAS/EP sustained release biocide system lies in several new findings. 

Firstly, the exploitation of the well-defined natural EP honeycomb cell structures as sites 

for AQAS adsorption and accumulation is an original development. A second aspect relates 

to the AQAS molecules in the EP cells undergoing elimination reactions under curing 

conditions to form oligomeric AQAS, as evidenced by SSNMR. Thirdly, if leaching 

exceeds 16 hours then a process of re-adsorption on the EP is observed. This re-adsorption 

is attributed, over the extended period, to the formation of higher polymeric solution species 

which exhibit reduced solubility and increased adsorptive potential. Finally, the oligomeric 

AQAS species in the leachate have been found to be potent against both Gram-positive and 

Gram-negative bacteria.  

 

4.2. Experimental 

 Materials and Cultures 
Expanded Perlite (Type C500) from Auspearl Pty Ltd has been provided by New Zealand 

Perlite Ltd. Dimethyloctadecyl [3-(trimethoxysilyl) propyl] ammonium chloride 

(C26H58ClNO3Si) was obtained from Sigma Aldrich as a 42 wt% solution in methanol. 
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Analytical grade sodium hydroxide (NaOH) pellets were purchased from Merck. 

Fluorescein dye was purchased from Sigma-Aldrich, New Zealand. 

 

Escherichia coli (ATCC 25922) and Staphylococcus aureus (ATCC 6538) cultures were 

prepared in the Medical Microbiology Laboratory at the University of Auckland (Grafton 

Campus). Tryptic soy broth (TSB) was purchased from Fort Richard (Bacto). 

 

 Preparations and Leaching Studies 

4.2.2.1. Pre-treatment of Expanded Perlite (EP) 

The pristine expanded perlite, EP type C500 (as supplied by Ausperl Pty Ltd) was dried in 

an oven at 100°C overnight to eliminate any adsorbed moisture. 

 

4.2.2.2. Preparation of AQAS loaded Expanded Perlite  

The EP material was stirred under ambient conditions in a 42 wt% Dimethyloctadecyl [3-

(trimethoxysilyl) propyl] ammonium chloride solution in methanol for 1 hour. The resultant 

material was filtered using a Schott filter and cured at 160 °C for 30 mins. 

 

4.2.2.3. Leaching Study of the AQAS loaded Expanded Perlite  

The AQAS loaded EP materials, as prepared above, were subjected to ambient leaching 

studies. This was carried out by stirring of the EP AQAS material in deionized water for 

periods ranging from 1 hour to 48 hours. The leaching times and ratio of the weight of EP 

AQAS material to the quantity of water used for leaching, were precisely monitored and 

controlled. The EP AQAS material was filtered at the end of the washing duration and then 

dried at 100°C for 2 hours. 
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4.2.2.4. Fluorescein Labelling of Supernatant Colloid of EP-AQAS Leachate 

0.5 mM solution of fluorescein was prepared in water as the control sample for labelling 

studies. This concentration of fluorescein was used to label the colloidal suspension 

obtained after different periods of leaching of the EP-AQAS material. 

 

4.2.2.5. Preparation of Alkali modified Expanded Perlite 

Alkali modification of EP yielded a material with an increased BET surface area of 

20 m2g- 1. The preparation of this material was as follows: a suspension of 100 g of EP in 

1.5 L of 4 M NaOH was heated at 70 °C for 24 h and stirred magnetically.238 At the start 

of the reaction, the mixture remained heterogeneous with observable solid particles 

suspended in the alkali solution. As the reaction progressed, the particles were converted 

into a finer particle suspension. The solution colour changed to light brown owing to the 

trace iron species present in the perlite (original composition included 1% as Fe2O3). The 

reaction mixture was filtered through a sintered glass disc funnel under vacuum, washed 

with deionised water (until the pH of supernatant was < 10) and dried in vacuum at 80 °C 

for 72 h.  

 

4.2.2.6. Antibacterial Potency Studies on methoxy AQAS loaded EP  

For the antibacterial potency studies, Minimum Bactericidal Concentration (MBC) 

protocols for insoluble powders were employed. Bacterial broths of the strains E.coli 

(ATCC 25922) and S.aureus (ATCC 6538) were prepared (109 CFU ml-1) in Tryptic Soy 

broth (TSB) and incubated overnight at 37 °C on a shaker plate at 200 rpm. The tests were 

conducted using the bacterial concentration of 1x106 CFU ml-1. A quantity of 40 mg of the 

EP-AQAS material was suspended in 1 ml TSB containing 1x106 CFU ml-1 (4% w/v). The 

sample suspension in bacterial broth was incubated for 18-20 hours at 37°C under 200 rpm 
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shaking. This incubation period represents the duration when the bacterial medium is in 

contact with the EP-AQAS system. After this period, 20 μL of this solution from each 

sample was deposited onto TSA agar plates which were incubated overnight at 37°C and 

checked for colony formation the following day. The tests were repeated with lower 

concentrations (< 40 mg / < 4% w/v) until there was no observed activity of the materials 

against the organisms. The minimum bactericidal concentration (MBC, >99.99% killing) 

of the AQAS within the EP honeycomb structures was thus recorded. The amount of active 

biocide (AQAS) at this specific concentration was calculated from TGA analysis of the 

EP-AQAS material and this AQAS value was used in the calculation of MBC (Minimum 

Bactericidal Concentration), expressed in mg/ml. The weight loss % obtained from the 

TGA analysis is a direct measure of the actual quantity of biocidal AQAS incorporated in 

the EP. All the tests were repeated in triplicate.  

 

4.3. Analytical Methods  

 FTIR−ATR Spectroscopy 
The Nicolet iS50 FTIR spectrometer was used with a diamond ATR element to record 

vibrational spectra of the expanded perlite (EP) and AQAS loaded EP. The spectra were 

recorded for the range of 4000−400 cm-1 and averaged over 32 scans. Omnic ESP, version 

7.1 was used for data acquisition and analysis. 

 

 X-ray Photoelectron Spectroscopy 
The Kratos AXIS DLD X-ray photoelectron spectrometer with a hemispherical electron 

energy analyser was used for analysing and confirming the elemental composition of the 

EP-AQAS material. Prior to individual elemental scans, a survey scan was taken for all 
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samples to detect the elements present. Core level data of O, N, Si, and C were recorded in 

one spot per sample. Spectra were excited using monochromatic Al Kα X-rays 

(1486.69 eV), with the X-ray source operating at 150 W. Survey scans were collected with 

a 160 eV pass energy, whereas core level scans were collected with a pass energy of 10 eV. 

The analysis chamber was at pressures in the 10-9 Torr range throughout the data collection. 

Quantification112 of survey scans utilized the relative sensitivity factors supplied with the 

instrument. The CasaXPS 2.3.14 software was used for data analysis. The binding energy 

of the C 1s of 285 eV was used for calibration. Shirley backgrounds were used in the peak 

fitting. Core level data were fitted using Gaussian−Lorentzian peaks (30% Lorentzian). 

 

 Thermogravimetric Analysis (TGA) 
The TGA analysis of pristine EP and EP-AQAS samples were carried out using the 

Universal V4.5A TA instrument with a calcination temperature up to 850 °C under 

nitrogen. The temperature ramp was set at 10 °C min-1. The weight loss percentage between 

200°C and 800°C was calculated to determine the percentage of AQAS grafted on the 

EP network.  

 

 Scanning Electron Microscopy (SEM)  
Scanning Electron Microscopy was performed to observe the morphology of pristine EP 

and AQAS loaded EP. The samples were adhered on to standard SEM pin stubs with 

double-sided adhesive tape. The prepared samples were coated with ~20nm Pt in a Quorum 

Q150RS Sputter Coater. Backscattered electron images were acquired using a Philips 

XL30S-FEG Scanning Electron Microscope at 20 kV and spot size 4. EDS analysis were 

carried out using an EDAX Genesis Energy Dispersive X-ray Analysis (EDS) system using 

a SiLi (Lithium drifted) detector with a Super Ultra-Thin Window. 
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 Solid State Nuclear Magnetic Resonance (SSNMR) 
The solid-state NMR experiments were performed on powder samples using a Bruker 

standard bore magnet system AVANCE III HD operating at 99.37, 125.78 and 500.19 MHz 

for 29Si, 13C and 1H, respectively (B0 = 11.74 T). All experiments were performed using 

a Bruker double-tuned solid-state NMR probe equipped with 4 mm rotors. The magic 

angle was adjusted by maximizing the sidebands of the 79Br signal of a KBr sample. 

The 29Si, 13C and 1H chemical shift scales were referenced to the respective signals of liquid 

tetramethylsilane (TMS).  

 

29Si: For the RAMP CP-MAS (ramped amplitude cross-polarization magic-angle spinning) 

experiment, the 90° proton pulse was 3.1 μs followed by an 800 μs contact time, 26 ms of 

data acquisition and 28840 transients. The recycle delay was 2.5s. A SPINAL-64 

decoupling scheme was used during acquisition. The samples were spun at 8 kHz.  

 

13C: For the RAMP CP-MAS experiment, the 90° proton pulse was 3.1 μs followed by a 

1500 μs CP contact time, 26 ms of data acquisition and 4000 transients. The recycle delay 

was 4 s. A SPINAL-64 decoupling scheme was employed during acquisition. The samples 

were spun at 10 kHz.  

 

1H: The spectra were acquired using SPE (single pulse excitation) experiments. The 90o 

pulse length was 3.1 µs. Recycle delay of 4 s was used, and the spectral width was 100 

kHz. The number of transients was 64. The MAS frequency was 15 kHz. The background 

1H signal was subtracted from the original spectrum. Tentative assignments are based on 

the Professional ChemDraw® 15.0.0106 software estimation. 
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4.4. Results & Discussion 

 Honeycomb Microstructure of EP  
SEM analysis of the EP reveals a well-defined polygonal honeycomb cellular morphology 

(sometimes referred to as a “popcorn” structure) within the EP materials encompassed by 

a relatively smooth outer surface (sometimes referred to as “the egg shell”). These features 

are thought to result from the high internal pressures generated by water vapour within the 

original Perlite mineral at the EP transformation temperatures (850°C). The polygonal 

honeycomb cavities have a typical diameter of approximately 100 µm and a depth of 

comparable dimensions (Figure 4.1). Fine cracks can be observed on the cavities at high 

magnification, showing that these structures are reasonably fragile and easily prone to 

disintegration upon mechanical stress. As explained below, the AQAS loaded EP materials 

retain the honeycomb structure to a considerable extent with some loss of sharpness along 

the edges of the honeycomb cells. 
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Figure 4.1. SEM image of pristine Expanded Perlite honeycomb structure. 

 

 AQAS Filling of EP Honeycomb Cells  
The AQAS used in this study is the anti-microbial agent, dimethyloctadecyl 

[3-(trimethoxysilyl) propyl] ammonium chloride (C26H58ClNO3Si), which is supplied as a 

42 wt% solution in methanol (Scheme 4.1). These methoxy terminated AQAS molecules 

are stable in methanol at ambient temperatures, and exhibit no evidence in this study for 

self-condensation reactions. In the presence of water or moisture, these methoxy groups 

can rapidly hydrolyse and form terminal silanol groups.40, 67 In this study, the methoxy 

AQAS has been adsorbed onto the EP cellular network, and then subjected to curing at 

160°C.  
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Scheme 4.1. Chemical structure of AQAS (dimethyloctadecyl [3-(trimethoxysilyl) 

propyl] ammonium chloride). 

 

The EP surface terminator groups in this study could be either silanols, which occur in 

disordered amorphous silica,228 or exchangeable cation sites of the type that occur in 

ordered zeolite channel surfaces.239 In the absence of definitive evidence, the disordered 

nature of EP86 has encouraged us to assume the silanol terminator group species. 

This assumption is supported by the insensitivity of pH which remains in the region 7.0-7.4 

during EP immersion in water over 14 hours. This argues in favour of neutral surface 

silanols and against the presence of exchangeable alkali cation sites of the type found in 

zeolite minerals, which would have increased solution alkalinity as a result of aqueous 

Na+ dissociation. Such silanol terminators are therefore presumed to exist on the silica-rich 

surfaces of the EP, just as they exist on many other disordered silica-rich surfaces such as 

quartz and amorphous silica.186, 240The terminal methoxy groups of the AQAS would 

undergo condensation reactions with the assumed surface-terminating silanols of the EP 

leading to the elimination of methanol (Scheme 4.2).234, 235 The apparent uniform coverage 

observed from EDS elemental mapping for distinctive elements (C, N and Cl), suggests 

that the AQAS forms a reasonably uniform coverage over most of the silica-rich zones of 

the EP cell surfaces. The reduction in AQAS coverage evident in the FTIR data for alkali 

modified EP (see later), which has reduced proportions of surface silica appears to confirm 

that silica rich zones of the EP surface are the preferential sites for silyl AQAS adsorption 
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on EP. The bulk micro-scaled AQAS in the honeycomb cells, which plays the primary role 

in the EP-AQAS controlled release system, consists largely of three oligomeric species 

formed during the curing step at 160°C. The presence of the three AQAS oligomers 

(T1, T2 and T3) formed from AQAS-AQAS condensation reactions (Scheme 4.3), together 

with the absence of detectable monomer AQAS in the EP network has been established by 

SSNMR studies (29Si spectra) (see later). Self-condensation reactions are well known to 

occur between the methoxy end groups of adjacent AQAS at elevated temperatures (160°C) 

by the elimination of dimethyl ether.236, 237  

 

 

Scheme 4.2. Condensation reactions between terminal methoxy groups of the AQAS and 
silanol terminators of the silica substrate. 

 

 

Scheme 4.3. Self-condensation reactions between adjacent AQAS molecules by the 
elimination of CH3-O-CH3, forming oligomeric species of AQAS. 

 

The SEM images of the AQAS EP materials reveal honeycomb cells that appear to be filled 

with micro-scaled quantities of AQAS plugs (Figure 4.2 b). EDS analysis further confirms 

the presence of AQAS based on the analytical data detected for C, N and Cl (Table.1). 
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The ratio of C: N: Cl (26: 1: 1) in the EP-AQAS system coincides with that of the bulk 

AQAS ratios. The height of a single molecular layer of silanol anchoring AQAS on a flat 

quartz surface has been reported previously on the basis of AFM imaging, to be around 

2-3 nm.154, 186 The width of a typical single honeycomb cell in EP using the materials 

employed in this study, is found to be approximately, 100µm. Therefore, a typical 

completely full honeycomb cell, assuming both a depth and a diameter of 100 µm, prior to 

aqueous leaching tests, might hold (very roughly) 40,000 layers of the AQAS. 

Therefore, the filling of the honeycomb cells involves micro-scaled and not molecular 

scaled quantities of AQAS, and therefore the filling process is not primarily interfacial 

oxide adsorption, but involves extensive multilayering of AQAS. 

 

 

Figure 4.2. SEM images of a) Pristine Expanded Perlite ; b) Expanded Perlite with AQAS 
filled in cavities. 
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Elements 
EDS Analysis- Atomic Percentage of Elements 

EP-Pristine EP- AQAS 

C 11.24 58.52 

N n/a 2.14 

O 61.67 27.03 

Al 3.78 0.96 

Si 19.89 7.95 

Cl 0.19 2.41 

Table 4.1. Atomic percentage of elements by EDS analysis of pristine EP and EP-AQAS. 

 

XPS analysis was also used to confirm the presence and nature of AQAS species in the EP 

network. Atomic percentage of elements obtained from the survey scan of pristine EP, 

AQAS loaded EP and AQAS after evaporating all the solvent are given in (Table 2). 

The atomic percent ratios of the elements C, N and Cl is consistent with the data for bulk 

AQAS and EP- AQAS system. A core level scan of Nitrogen (1s) (Figure 4.3.) shows 

peaks at 402 eV and 405 eV for the free AQAS and EP- AQAS system respectively. 

These peaks at 402eV (free AQAS) and 405eV (AQAS anchored to the EP surface) binding 

energies are assigned to the quaternary N+ centres in the AQAS molecule. Changes in 

conformational structure (TTT, TGT and GGG etc.) of the C18 alkyl chains under free or 

anchored circumstances, are expected to change the shielding of the quaternary nitrogen 

centres of AQAS, and this may contribute to the 3eV shift.168, 241 The oligomeric speciation 

of the dominant honeycomb AQAS units after curing at 160°C, which is indicated by 

SSNMR studies, may also contribute to the shift.  

 

In these elemental analytical studies, the sampling depth for SEM/EDS analysis242 is ~ 1µm 

and that for XPS analysis is ~10 nm.112 The identical results obtained from both these 
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techniques (Table 4.1and Table 4.2) points to the consistency of AQAS layers within the 

EP system. 

Elements 
XPS Survey Scan- Atomic Percentage of Elements 

EP-Pristine AQAS EP-AQAS  

C 8.2 85.2 46.1 

N 0.5 2.5 1.6 

O 62.6 7.4 33.6 

Al 4.9 0.2 2.5 

Si 23.7 2.9 15.3 

Cl 0.00 1.9 1.1 

 
Table 4.2. Atomic percent of elements from XPS survey scan of pristine EP & AQAS 

loaded EP. 

 

 

Figure 4.3. XPS core level N (1s) spectra of EP and EP-AQAS. 
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 Solid State NMR Analysis of the EP-AQAS System 
 

Self-condensation reactions are known to occur between the methoxy end groups of 

adjacent AQAS at elevated temperature (160°C) by the elimination of dimethyl ether236, 237 

(Scheme 4.3). Self-condensation reactions also occur at ambient conditions if the 

molecules are exposed to moisture, causing hydrolysis of the terminal methoxy groups to 

hydroxyl groups thereby initiating intermolecular association between adjacent terminal 

silanol groups. The oligomers formed from such AQAS-AQAS condensation reactions in 

the EP network have been confirmed by SSNMR studies (Figure 4.4) of the EP-AQAS 

system, as described below.  
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Figure 4.4. Solid State NMR of the EP-AQAS system 
(a) 1H spectra ; (b) 1H-13C CP-MAS spectra; (c) 29Si spectra. 
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The 1H NMR spectrum of the EP loaded with 3-methoxy silyl propyl dimethyl octadecyl 

ammonium chloride (AQAS) is shown in Figure 4.4a. The peak at 4.2 ppm is assigned to 

water. The peak at 3.4 ppm is attributed to CH3 protons (7, or 11 from unreacted AQAS, 

see Scheme 4.1) and CH2 protons (6, 8 see Scheme 4.1). The peak at 1.4 ppm is attributed 

to CH2 groups along the backbone, while the peak at 0.9 ppm is assigned to CH3 (Scheme 

4.1). The spectrum is broadened at the base, probably due to the superposition of the signal 

from EP (see inset, Figure 4.4 a) which can be seen partly as a shoulder at 7 ppm. The 

tentative assignment of peaks of the 1H-13C CP-MAS spectrum is shown in Figure 4.4 b 

(Also see Scheme 4.1).243 The broad, and complex peak at ca 50 ppm can be attributed to 

both CH3 protons, 7, and 11 from unreacted AQAS (unreacted methoxy- terminating group 

of the AQAS) (Scheme 4.1). 

 

The 29Si NMR spectroscopy yields information on the connectivity of the silica network 

within the EP-AQAS system. The spectrum of the EP loaded with a 42 wt% methoxy 

terminated AQAS in methanol shows one broad peak centred at -102.7 ppm arising from 

the EP and three intensive peaks at – 50.2, -59.1, and -68.3 ppm (Figure 4.4 c). These three 

can be assigned to the presence of T1, T2 and T3 units which are formed during condensation 

during deposition on the EP network (Scheme 4.3 and Scheme 4.4).198, 199, 244 These peaks 

indicate the presence of a polymerized species of AQAS in the EP network. However, due 

to different cross-polarization dynamics of the AQAS and EP parts, the intensity ratio of 

peaks from these two domains does not reflect the quantitative amount of each component. 

EP itself does not incorporate many hydrogen-rich species, and this results in a poor 

polarization transfer (and reduced peak intensity) in comparison to the polarization transfer 

related to AQAS. 
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Scheme 4.4. T1, T2 and T3 units of Si formed during condensation reactions. 

 

 

 Aqueous Leaching of AQAS 
The FTIR analysis of the dried EP materials containing adsorbed methoxy AQAS (supplied 

as 42% in methanol) reveals the expected characteristic CH stretching peak pattern with 

peaks at 2920 cm-1 and 2850 cm-1 245 (Figure 4.5). The CH absorbance drops rapidly 

because of ambient aqueous leaching for 1 hour, and then decreases more gradually to a 

minimum after leaching for 16 hours. The initial one-hour of rapid leaching is attributed to 

the simplest and presumably most soluble oligomer, T1, as detected in SSNMR (Figure 

4.4 c). The following slower stage of leaching evident in the reduction of absorbance 

through to 16 hours is expected to be due to loss of the more complex oligomers, T2 and 

then T3. For the interval 16 -23 hours, there is an increase in the absorbance values 

suggesting some form of re-adsorption of AQAS species on the EP surface. This delayed 

surface re-adsorption process has been attributed, firstly, to the slow formation in solution 

of a more extensively cross-linked oligomer or polymer species of AQAS, and secondly to 
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the re-adsorption of these higher molecular weight polymers onto the EP silica-rich 

surfaces. These EP surfaces, after 16 hours of aqueous leaching, will be depleted of the 

original surface oligomeric AQAS, and so will be amenable to a secondary phase of 

adsorption involving such higher molecular weight oligomeric AQAS species (Figure 4.6). 

Such higher oligomers or polymers of AQAS would be expected to have reduced solubility 

compared to the original simpler oligomers (T1, T2 and T3) and so would also be expected 

to exhibit enhanced surface absorptivity. The secondary AQAS re-adsorption process (16-

24 hours) could be viewed as a “green” advantage within the system, given that it reduces 

the levels of AQAS in solution when the initial phase of leaching is well advanced. 

A second phase of leaching from the EP surface of the higher oligomers and any residual 

original oligomers, is then evident from a secondary decline in CH absorbance from 24-36 

hours. A persistent low absorbance plateau is then observed between 36-48 hours, which 

has been attributed to the retention of a small quantity of either strongly-anchored first 

molecular layer AQAS or more cross linked higher polymers of AQAS.  
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Figure 4.5. FTIR ATR spectra of CH stretching region of Expanded Perlite - AQAS over 
48 hours of leaching. 
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Figure 4.6. CH absorbance vs duration of leaching of Expanded Perlite with AQAS 
loading. 

 

The EP-AQAS system, at increasing durations of aqueous leaching was also investigated 

using Thermal Gravimetric Analysis (TGA) analysis. TGA analyses of the EP-AQAS 

material were employed to determine the quantity of AQAS grafted onto the EP network. 

This is achieved by the thermal decomposition of AQAS at elevated temperatures on the 

EP network224, 246 which is manifested as a weight loss percentage in the TGA results. 

The analysis was carried out under N2 atmosphere up to 850 °C (Figure 4.7) and the weight 

loss percentage provides a quantitative measure of the AQAS present in the EP honeycomb 

cells. The pristine EP materials have high thermal stability and so retain an almost constant 

weight in TGA up until 850°C. The minor TGA decrease in weight by 0.8 % for the pristine 

EP material is attributed to desorption of surface moisture from the EP material. The TGA 

of AQAS loaded EP materials indicated a reduction in weight between 200 °C and 800 °C 
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which is attributed to the decomposition of AQAS present in the system. The AQAS EP 

materials which were subjected to a series of aqueous leaching steps up to 16 hours, showed 

a progressive weight loss due to the diminished amount of AQAS present on the EP surface. 

There was an increase in the number of moles of adsorbed AQAS beyond 16 hours (0.07 x 

10-5 moles at 16 hours to 0.08 10-5 moles at 24 hours) as can be seen from Figure 4.8. 

Overall, the TGA results present, as expected, a parallel and consistent trend to those 

previously revealed in the FTIR CH stretching absorbance curves for the same leached 

materials.  

 

Figure 4.7. TGA analysis of Expanded Perlite – AQAS over 48 hours of leaching. 

(Weight loss % between 200° C and 800° C for each sample indicated at the end of each 
TGA curve) 
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Figure 4.8. Moles of AQAS present in the EP network after different hours of leaching. 

 

The TGA and Absorbance kinetics curves (Figure 4.8 and Figure 4.6) show qualitative 

similarities for the critical initial phase (0-16 hours) where the three oligomers are 

presumed to be mostly removed from the EP surfaces by leaching. However, for the 16-48 

hours interval, differences appear between the two data sets, which are attributed to TGA 

data being recorded up to 800oC while Absorbance data is recorded at ambient 

temperatures. One factor creating this difference is expected to involve the silyl groups on 

the AQAS, which are unlikely to be vaporized from the EP surface at such high TGA 

temperatures, and may be retained on the surface as silica type decomposition materials. 

The residual AQAS moles at 48 hours (16% of original quantity) effectively coincides with 

the % contribution of the non-combustible siloxane group in the molecular weight of AQAS 

(15.4%) which confirms that the AQAS thermal decomposition process in TGA analysis 

leaves a silica type surface residue. 
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As mentioned previously under Section Honeycomb Microstructure of EP, 4.4.1, the EP 

structure is relatively fragile under mechanical stress and is slightly degraded during the 

solution deposition of AQAS. The leachate solution remains relatively clear for the early 

period of the process but becomes increasingly cloudy during the latter stages. The cloudy 

material is a fine EP colloid presumably formed by slight erosion of the bulk EP surface. 

This has been confirmed in by FTIR analysis and also by SEM images of the partly eroded 

EP honeycomb structure. FTIR spectra of the dry deposited colloid particles from the EP-

AQAS leachate reveals evidence for both EP (intense band at 800-1200 cm-1) and AQAS 

(intense band at 2900 cm-1 region) with the latter expected to be oligomeric. Based on the 

adsorption of AQAS on the EP substrate observed in this study, and also previous literature 

reports indicating AQAS binding to silica224 and quartz186 and related surfaces,247 it is clear 

that some or all of the AQAS will be retained on the EP colloid. Therefore, AQAS released 

material will exist in the solution, on the EP substrate honeycomb and adsorbed on the EP 

colloid surfaces. This complex adsorption behaviour involving colloid adsorbed AQAS and 

solution AQAS militates against any meaningful UV-visible quantitative analysis of AQAS 

in solution by either fluorescein marking, or by direct solution analysis using Raman 

spectroscopy, both of which were attempted. A final aspect of our fluorescein-marking 

studies is that the dye clearly binds strongly to the EP honeycomb structure as visually 

noted in this study and also as reported by previous authors248 for other silicate aluminate 

mineral surfaces in an aqueous environment. The complicating tendency of both AQAS 

and fluorescein to anchor onto both EP bulk and colloid surfaces has precluded arriving at 

a more quantitative analysis for the AQAS in the leachate solution itself. 
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 Alkali Modified EP Material  
 

The role of surface area and oxide surface composition in the uptake of AQAS into the cells 

of EP has been explored. Previous studies86 have reported a new related material extracted 

from pristine EP by aqueous alkali. Brunauer, Emmett and Teller (BET) N2 surface areas 

for the alkali modified EP materials are observed to be c. 20 m2g-1.86 This compares with 

the relatively low surface area of pristine EP (2 m2g-1). Images of the alkali-modified EP 

materials show a crystalline petal-like formation (Figure 4.9.) which contrasts with the 

honeycomb structure of the pristine EP materials prior to modification. The EDS atomic 

percentage of elements shows that the Si: Al atomic percent ratio has been reduced from 

5:1 for pristine EP, to 1:1 for alkali modified EP. This is consistent with the XRF and XPS 

results from prior studies.86 This drop in Si to Al atomic ratio confirms that the alkali 

solution selectively extracts silica components on the EP surface, and probably converts 

them to soluble sodium silicates. The lower percentage of Si on the EP network reflects a 

reduction in the number of first layer silanol anchoring points for the AQAS molecules.  

 

 

Figure 4.9. SEM images Expanded Perlite modified using 4M NaOH (left) 
Modified Expanded Perlite loaded with AQAS (right). 
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This proposition above is confirmed by the observation that the infrared absorbance of the 

CH stretching modes of AQAS on alkali modified EP are significantly lower than that for 

AQAS on unmodified EP (Figure 4.10), despite having an enhanced BET surface area 

(20 m2g-1) compared to unmodified EP. This aluminium-rich material has a reduced silica 

composition and therefore it is to be expected that the quantity of AQAS adsorbed on the 

silica rich zones on the EP surface would also be reduced. This observation reinforces the 

hypothesis that silica rich zones in EP are important in binding the AQAS to the unmodified 

EP surface and it lends support to the hypothesis that the key surface terminator groups are 

silanols (see earlier discussion). 

 

 

Figure 4.10. FTIR-ATR spectra of AQAS loaded onto alkali modified EP and pristine 
unmodified EP. 
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 The Stabilizing Role of Uptake of AQAS in Honeycomb Cells 
It is observed that the capacity of pulverised EP materials to incorporate AQAS is 

substantially less than the capacity of unpulverized EP to incorporate AQAS, under 

identical conditions (Figure 4.11). This observation does suggest that the polygonal 

geometry of intact honeycomb cells appears to be a critical factor in achieving a high-level 

of up-take of stable AQAS. As the EP cells are typically 100µm in dimension with 

apparently comparable depth in µm dimensions, they are much larger than molecular, or 

mono-layer dimensioned interfacial features. This suggests that the AQAS uptake would 

be expected to be quite sensitive to physical disruption processes on a macro scale, such as 

the pulverizing of the EP cellular structure. In other words, the geometry of the cellular 

structure of EP itself is important in determining the capacity of the substrate to incorporate 

AQAS, and in the stability of the accumulated AQAS incorporated in the EP structure. 

The honeycomb cellular micro-structure of EP enables the adsorption and accumulation of 

AQAS monomeric species from methanol solution and acts as a substrate for the formation 

of oligomeric species after curing. The incorporation of the AQAS oligomers which are 

retained within the partially open box-like cells slows down the normal leaching 

solubilisation in water, and so enables sustained release over an extended period thereby 

creating a more enduring hygienic environment. In addition, these unique features allow 

the partial re-adsorption of AQAS species thus reducing ecological toxicity impact. 

Given the natural abundance of Perlite and EP it is deemed as an adsorption substrate for 

various hygienic applications with economic and manufacturing advantages over 

commercial porous oxides. 
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Figure 4.11. FTIR-ATR spectra of AQAS loaded onto pulverised EP and pristine un-
pulverised EP. 

 

 Antibacterial Testing  
Antibacterial activity of the AQAS loaded EP was evaluated by dispersing the materials in 

both saline and broth medium containing 106 CFU ml-1 of bacteria and incubating 

overnight. This test was performed against both Escherichia coli and Staphylococcus 

aureus as representative strains of both Gram negative and Gram positive bacteria to 

establish potency. Pristine EP was used as a negative control as EP is not expected to exhibit 

antibacterial potency, and this absence of potency has been confirmed in this study. 

The overnight culture solution of bacteria was inoculated onto agar plates and incubated 
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overnight at 37°C. Experiments were repeated in triplicate and three biological repeats were 

performed using overnight bacterial cultures from three different days for each sample. 

 

The EP-AQAS system showed antibacterial activity against E.coli and S.aureus in a saline 

medium with a Minimal Bactericidal Concentration (MBC) at 0.526 mg/ml. Similar MBC 

values were attained for S.aureus dispersed in broth medium. However the EP-AQAS 

system did not show activity for E.coli dispersed in the broth .This could be attributed to 

the high exopolysaccharide production (EPS) in the broth medium,249 which may prevent 

access to the AQAS biocide (Figure 4.12). The antibacterial activity of EP-AQAS against 

S.aureus in the broth medium is less than that against the same organism in saline solution. 

However, its activity against S.aureus in broth is greater than its activity against E.coli in 

broth medium. Therefore, this partial activity of EP- AQAS against S.aureus in broth has 

been labelled as bacteriostatic. The active potency in the saline medium, in any case, is 

closer to most of the practical application environments for AQAS.  
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Figure 4.12. Spread plate images of EP-AQAS activity against bacteria. 

a. E.coli dispersed in saline;     b.  E.coli dispersed in TSB broth solution. 
c. S.aureus dispersed in saline ;   d. S.aureus dispersed in TSB broth solution. 

 

 

As has been established by prior studies,25, 26, 119, 120, 233 the potencies of AQAS are expected 

to arise from the alkyl C18 chain and/or the quaternary nitrogen centre acting jointly first to 

attract negatively charged bacteria, and then to perforate the bacterial cell wall. 

The methoxy terminated AQAS in aqueous solution (such as leaching in this study) are 

known to be rapidly hydrolysed into silanol-terminated AQAS.40 For this reason, 

commercial silanol AQAS121, 140, 141 and methoxy AQAS used in this study are expected to 

exhibit similar potencies in application. 



132 
 

4.5. Conclusions: The Overall Picture 

 

The EP-AQAS controlled release biocide system developed and documented in this study 

can be summarized in terms of its essential features. The Expanded Perlite honeycomb 

structure appears to be an effective and even stabilizing reservoir for bulk micron-scaled 

quantities of AQAS, involving three distinct oligomeric species as revealed by SSNMR. 

These oligomers are the dominant T2, with comparable but smaller proportions of the less 

dominant oligomers, T1 and T3 but, significantly, with no evidence for either detectable 

quantities of the monomer AQAS, or of higher AQAS polymers. It is tentatively suggested 

that AQAS is initially bonded in a uniform fashion to most of the silica-rich cell walls 

which are assumed (given the disordered nature of EP) to incorporate some form of surface 

silanol terminator groups. AQAS-silanol condensation reaction would result at the curing 

temperatures and this would lead to covalent attachment. The leaching behavior probably 

initially favors the lower molecular weight oligomers, T1 and T2, assuming that these two 

oligomers are expected to be slightly more soluble than T3. There is a suggestion in the 

FTIR CH Absorbance curves (Figure 4.6) after about 1 hour for an inflexion in the leaching 

kinetics trend, which may be attributable to the leaching of oligomer T1. The re-adsorption 

process can be viewed as a “green” advantage for this controlled release system as it 

indicates that a substantial part of the potent solution AQAS is removed from the system 

and from the surrounding environment after creating a hygienic zone. Such green re-

adsorption processes would be expected to reduce the collateral impacts on the environment 

and on human health. . However, the prospect of recycling the EP/AQAS system, seems to 

be limited, given that the AQAS is only partly re-adsorbed in this study. It is possible that 

re-adsorption itself might be better optimized in future more focused studies. 

The microbiological potencies (measured as MBC) indicate that both the leached and the 
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cellular oligomeric AQAS species are potent against Gram-positive and Gram-negative 

bacteria. The sustainability of the EP/AQAS system rests on several factors including that 

EP is formed by thermal treatment of mineral Perlite, which is a natural, common, non-

toxic and inexpensive feed-stock. These are “green” advantages over the other common but 

more expensive and usually manufactured porous adsorbents (synthetic zeolites, 

nano-clays, amorphous silicas etc.). Also, the surface presentation of AQAS compared to 

blended biocides in bulk substrates is itself a sustainability advantage because the dosage 

of AQAS is generally orders of magnitude less in surface presented biocide technologies 

with potential use in aqueous contexts including food handling, healthcare and hospital 

surfaces, mold or other dangerous organisms in the construction sector, and many others. 
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5. Surface Anchored Antibacterial Polyurethane Films  
 

5.1. Introduction 

Polyurethane, developed by Otto Bayer and co-workers in the 1930s, is one of the most 

sought-after industrial polymers with a plethora of applications in biomaterials,250 

engineering materials, electronics,141, 251automotive coatings140, 252, 253 and textiles.254 

These diverse applications exploit the customizable structural forms of these polymers 

ranging from elastomers255 to rigid foams,256 flexible films257, 258 and coatings. 

Such customizations are made possible by altering the formulation in the pre-polymer 

synthesis route, whereby the isocyanate and polyol components, which are the constituent 

building blocks of the polymer are modified. The degree of crosslinking, controlled by the 

ratio of isocyanate (hard-segment) and the flexibility controlled by the polyol (soft 

segment) can substantially modify the final mechanical, chemical and thermal properties 

of the material.259 The electronic display device industry has been revolutionized over the 

past decade by the advent of flexible screens in wearables and in medical diagnostics by 

combining mechanical, optical and chemical resilience to processes and biocompatibility. 

At the 2018 Samsung Developer Conference, new screen materials, which are durable and 

flexible, were introduced for the new infinity flex display.260 This reinstates the potential 

for flexible polymer films and applications, which greatly inspired this current study.  

 

Bayer MaterialScience (Covestro AG.) had previously synthesized and patented thermoset 

Polyurethane (PUR) films with high glass transition temperature (Tg), high processing 

temperature, transparency (>90%) and chemical resistance with the aim of targeting the 

electronic display device industries.257, 258 Anchoring a biocide layer onto this substrate 

could potentially benefit the touch screen devices market, especially in the hospital and 
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healthcare environment. Such touch screens, which comprise the user interface of medical 

diagnosis equipment, are a potential harbouring ground for bacteria and hence the need for 

such a bio-functional film is of great interest. Apart from hospital environments, this could 

also find applications in public kiosks, which are increasingly used in airports, 

restaurants, etc.  

 

Quaternary Ammonium Salt (QAS) biocides have been extensively reported in the 

literature for their antibacterial efficacy, broad-spectrum activity against a range of 

organisms, effectiveness over a wide pH range, low mammalian toxicity etc. Literature on 

PUR and QAS all have adopted a common approach; either blending the QAS components 

into the PUR resin or tethering the species to one of the components of the PUR resin to 

create a non-leachable AQAS system fixed to the backbone of the PUR chain. These 

composite systems, which are mostly created using a one-pot synthesis method, have 

provided PUR-QAS systems with excellent mechanical and antibacterial properties.261-263 

The QAS entities in the polymer blend were also observed to impart higher dielectric 

constants for the PUR-QAS composite system making it possible to use such systems in 

capacitors, printed circuit boards and energy storage applications.264 The advantage 

commonly claimed for either a blending or anchoring method, is that the QAS in either 

case does not leach into the environment. However, it has been reported that the positioning 

of the QAS on the polymer backbone plays a role in the antibacterial efficacy.95 This would 

also suggest that incorporation of blended QAS within the bulk of the polymer leads to the 

encapsulation of these QAS molecules, which then are likely to become inaccessible to the 

bacteria moving in the external environment, thus leading to nullification or reduction of 

potency. Zhang et al.265 have cast films of PUR-QAS blends and studied the imparted 

antibacterial property due to the high interfacial energy of the QAS causing them to migrate 
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to the surface of the film. This polarity migration approach would be expected to lead to a 

high proportion of QAS molecules remaining encapsulated in the sub-surface region rather 

than moving onto the external surface itself. This would mean that they remain inaccessible 

to the incoming bacterial organisms making it a less efficient route and, moreover, one that 

demands a much higher dosage level than for anchored QAS monolayers. 

Moreover, studies have reported decreased pencil hardness and thermal stability of PUR-

QAS blends with increasing QAS concentrations.266 Only a few papers report covalent 

surface QAS anchoring to PUR, which would ensure potency at extremely low mono- or 

multi-layer dosage. Chen et al.267 and Luo et al.268 have described a system involving an 

intermediate polydopamine layer to attach quaternary ammonium chito-oligosaccharide 

PUR membranes. Zanini et al.250 have reported a multistep process involving deposition of 

acrylic acid onto PUR surfaces via plasma-induced graft-polymerization. This acrylic layer 

acts as an intermediate layer to attach the QAS to the underlying PUR substrate. Other 

literature studies have reported adding intermediate layers like polydopamine268 and 

epichlorohydrin262, 269 onto the PUR surface in order to effectively bind anchored QAS 

species.  

 

In this current study, the chemisorption of a biocide (AQAS) with pre-established potencies 

directly onto thermoset PUR films without intermediate layers is reported for the first time, 

as a simpler, more efficient and cost-effective approach to form antibacterial PUR surface 

films. Surface-anchored AQAS monolayers and multilayers on quartz surfaces have been 

studied in detail in our recent work whereby the potency of anchored monolayer systems 

of AQAS on oxide substrates was established using AFM morphological images of 

bacterial degradation186.  
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The current study investigates, firstly, a direct adsorption of AQAS on a pristine PUR film 

surface. Further PUR film surface enhancement methods are explored using modified 

polydimethylsiloxane additives in the PUR pre-polymer resin followed by subsequent 

plasma treatment on the film surface. The plasma treatment seems to cleave the methyl 

groups on the surface-migrated dimethyl-siloxane species, leading to more anchoring sites 

for the incoming AQAS. This increases AQAS adsorption capacity on the modified PUR 

surface. 

It also has to be noted here that trace modified polydimethylsiloxane additives are an 

inevitable part of industrial coating formulations and hence do not significantly add to the 

complexity of the resin system studied here. Apart from their use as flow and levelling 

agents, modified siloxanes were used as constituent soft segment (polyol) species of the 

PUR resin. Laskar et al.270 have reported the anchoring of silyl anchored QAS molecules 

onto the soft segment (siloxane-based polyol) of the PUR network. Siloxane modification 

has been known to increase mechanical properties like tensile strength, pencil hardness and 

Young’s modulus.271 Byczynski et al.272 have reported an increase in thermal stability and 

hardness of the siloxane-modified PUR systems with increasing siloxane content. 

PUR-Polydimethylsiloxane (PDMS) systems modified with disulphide bonds have been 

reported which exhibit self-healing, stretchability properties and so find applications in 

flexible electronics systems.273 Siloxane modified PUR also has been used to improve 

surface properties in amphiphilic antifouling coatings,274 and anti-smudge coatings.275 

Furthermore, plasma treatment is widely used in industrial manufacturing processes to 

enhance surface functionalities and bonding between surfaces276, 277, as an etchant to 

remove surface contaminants etc.180, 278 and is considered an efficient and environmentally 

friendly alternative to chemical surface modifications. For this reason, both the 
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aforementioned surface modifications do not create superfluous processing steps in the 

manufacturing or upscaling processes. 

The surface presentation illustrated in this study will greatly improve the hygiene levels in 

display and touch screens not only limited to public kiosks but will also be useful in medical 

devices due to the surface-anchored biocidal coatings that are environmentally friendly and 

yet hygienic. This approach offers a green advantage by reducing the required dosage of 

biocide by orders of magnitude and improves the efficacy of substrate recycling compared 

to blended biocide systems in the bulk of the polymer. 

 

5.2. Experimental 

 Materials and Reagents 
Desmodur® Z4470, a trimer of isophorone diisocyanate, commonly referred to as IPDI 

(equivalent weight 252g/mol), was obtained as 70% solids in Butyl Acetate from Bayer 

MaterialScience AG and Covestro AG, (supplied in New Zealand by Alchemy Ltd.). 

Isophorone diisocyanate (IPDI) is an aliphatic diisocyanate and is extensively used in 

polyurethane coatings for applications where resistance to UV degradation and chemicals 

is deemed crucial. The IPDI trimer (Diisocyanate) forms the hard segment of the 

polyurethane and imparts rigidity via a three dimensional crosslinking of the polymer 

network. 

 

The polyol part forms the soft segment of the polyurethane and imparts flexibility to the 

polymer. A combination of polyols (1, 4 benzene dimethanol and Desmophen® VPLS 

2249/1, a branched short-chain polyester polyol) is used in this study to optimize the 

flexibility and cross-linking efficiency of the polymer network. 1, 4 Benzene dimethanol 

was purchased from Sigma Aldrich. A second polyol, Desmophen® VPLS 2249/1(solvent-
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free, branched short-chain polyester polyol) with a hydroxyl content of 15.5 ± 1%, from 

Covestro AG was supplied by Alchemy Industries Ltd. Butyl acetate solvent was purchased 

from Sigma Aldrich. The release substrate, PolyImide film (DuPont Kapton® HN) with a 

thickness of 0.125mm and coil width of 610mm was purchased from Goodfellow 

Cambridge Ltd. Surface siloxane modifier BYK® 306 was purchased from ALTANA 

Chemie GmbH. BYK 306 is a solution of polyether-modified polydimethylsiloxane in 

xylene and mono-phenyl glycol. The quaternary ammonium salt, Dimethyloctadecyl [3-

(trimethoxysilyl) propyl] ammonium chloride (C26H58ClNO3Si) was obtained from Sigma-

Aldrich as a 42 wt % solution in methanol. E.coli (ATCC 25922) and S.aureus (ATCC 

6538) cultures were prepared in the Medical Microbiology Laboratory at the University of 

Auckland (Grafton Campus). Tryptic soy broth (TSB) was purchased from Fort Richard 

(Bacto). Lecithin [casein –peptone lecithin polysorbate broth] was purchased from Merck 

Millipore Corporation, MA, U.S.A and Tween® 20 [Polyoxyethylene 20-Sorbitan 

monolaureate] was purchased from Fisher Scientific, U.K. 

 

 Synthesis of Polyurethane  
 

The pre-polymer resin for producing a thermoset polyurethane film was prepared according 

to the exemplary process mentioned elsewhere in a patent (WO16046293-A1).257  

The weights of isocyanate and polyols in the formulation were calculated so as to attain an 

[NCO] to [OH] molar ratio of 1.1 in the reaction mixture. The weights of each of the polyols 

were calculated to attain a predetermined weight percentage ratio (w/w) of polyol 1 

(1, 4 benzene dimethanol) to polyol 2 (Desmophen® VPLS 2249/1). Two formulations 

with varying polyol ratio (80:20 and 60:40) were tested to get a film with optimum glass 

transition temperature and flexibility. The weight of solvent was adjusted to get an 
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approximate resin solid content of 50-70%. The polyols and solvents were weighed into a 

three-neck round bottom flask with condenser and thermometer and homogenized using a 

magnetic stirrer at 40°C. The isocyanate was slowly and carefully dropped into the polyol-

solvent mixture and the reaction temperature was raised to 100°C under a nitrogen 

atmosphere. Desmodur® Z4470 has an NCO content of 11.9 ± 0.4% and this was correlated 

with the FTIR absorbance peak height obtained at 2200 cm-1 for the raw component. As the 

reaction progresses, the FTIR absorbance of the resin was vigilantly monitored for 

observing a drop in the NCO content. The reaction was continued until the NCO content 

of the resin mixture was lower than 5%, which corresponds to an absorbance peak height 

of less than 0.1 for the NCO stretching vibration at 2200 cm-1. The reaction was stopped at 

this point before going to completion, which would result in gel formation. The solid 

content at this point was also noted using a moisture analyser, which was preferably in the 

range of 50-70%.  

 

 Film Casting, Solvent Evaporation and Crosslinking 
The resin solution was cast onto a polyimide release substrate using a draw down bar of 

200 µm which gives a dry film thickness of ~ 100 µm depending on the solid content of 

the resin. This solution cast substrate was subjected to a thermal curing carried out in steps 

of two, by gradually increasing the temperature. Firstly, a solvent evaporation step at 100°C 

for 30 minutes was carried out followed by a high temperature curing step at 180°C for 1 

hour. The thermoset polyurethane film thus obtained was able to be peeled off from the 

polyimide substrate and existed in the form of a stand-alone, optically clear and flexible 

film. The thickness of the obtained films was ~ 120 µm. 
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 Siloxane Modified Polyurethane Film 
The pre-polymer resin as synthesized in Section 5.2.2 was modified by adding the 

polyether-modified polydimethylsiloxane modifier (BYK® 306), after the reaction was 

stopped. The weight of the modifier was adjusted to be 0.5% of the total resin solution 

(w/w). The mixture was homogenized using a vortex mixer and solvent cast to form a film 

as described in Section 5.2.3. 

 Preparation of AQAS Solution  
The three different concentrations of the AQAS (Dimethyloctadecyl [3-(trimethoxysilyl) 

propyl] ammonium chloride) aqueous solutions were prepared in deionized water 

[0.1, 1, and 5% (w/w)]. The AQAS solution was homogenized using a magnetic stirrer for 

15 minutes.  

 

 Preparation of AQAS coated PUR films 
The films prepared as described above (Section 5.2.3) were suspended in the AQAS 

solutions for 1 hour under constant stirring. The coated films were subjected to a curing 

temperature of 160°C for 15 minutes.197 

 

 Leaching Study of the AQAS-Loaded PUR films 
The AQAS coated PUR films as prepared above, were subjected to ambient leaching 

studies. This was performed by suspending the PUR-AQAS films in deionized water for 

30 minutes. The films were dried at 100 °C for 30 minutes at the end of the leaching step. 

 

 Preparation of Plasma Treated PUR films with AQAS coating  
Modification of the PUR film surfaces was carried out using a CS-1701 Reactive Ion Etcher 

(oxygen plasma) at the Microfabrication clean room lab facility of The University of 
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Auckland. The O2 port opening was set to 100% and the chamber pressure set to 450 mTorr 

(59.99 pascals). Three voltages of 50 W, 100 W and 200 W were tested. Due to film 

degradation at high plasma power settings (voltage of 200 W), it was decided to use 100 W 

for all modification experiments. The exposure time was set to 3 minutes. The surface 

modified films thus produced were immediately coated with AQAS solutions as described 

in Section 5.2.6. The plasma-modified surfaces are prone to ageing or decay of 

functionalities with time as established in previous studies.188-191, 193 This ‘ageing’ occurs 

due to a surface restructuring or re-orientation of molecular species which progresses with 

time, thereby reducing the overall surface free energy. Hence, in this current work, the time 

lapse between plasma treatment and AQAS coating of the films was kept as short as 

possible. 

 

 Microbiological Test –Japanese International Standard JIS Z2801 
The JIS wet fomite test adapted from JIS Z 2801279 was used for the quantitative evaluation 

of antibacterial efficacy on AQAS coated PUR film surface. The JIS Z 2801 method is the 

most commonly chosen test method for quantitative evaluation of the antibacterial activity 

of non-porous hard surfaces. This test method is adopted as the International Organization 

for Standardization (ISO) procedure, ISO 22196. 

 

Polyethylene films were used as control films (2.5 x 2.5 cm2) and polyethylene films of 

size 2.0x 2.0 cm2 was used for covering the inoculum spreads on all samples to ensure close 

contact with the surface under scrutiny and prevent evaporation of the inoculum. A second 

set of PUR films without AQAS coating was used as Test Control films. Test Films 

comprised of PUR films, plasma treated and coated with 1% solution of AQAS. The 

https://microchemlab.com/ISO_22196_test_for_antimicrobial_activity_of_plastics
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inoculation on the PUR-AQAS test samples was always carried out on the NCO rich side 

of the PUR film surface to maintain consistency of the test surfaces (Section 5.5.1.). 

 

Bacterial broths of the strains E.coli (ATCC 25922) and S.aureus (ATCC 6538) were 

prepared (1 × 109 CFU ml-1) in Tryptic Soya Broth and incubated overnight at 37 °C on a 

shaker plate at 200 rpm. The suspension was standardized by dilution in a saline solution. 

Sample films were inoculated with a 10 µl inoculum of bacteria (1 × 108 CFU ml-1) in saline 

onto sterilized films of size 2.5 x 2.5 cm2. The inoculated film samples were incubated at 

room temperature under moist conditions for 20 hours. Bacteria recovery was carried out 

by immersing the film in an eluent comprising of Letheen (Lecithin) and a non-ionic 

surfactant like Tween 20 (Polysorbate 20) in a stomacher bag followed by two sets of 30 s 

run on a stomacher machine. This helps to detach the adhered bacteria on the film surface 

and bring them into the surfactant solution. The eluent mixture comprising of Letheen with 

Tween 20 results in a medium that effectively neutralizes quaternary ammonium 

compounds. Neutralization due to this eluent helps in effectively determining bacteria 

killing due to surface contact with the AQAS moieties on the film surface and nullifies any 

false negative results arising from possible leaching out of the AQAS from the film surface 

and concomitant bacterial killing in solution. 

 

This solution containing bacteria inoculated on the film surface was taken and a series of 

tenfold dilutions in saline using a 96 µL well plate were made and cultured on agar plates, 

incubated at 37 °C overnight and observed for colony forming units (CFU). The reduction 

of bacteria relative to the initial concentration on the control samples were calculated. 

The test was carried out in triplicate and at least three or more biological repeats were 

carried out for each strain of bacteria. 
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5.3. Analytical Methods 

 FTIR−ATR Spectroscopy  
The Nicolet iS50 Fourier transform infrared (FTIR) spectrometer was used with a diamond 

attenuated total reflection (ATR) element to record vibrational spectra of the PUR and 

PUR-AQAS films. The spectra were recorded for the range of 4000−400 cm-1 and averaged 

over 32 scans. Omnic ESP, version 7.1, was used for data acquisition and analysis. 

While performing the ATR analysis, an evanescent wave is created which decays beyond 

the crystal surface into the less dense optical medium (the samples PUR films). The depth 

of penetration of the evanescent wave depends on the refractive index of the sample and is 

usually in the range 1-2 µm (microns). 

 X-ray Photoelectron Spectroscopy 
The Kratos AXIS DLD X-ray photoelectron spectrometer with a hemispherical electron 

energy analyser was used for analysing and confirming the surface elemental composition 

of the PUR films. Prior to individual elemental scans, a survey scan was taken for all 

samples to detect the elements present. Core level data of O, N, Si, and C were recorded in 

one spot per sample. Spectra were excited using monochromatic Al Kα X-rays (1486 eV), 

with the X-ray source operating at 150 W. Survey scans were collected with a 160 eV pass 

energy, whereas core-level scans were collected with a pass energy of 10 eV. The analysis 

chamber was at pressures in the 1 × 10-9 Torr range throughout the data collection. 

Quantification of survey scans utilized the relative sensitivity factors supplied with the 

instrument. The Casa XPS 2.3.14 software was used for data analysis. The binding energy 

of the C 1s of 285 eV was used for calibration. Shirley backgrounds were used in the peak 

fitting. Core-level data were fitted using Gaussian−Lorentzian peaks (30% Lorentzian). 

The elemental detection from the survey scan is determined from the characteristic binding 

energy of each element (Table 5.1). 
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Table 5.1. XPS instrument calibrated characteristic Binding Energy and Quantum Levels 
of elements.112 

 

Graphical plots of FTIR-ATR and XPS analyses were reconstructed using the 

OriginPro 2019 (64 bit) academic version 9.6.0.172. The peak fitting, data analysis and 

calculation of area under the curve were carried out using the software, Omnic (FTIR-ATR) 

and Casa XPS 2.3.14 (XPS). 

 

 Atomic Force Microscopy 
Height, amplitude, and phase data were recorded simultaneously using the tapping mode 

on an Asylum Cypher ES from Oxford Instruments (Santa Barbara, CA). Air images were 

recorded using silicon probes with a tip radius of 5−10 nm, frequency f ∼150 or ∼350 kHz, 

and force constant k 5−40 Nm-1 (BudgetSensors, Sofia, Bulgaria). For larger scan areas, an 

MFP-3D Origin AFM (Oxford Instruments, Santa Barbara, CA) was used with the probes 

mentioned above. The setpoint amplitude was adjusted to 80% of the free air amplitude (1 

V) for the approach and varied during imaging to obtain a good trace/ retrace. The scan rate 

was generally kept at 1 Hz to obtain optimum images.  

 

Element Quantum Level Binding Energy (eV)
O 1s 530
C 1s 285
N 1s 400
Si 2p 100
Cl 2p 195

Survey 
Scan
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 Differential Scanning Calorimetry  
DSC measurements of the PUR film samples were performed using TA Instruments Q1000 

differential scanning calorimeter. Samples were fine-milled to a quantity of about 10 mg 

each and were placed in sealed aluminium pans. A heat-cool-heat cycle was chosen for the 

samples starting from 25°C up to 250°C with a rate of 10°C/min. This was immediately 

quenched to remove any previous thermal history (cooling rate of 5°C/min until the ambient 

condition is reached) followed by a subsequent rescan with a heating rate of 10°C/min. 

The second thermogram was used for determining the glass transition temperatures (Tg). 

All DSC experiments were performed under a constant nitrogen flow of 25 ml/min flow of 

nitrogen. TA Instruments Universal Analysis 2000 software was used for the thermogram 

analysis. 

 Contact Angle Measurement Device 
A CAM100 contact angle measurement device from KSV Instruments Ltd., (Monroe, 

Connecticut, U.S.A) was used to capture the contact angle formed by water on the PUR 

film surfaces before and after plasma treatment. The sessile drop method was used for 

determining the contact angle whereby a droplet is deposited by a syringe, which is 

positioned above the sample surface, and a high-resolution camera captures the image from 

the profile or side view.  

 

5.4. Statistical Data 

AFM imaging and surface roughness values were all calculated from a minimum of 2 

samples with 3 separate scan areas on each. The images depicted in the paper are 

representative of the whole data set and chosen due to their superior resolution and image 

quality. FTIR and XPS scans were repeated at least for 2 or more different sample sets. 

Microbiological data involved triplicate experiments with three or more biological repeats 
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carried out with bacterial overnight culture prepared on different days. All data are 

presented as average ± standard error unless otherwise stated. 

 

5.5. Results & Discussion 

 Polyurethane Film Synthesis and Characterisation 
 

The diisocyanate and polyols react together to form urethane linkages (-NHCOO-). 

The IPDI trimer (Diisocyanate) forms the hard segment of the polyurethane and imparts 

rigidity via a three dimensional crosslinking of the polymer network. A combination of 

polyols (1, 4 benzene dimethanol and Desmophen® VPLS 2249/1, a branched short-chain 

polyester polyol) is used in this study to optimize the flexibility and cross-linking efficiency 

of the polymer network. The reaction is illustrated in Scheme 5.1 below. 

 

 

Scheme 5.1. Formation of Polyurethane from Diisocyanate and Polyol components. 
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FTIR –ATR analysis of the film confirmed the formation of polyurethane as evident from 

the spectra (Figure 5.1). A drop in the peak intensity of NCO vibrations280, 281 at 2200 cm- 1 

of the PUR film in comparison with the isophorone diisocyanate component was observed. 

This occurs due to the reaction of isocyanate with the polyols to form urethane282 linkages 

as evidenced by the peak at 3300 cm-1 within the cross-linked network of the film. It should 

be noted that the NCO: OH molar ratio in the resin mixture was chosen to be 1.1 indicating 

a slight excess of NCO content in the formulation. This gives rise to the presence of a less 

intense NCO peak in the PUR film surface at 2200 cm-1. However, the presence of such a 

less intense NCO carbonyl peak at 2200 cm-1was observed only on the film-air interface 

side of the PUR film and absent in the PUR film-Polyimide release substrate interface side. 

For this reason, all further data analyses and experiments were carried out on the NCO rich 

side of the PUR film to exercise precise control over data interpretation on surface 

speciation and changes. 
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Figure 5.1. FTIR-ATR spectra of PUR Film and resin components. 

 

The PUR film obtained is flexible and optically clear with high transparency (>90%). 

AFM imaging was carried out to evaluate the surface morphology. The topographic images 

of the pristine PUR films showed a smooth surface (Figure 5.2) with extremely low 

roughness values in the range of 1.8 ± 0.4 nm. This represents the root mean square (RMS) 

values of the height variation on the surface, which is calculated using the Asylum Research 

AFM software. Due to such extremely low roughness values attained, AFM represents a 

valuable tool to identify morphological variations on these film surfaces, as explained later 

in Section 5.5.5. 
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Figure 5.2. AFM height images-PUR film. 

 

The transition glass temperature (Tg) of the thermoset PUR film was determined using the 

differential scanning calorimetry method. The films produced from the two formulations 

of PUR resins with different polyol (soft segment) components were analysed. An 80: 20 

combination of polyols 1 and 2 (polyol 1 - 1, 4 benzene dimethanol and polyol 2-polyester 

based polyol, Desmophen VPLS 2249/1) yielded a high Tg value at 207°C as can be seen 

from the thermogram in Figure 5.3. The polyol combination of 60: 40 yielded films with 

a comparatively lower Tg value at 187°C due to the increased percentage of the polyester-

based polyol in the network. This Tg value is sufficient to accomplish the high-temperature 

resistance required for flexible films in the display sector and on account of its increased 

flexibility, the formulation of 60-40 combination of the polyols was chosen to produce 

films for all further studies in this work.  
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Figure 5.3. DSC -Thermogram of PUR films with varying polyol combination. 

  



153 
 

 Polyurethane Film Coated with AQAS  
 

5.5.2.1. AQAS Layers on PUR film Surface: FTIR ATR Analysis 

Polyurethane films with AQAS were prepared with three different solution concentrations 

(w/w) of AQAS (0.1%, 1 % and 5%). FTIR analyses of the films showed distinct peaks in 

the 2900 cm-1 region owing to CH stretching vibrations245, 283(Figure 5.4). PUR film 

possesses CH species and it is, therefore, challenging to distinguish between the CH from 

AQAS moieties and those from the underlying PUR base substrate. However, at higher 

concentrations of AQAS (5 %), the IR peaks appear more defined and show characteristic 

CH vibrations from AQAS. This is because at 5 % AQAS concentration, the AQAS film 

thickness is greater and the IR evanescent wave decaying into the sample is expected to 

detect mainly external AQAS layers. The CH bands arise more from the AQAS layers than 

the base PUR substrate. However, at lower concentrations of AQAS and thinner AQAS 

layers, the evanescent wave penetrates further into the PUR substrate (due to smaller AQAS 

layer thicknesses) and hence the CH stretching peaks are more significantly contributed by 

the PUR substrate than by the AQAS layers. The peaks at 1220 cm-1 and 1521 cm-1 are 

assigned to C-N stretching and N-H bending vibrations.95, 264 It can be noted that these 

vibration types occur in the PUR film (urethane bond) as well as in the AQAS (alkyl chain 

with a quaternary nitrogen centre). The C-N stretching peaks for the AQAS is shifted to 

lower wavenumbers (1470 cm-1 and 1190 cm-1) compared to the PUR film (1521 cm-1 and 

1221 cm-1). This could be attributed to the -I inductive effect of the quaternary nitrogen284 

on the C-N+ bonds in AQAS, compared to the C-N bonds within the PUR network. This -I 

inductive effect of the positively charged nitrogen causes the electron cloud in the C-N+ 

bond to shift more towards itself, thus causing a weakened bond and reduced bond force 

constant, which shifts the band to lower wavenumbers compared to higher CN bond orders 
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and force constants present in the polyurethane chain. This explains the shift in absorbance 

that is observed in the C-N region for AQAS in comparison with the PUR C-N peaks. 

The band at 800-1100 cm-1 is assigned to silane-based vibrations arising from the 

siloxane-terminating end of the AQAS. The assignments for the FTIR peaks are 

summarised in Table 5.2. 

 

 

Figure 5.4. FTIR-ATR spectra of PUR films with varying AQAS concentrations. 
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Table 5.2. FTIR assignment of peaks. 
ν: stretching vibrations; δ: bending vibrations 

 

The intensity of carbonyl peaks appearing at about 1700 cm-1 decreases relative to the CH 

stretching peak intensity in the 2900 cm-1 region (Table 5.3). The absorbance ratio of the 

C=O and CH stretching modes decreases from 3.0 in the uncoated pristine PUR film to 1.6 

in the PUR film coated with a 5% solution concentration of AQAS. A parallel decrease is 

observed in the ratio of the integrated peak absorbance (area under the peak) of C=O 

stretching relative to the intensity of the C-H stretching modes. This is attributed to the 

binding of AQAS onto the carbonyl species on the PUR film surface. There is an error bar 

of ± 0.1 for all values in Table 5.3. 
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Table 5.3. Relative peak and integrated absorbances of Carbonyl and CH stretching 
regions for varying solution concentrations of AQAS on PUR films. 

 

5.5.2.2.  AQAS Layers on PUR Film Surface: XPS Analysis 

The presence of AQAS species on the PUR film substrate was further evaluated using XPS. 

This technique gives a more selective understanding of the surface species due to the 

smaller sampling depth (~ 10 nm)112 compared to FTIR-ATR (~ 1-2 µm) and is a preferred 

surface analytical method for molecular surface layers. Survey scans of the film surfaces 

show a relative increase in the atomic percentage of the AQAS distinctive elements (Si and 

Cl) owing to the presence of these elements in the structure of AQAS but not in PUR (Table 

5.4). The entries in bold are considered the most significant data.  

 

 

Table 5.4. Atomic percentage of elements from XPS survey scan for PUR –AQAS films. 

 

A very small atomic percentage of Si (~ 0.4 %) is detected on the uncoated PUR film 

surface, which probably arises from additives in the resin components. However, this is 

PUR-Pristine PUR-AQAS- 0.1% PUR-AQAS- 1% PUR-AQAS- 5%
 O 532 12.3 12.7 11.3 10.5
C 285 78.9 78.6 79.7 80.6
N 400 8.4 7.9 5.5 2.3
Si 100 0.4 0.8 2.5 4.9
Cl 197 -- -- 1.1 1.8

SampleBinding Energy 
(eV)Elements

Survey Scan-Atomic Percentage of Elements
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considered a background level, and a significant increase of Si (0.8% to 4.9%) is observed 

for the AQAS coated PUR films. To investigate closely the possible mode of anchoring 

and speciation of AQAS on the surface, core level scans for C (1s) and N (1s) were carried 

out.  

5.5.2.2.1. C (1s) Core level Scan 

The core level scans for C 1s species of PUR films coated with different solution 

concentrations of AQAS are shown in Figure 5.5. The C 1s peak envelope for the pristine 

PUR film with no surface coating comprises of three components and is represented by the 

fitted sub-bands. The major component at 285 eV corresponds to -CH- species of the 

polymer, while the component at 286 eV, is assigned to -C-O- and the component at 289 eV 

is assigned to C=O carbonyl carbon species.97, 285-288 It can be observed that the intensity of 

the carbonyl component at 289 eV decreases and eventually disappear from the surface as 

the AQAS solution concentration is increased. Therefore, it could be assumed that the 

anchoring of AQAS on the PUR surface is established via the breaking of carbonyl bonds. 

It is noteworthy to remember that a slight excess of NCO content is maintained in the PUR 

resin formulation (Section 5.2.2), which is not reacted to completion and is retained in the 

PUR film surface as shown by the FTIR absorbance peak at 2200 cm-1 (Figure 5.1 and 

Figure 5.4). These unreacted isocyanate groups on the PUR film surface could also act as 

anchoring points for the AQAS molecules 



158 
 

 

Figure 5.5. XPS core-level C 1s scans for PUR films adsorbed with different solution 
concentrations of AQAS. 

 

5.5.2.2.2. N(1s) Core level Scan 

The presence of AQAS on the PUR film surface is further demonstrated by the observation 

of core level N (1s) scan showing the presence of distinctive peaks for quaternary nitrogen 

species. The PUR film with no AQAS coating gives a single peak at 400 eV binding energy 

owing to the single chemical state of the urethane nitrogen species (neutral nitrogen).285 

However, AQAS coated PUR films give an additional distinctive peak at 402 eV owing to 

the quaternary nitrogen species158, 159, 267, 289 in the AQAS. The relative intensities of these 

two peaks at 402 eV and 400 eV are dependent on the AQAS concentrations as evident 

from the spectra (Figure 5.6). The peak at 402 eV, assigned to quaternary nitrogen (N+) 
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species, increases in intensity as the AQAS concentration is increased. Concurrently, the 

intensity of the neutral nitrogen species decreases relative to the quaternary nitrogen 

species, due to the increased adsorption of AQAS, causing a masking effect on the neutral 

nitrogen of the PUR substrate. Such relative intensity variations have been studied 

previously.186  

 

 

Figure 5.6. XPS core level N 1s spectra for PUR films adsorbed with AQAS. Presence of 
AQAS leads to the appearance of additional peaks at 402 eV due to the Quaternary Nitrogen 
species. 
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 Leaching Study of the PUR-AQAS Films Confirming Chemical 

Binding  
The PUR-AQAS films subjected to a leaching study in water under ambient conditions 

showed partial loss of the AQAS layers (Table 5.5). The films before and after the leaching 

were analysed using XPS and the atomic percentage of quaternary nitrogen species at 

402 eV binding energy were chosen to monitor this change. The drop in the AQAS layer 

can be attributed to the fact that partial leaching occurs for the low molecular weight 

oligomeric AQAS species in the higher (outer) layers. These higher layers are adsorbed 

onto the first AQAS layer anchored on the PUR film surface. It has to be noted that the 

films after leaching retain a significant number of the AQAS layers and this is indicative 

both of the adsorptive forces retaining the first anchored AQAS layer on the PUR film 

surface and the relative insolubility of the (2nd, 3rd higher layers etc.) oligomeric multi-

layers (Section 4.4.4 and Chapter 6). It is proposed that the anchored first layer is 

chemisorbed and higher oligomeric layers, physisorbed. The atomic percentage of 

quaternary nitrogen species on the surface as observed from the XPS core level scan for 

nitrogen is well above the threshold atomic percentage of quaternary nitrogen (402 eV) 

required for bacterial contact killing (0.45%), as proposed by Roest et al.169 This has also 

been reported in previous studies.122, 186 

 

Table 5.5. PUR-AQAS films before and after leaching for each solution concentration of 
AQAS. 

Atomic Percentage of N+ and N Species Represented by XPS Core-level N1s Spectra. 

 

Sample 
Binding Energy(eV) 402 (N+) 400 (N) ratio 402 (N+) 400 ratio 402 (N+) 400 (N) ratio
Before Washing 72.4 27.6 2.6 30.6 69.3 0.4 20.1 79.9 0.3
After Washing 67.5 32.5 2.1 21.9 78.1 0.3 13.5 86.5 0.2

N 1s Core Level Scan :  Nitrogen Speciation and Atomic Percentage 
PUR-AQAS 5% PUR-AQAS 1% PUR-AQAS 0.1%
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 Adsorption Enhancement of PUR Surfaces with Plasma Treatment 
Adsorption enhancement of the PUR surface was pursued using oxygen plasma treatment. 

However, plasma treatment is also known to induce roughness and surface deterioration on 

the surface of polymers97 and hence it is important to optimize the parameters during this 

surface treatment. In this present study, the optical transparency of the film is of prime 

importance due to its potential applications in display screen devices. For this reason, the 

visual clarity, haze and surface roughness of the film was monitored closely following the 

plasma treatment step. 

 

 AFM Morphological Analysis of Plasma Treated PUR Surfaces 
An AFM imaging analysis was carried out to monitor any fine surface morphological 

alterations on the plasma treated PUR film surface and to optimize the plasma treatment 

parameters. Plasma treatment with a higher power (>100W) causes notable surface 

roughness as can be observed from the AFM height images (Figure 5.7). The root mean 

square value (RMS) of roughness calculated using the AFM software is shown in Figure 

5.7. The films treated with a 200W plasma power exhibited notable visual haze due to the 

increased surface roughness and the probable onset of degradation of the polymer. 

Therefore, all further plasma treatments were carried out at 100 W for 3 minutes. 
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Figure 5.7. AFM height images of PUR film surface with and without oxygen Plasma-treatment. 
RMS: Root Mean Square of Height Values on the Surface 
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 Change in Surface Chemistry during Plasma Treatment – XPS 

Analysis 
 

Plasma treatment inadvertently induces changes in the molecular structure of polymer 

surfaces.97, 285, 290 This is illustrated by the AFM images (Figure 5.7), which shows distinct 

morphological changes at higher plasma powers. In addition to the roughness created, it is 

important to understand the chemical surface group changes that occur during this 

process.285  

XPS surface analysis of the non-plasma treated and plasma treated PUR pristine films 

reveals a significant increase in the atomic percentage of the species at 289 eV which is 

assigned to carbonyl species97, 286 (Table 5.6: 8.5% to 18.9% at 100W). This expected 

increase in atomic percentage possibly reaches a plateau at a plasma power of 100 W which 

therefore is deemed to be the optimum plasma power setting. This has also been observed 

from AFM morphological data in Figure 5.7. 

 

 

Table 5.6. Atomic percentage of C 1s Binding Energy for non-Plasma and Plasma treated 
pristine PUR films. 
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 Change in Surface Chemistry during Plasma Treatment – FTIR 

ATR analysis 
 

The FTIR ATR integrated peak intensity of the carbonyl stretching region 

(1600-1800 cm- 1) decreases with increasing plasma power as can be seen from Table 5.7 

(error bar of ± 1.2) and the integrated absorbance graph below (Figure 5.8). Concurrently, 

an increase in the peak area of free hydroxyl groups is observed, which indicates the 

conversion of some of the carbonyl species to carboxylic groups, thus resulting in an 

increased hydrophilicity of the surface (Figure 5.9).  

 

Table 5.7. FTIR ATR-Integrated absorbance of ν (C=O) and ν (OH) with varying plasma 
power on pristine PUR films. 
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Figure 5.8. FTIR ATR - Integrated absorbance of Carbonyl group with varying plasma 
power on pristine PUR films. 

 

 

Figure 5.9. FTIR ATR-Integrated absorbance of hydroxyl group with varying plasma 
power on pristine PUR films. 
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  Surface Hydrophilicity using Contact Angle Measurement Device 
 

The contact angle formed by water droplets on the PUR film surface was measured to 

determine the hydrophilicity changes before and after the plasma treatment. Contact angle 

is described as the angle between the solid sample’s surface and the tangent of the droplet’s 

shape at the edge of the droplet. Multiple readings were taken at different points on the 

sample surface and the results are given as averages with the standard error (Table 5.8). 

It can be seen that the contact angle decreases with increasing plasma power indicating 

enhancement in surface hydrophilicity of the PUR surface. 

 

PLASMA POWER CONTACT ANGLE ° 

0W                    73 ± 1.5 

50 W 33 ± 0.9 

100 W 22 ± 0.6 

200 W 23 ± 0.7 

 
Table 5.8. Contact angle values for PUR film surface with increasing plasma power. 

 

 Comparison of Carbonyl Species Data: FTIR-ATR and XPS 

Analyses 
 

The data obtained from the carbonyl species of the PUR surface using FTIR-ATR and XPS 

techniques leads to some important points to be noted during their interpretation. It can be 

seen here that the values obtained in these two methods seem to contradict each other at 

first glance. With increasing plasma power, the XPS data shows an increase in the relative 

atomic percentage of carbonyl species. On the contrary, FTIR ATR data gives a reduced 
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absorbance value for the vibrations of ν (CO) at the 1700 cm-1 region. It is of crucial 

importance to recall that these two techniques differ in their sampling depths; the 

penetration depth of FTIR-ATR being in the range of 1-2 µm and that of XPS being 

~ 10 nm. This would mean that XPS data at best represents the changes happening on the 

surface during the plasma treatment.  

 

The peak at binding energy 289 eV in the core level C1s XPS scan is assigned to carbonyl 

groups in general which constitutes those from the urethane, ester and amide species in the 

PUR. 97, 285-288 As expected, an increase in carbonyl/carboxylic species with increasing 

plasma power is observed in the XPS analysis, which arises due to the oxidation of surface 

species and unreacted residual isocyanate (NCO) groups on the pristine PUR surface. 

Such reactions where formation of carboxylic acid species are formed, will be dominant on 

the surface (first 10 nm) and could occur to some extent in the underlying sub-surface 

region. The FTIR-ATR technique with a sampling depth of 1-2 µm penetrates into the 

polymer sub-surface region in response to the increasing plasma power and collects 

information in a cumulative manner from these sub-surface and surface layers. 

As the plasma penetrates deeper into the polymer sub-surface region, it could induce partial 

polymer chain scission and degradation of the polymer network, additional to the formation 

of carboxylic acid species on the surface. This chain scission and polymer degradation 

could contribute to the overall drop in carbonyl species absorbance values with increasing 

plasma powers as observed in the FTIR-ATR method. Furthermore, this onset of 

degradation is also validated by the increase in RMS surface roughness induced by 

increasing plasma power (Section 5.5.5).  
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 Hydrogen Bonded and Non-Hydrogen Bonded Carbonyls – FTIR 

ATR Analysis 
 

A comparative analysis of the carbonyl-stretching region (1700 cm-1 -1730 cm-1) in the 

FTIR spectra of plasma-treated PUR samples was carried out to observe any changes in the 

population of carbonyl species. A quantitative measure of this 1700 cm-1 region using the 

integrated peak absorbance was performed using the peak resolve and area analysis tools 

(using FTIR Omnic software, see Methodology) and is given in Table 5.9. 

 

It was observed that the ratio of integrated peak absorbances between the hydrogen-bonded 

carbonyls (1700 cm-1) and non-hydrogen bonded carbonyls (1730 cm-1) remains relatively 

stable during the plasma treatment at 50W for 3 minutes. It is important to monitor this 

value with regards to maintaining the structural integrity of the polymer films during 

surface modification. Xin Fu et al.285 have reported a significant decrease in absorbance of 

hydrogen-bonded carbonyls relative to the absorbance for non-hydrogen bonded carbonyls. 

They have attributed this decreased ratio as indicative of the elimination of hydrogen bonds 

between adjacent chains in the PUR network. This could lead to the rearrangement of 

polymer chains, which would eventually affect the physical properties of the polymer. 
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Table 5.9. Ratio of integrated Absorbances of ν(C=O) at 1730 cm-1 and 1700 cm-1 for 
non-plasma and plasma-treated pristine PUR films. 

 

As observed from Table 5.9, when the plasma power is increased to 100W, the ratio of 

hydrogen bonded carbonyls to non-hydrogen bonded carbonyls is decreased by ~ 9% 

relative to that of the pristine non-plasma treated PUR film, indicating a decrease of 

hydrogen bonding in the sample. The ratio drops significantly (- 26%) for the 200W plasma 

treated PUR films and is evident from the FTIR-ATR spectra by the increased distinction 

of the shoulder peak at 1730 cm-1 carbonyl region for the 200W plasma treated sample. 

This directs to the increased presence of non-hydrogen bonded carbonyls in the sample. 

The increased surface roughness of the PUR films as evidenced by the AFM data for plasma 

treated samples (Section 5.5.5) can be attributed to this reduction in hydrogen bonding and 

loss of structural integrity. At elevated plasma power conditions, the breakdown of the 

surface structure will be more exaggerated and the resultant molecular rearrangement could 

expose the more hydrophobic alkyl segments of the polymer chain and also reduce surface 

functionality. Hence, it is important to optimize plasma power and exposure time. In this 
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study, the plasma treatment parameters are optimized to 100 W for 3 minutes of exposure 

time. It is of interest to note here that the high glass transition temperature of the PUR film 

in this study concomitantly helps in maintaining the structural integrity of the polymer film 

during plasma treatment (< 200W ), while the surface functionalities are augmented as 

evidenced by AFM, FTIR and XPS results. The FTIR spectral plot with the sub-band 

analysis is given in Figure 5.10. 

 

 

Figure 5.10. FTIR absorbance in the 1700 cm-1 region for non-plasma and plasma-treated 
pristine PUR films.  

The solid lines represent the obtained spectra for each sample. The deconvoluted spectra 
of each sample is indicated by dotted lines with the same colour.  
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 AQAS Attachment onto Carbonyls and Possible Reaction 

Mechanism of the Binding 
 

It has been observed from leaching studies (Section 5.5.3) that the anchored AQAS 

molecules exhibit chemisorption onto the PUR film surface and loosely adsorbed higher 

layers are removed during leaching. FTIR-ATR and XPS surface analyses of the PUR 

surface give evidence for decrease in the carbonyl functionalities after the AQAS 

attachment as inferred from Sections 5.5.2.1 and 5.5.2.2.1. To convey that carbonyl and 

OH surface anchoring groups are expected to be involved in the adsorption process, the 

following mechanism might be invoked (Scheme 5.2). 

 

 

Scheme 5.2. Proposed formation of intermediate Geminal-hydroxyl groups on PUR 
surface Carbonyls due to the AQAS solution pH during AQAS attachment on PUR 

surface Carbonyls. 

 

 

The pH of the AQAS solution used in the dip coating method described in Section 5.2.6 

is ~ 4. This mild acidic environment alongside the inherent polarity of the carbonyl group 
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and its increased basicity can promote the formation of intermediate geminal diols on the 

carbonyl carbon while the film is in contact with the AQAS solution, thus facilitating 

attachment of AQAS species onto these surface OH groups. Condensation reactions 

between the terminating silanols of AQAS and hydroxyl groups on substrates have been 

reported in prior studies.186, 197 The carbon atom (indicated by *) as shown in Scheme 5.2 

exists in an equilibrium state between the carbonyl and carbon- geminal hydroxyl species.  

 

 PUR Film Surface Modified with Siloxane Additive 
Siloxane modifiers are extensively used in the coating industry for overcoming coating 

defects such as craters, pinholes, Benard cells etc. To attain smooth levelled surfaces, it is 

imperative to address and prevent the formation of such defects, in particular, Benard cells. 

These are caused due to the surface tension gradient across the coating layers leading to 

recirculating viscous eddies and evaporation of solvents in a non-uniform manner across 

the surface. This results in an uneven surface with regular hexagonal shaped structures 

called Benard cells, which is highly undesirable for coatings and surfaces. Levelling of 

coating formulations is achieved by controlling the surface tension and surface chemistry 

of these systems Siloxane modifiers are known for their ability to orient at the air-liquid 

interface and to form a macro layer with no zones of differential surface tension, 

consequently eliminating the formation of eddies and Benard cells.291 The thermodynamic 

driving force behind this process is the minimization of the interfacial and/or surface 

energy292 thereby reducing the surface tension gradient across the coating surface. The 

solvent evaporates more evenly across the whole surface resulting in a well-levelled smooth 

finish devoid of Benard cells. Siloxane-containing surface modifying additives are also 

extensively used in biomedical applications.292 Studies have reported the improvement in 

the biocompatibility of polyurethane with the addition of small amounts of siloxane 
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containing copolymers into polyurethanes.293 However, pure siloxane modifiers are 

identified to cause cloudiness due to phase segregation arising from the incompatibility of 

these siloxanes with most polymer resin mixtures. This is undesirable, and hence mostly 

polyether modified polydimethyl-siloxane additives, which are well known for their 

compatibility, are used.294 

 

Here, the role of surface migrated siloxane species in enhancing AQAS anchoring is 

investigated. These siloxane additives are an integral part of commercial coating 

formulations and therefore will complement the aim of this work to exemplify, improved 

film surface functionality for AQAS tethering. Modification of the resin formulation was 

carried out using a siloxane additive to introduce siloxane functionality on the surface of 

the PUR film. A commercial additive (BYK 306®), which is a solution of polyether-

modified polydimethylsiloxane in xylene and mono-phenyl glycol, was used in this study. 

Plasma treatment on these polydimethyl-siloxane-modified PUR surfaces supposedly 

converts the methyl entities on the siloxane chain network to carbonyl or carboxyl 

functionalities.295 This would provide more anchoring sites for the AQAS molecules 

(Scheme 5.3). A comparative study using siloxane-modified surfaces with no plasma 

treatment was also carried out to gauge the necessity of plasma treatment and its efficacy 

in such modified systems.
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Scheme 5.3. Surface enhancement of PUR with modified Polydimethylsiloxane species 
and plasma treatment. 

 

 

The concentration of polyether modified polydimethyl-siloxane additive in the PUR resin 

was optimized by monitoring the visual clarity as well as DSC Tg values of the PUR film 

with different additive concentration. The DSC thermogram of the different formulations 

is given in.Figure 5.11. An addition of 0.5% (w/w) polyether-modified siloxane resulted 

in a 2 % decrease of the Tg of the pristine PUR film. A higher percentage of siloxane 

additive was observed to cause haze to the PUR film and decreased the Tg even further to 

181°C. Hence, the optimal additive concentration was decided to be 0.5% (w/w), which 

agrees with the industrial recommended dosage for levelling in coating formulations. 
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Figure 5.11. DSC Thermogram of PUR films with varying Siloxane additive 
concentrations. 

 
 

 XPS Surface Analysis of Siloxane modified PUR Surfaces 
 

XPS data (Table 5.10) indicates an increased percentage of oxygen and silicon on the 

siloxane-modified PUR surfaces compared to the unmodified PUR films. As mentioned 

previously unmodified pristine PUR films display traces of Si in the XPS analysis. 

However, the substantial increase in Si observed for the modified PUR films can be 

attributed to the migration of siloxane species to the surface as previously reported.292 It has 

been established that even low concentrations of siloxane in the formulation can cause the 

surfaces to exhibit complete siloxane-like surface properties292, 296 presumably as a result 

of migration of the additives to the surface. The surface enrichment with siloxane species 
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might cause a partial “masking” of the underlying carbon and nitrogen PUR groups, thereby 

causing a decrease in their atomic percentages in the XPS surface analysis. This could 

explain the relative decrease in atomic percentages observed in Table 5.10 between the 

unmodified and siloxane modified PUR film for C and N elements. Similar atomic surface 

composition changes have been reported in prior studies on plasma-treated polydimethyl-

siloxane species.295 The decrease in surface atomic carbon percentage between the 

unmodified PUR film and siloxane modified PUR film as can be seen from 

the table (~ 6 % decrease from 78.9 % to 74.5%) is less compared to the proportional 

decrease in nitrogen levels (~ 27 % decrease from 8.4% to 6.1%). This could be attributed 

to the migration of dimethyl siloxane to the PUR surface thus selectively increasing the 

proportion of carbon.  

 

 

Table 5.10. XPS survey scan and atomic percentage of elements on PUR film and 
siloxane modified PUR film. 
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 Carbonyl Speciation of Siloxane Modified PUR Surface with 

Plasma Treatment 
 

Plasma treatment of the siloxane-modified PUR films was carried out in an attempt to 

increase the surface hydrophilicity. An XPS core level scan revealed the increase of 

possible carboxylic species with increasing plasma power as expected (Table 5.11.Table 

5.11.). Figure 5.12 gives a comparison of carbonyl speciation on the surface of pristine and 

siloxane modified PUR surfaces under the same conditions of plasma treatment. 

The siloxane modified PUR films show an abundance of carbonyl speciation, possibly due 

to the formation of carboxylic acid species at the optimized plasma power settings of 100W. 

This is significantly higher than the carbonyl abundance for a pristine PUR film under the 

same plasma treatment settings. However, there is a sharp drop in the abundance of 

carbonyl speciation beyond 100 W plasma power settings. This could indicate the possible 

onset of deterioration of the PUR network (marked by the red shaded region in Figure 

5.12) which is also substantiated by the data described in Section 5.5.5.  
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Figure 5.12. XPS core level scan C1s (289 eV) of PUR films with varying Oxygen 
plasma powers. 

 

 

 

Table 5.11. XPS survey scan and atomic percentage of elements on Siloxane-modified 
PUR film. 

 

 

289 eV 286 eV 285 eV
C=O C-O C-C or C-H

PUR-siloxane- No Plasma 7.1 48.1 44.8
PUR-siloxane  -50 W 14.9 41.6 43.5
PUR-siloxane -100 W 33.8 38.7 27.5
PUR-siloxane -200W 13.9 35.9 50.1

Sample
Core Level C 1s
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This notable surge in carbonyl species at 289 eV for siloxane modified PUR films can be 

attributed to the conversion of methyl groups on the polydimethyl-siloxane surface species 

to carboxylic groups in addition to the carbonyl surface species inherently present on a 

pristine polyurethane film. An FTIR analysis of these siloxane modified PUR samples with 

different plasma power treatment also supports this interpretation. As can be seen from 

Table 5.12, the ratio of absorbances of hydrogen bonded carbonyl (1730 cm-1) to non-

hydrogen bonded carbonyls (1700 cm-1) which represents the polyurethane carbonyls, 

remains stable even at elevated plasma settings of 200 W for the siloxane-modified PUR 

films. This is contrary to what has been observed with the pristine PUR films (Section 

5.5.10) where a steady decrease in the ratios was noticed. This could suggest that, for 

siloxane modified PUR films, the increase in carbonyl species at 289 eV is mostly 

contributed by the cleaving of methyl groups on the polydimethyl-siloxane surface species 

to form carbonyl/carboxyl groups.297-299 In the case of a pristine PUR film, the plasma 

treatment causes oxidation of the carbonyl species on the polyurethane chain network. This 

is demonstrated by the drop in FTIR-ATR values of ν(C=O) in the 1700 cm-1 region with 

increasing plasma power. The increased RMS surface values observed with plasma 

treatment (Section 5.5.5), could also indicate partial etching of the surface of the pristine 

PUR film contributing to the reduced absorbance of the FTIR-ATR spectra as a whole, thus 

accounting for the low absorbance of ν (OH) species in the 3500 cm-1 region. 
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Table 5.12. FTIR-ATR integrated absorbances of Hydrogen bonded and non-hydrogen 
bonded Carbonyls on Siloxane- modified PUR films at different plasma powers. 

 

 Siloxane modified PUR Surfaces Coated with AQAS 
 

Surface analysis of the Siloxane modified PUR Surfaces Coated with AQAS was carried 

out using XPS. The atomic percentage of elements obtained from the survey scan of 

siloxane modified PUR films with AQAS are shown in Table 5.13 below. For comparison 

purposes, XPS data from the non-plasma treated Siloxane modified PUR samples coated 

with AQAS was also collected. 
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Table 5.13. XPS survey scan and atomic percentage of elements on Siloxane-modified 
PUR films (non-plasma-treated and plasma-treated) with AQAS.  

 

Plasma treated PUR films give an increased atomic percentage for carbon and chlorine, for 

the same solution concentration of AQAS. This indicates an increased adsorption of AQAS 

species onto the PUR film surface due to the higher surface functionalities brought about 

by the oxygen plasma treatment. This hypothesis is substantiated by the observed increase 

in the atomic percentages of quaternary nitrogen (402 eV) in comparison with the urethane 

nitrogen species (400 eV) in the N(1s) core level spectra. The relative atomic percentages 

of the two species of nitrogen in each of the samples are summarised in Table 5.14Table 

5.14.  
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Table 5.14. XPS core level N1s - atomic percentage comparison of Nitrogen species on 
the Siloxane modified PUR film (non-plasma treated and plasma treated) with AQAS.  

 

It is evident that the quaternary nitrogen species due to the AQAS increases with the 

solution concentration of AQAS and furthermore, plasma treated surfaces show higher 

atomic percentages of the quaternary nitrogen species for the same solution concentration 

of AQAS. This could be attributed to the enhanced surface activity due to the carboxyl 

groups formed on the siloxane-modified PUR surface upon oxygen plasma treatment. 

The mechanism of this conversion to carboxylic acid is initiated by an oxygen atom 

inserting across the CH bond of the methyl group of the polydimethyl-siloxane species. 

This process repeats across the remaining CH bond, forming a diol and a rearrangement of 

electrons leads to chain scission and the formation of a carboxylic acid (Scheme 5.4). 297, 

298 
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Scheme 5.4. Conversion of surface Methyl groups of the modified dimethylsiloxane 
additive on the surface modified PUR to Carboxylic groups upon plasma treatment. 

 

Core level scans for C (1s) in Figure 5.13 shows a similar trend in binding energies as 

those observed for the unmodified non-siloxane PUR-AQAS system discussed earlier 

(Section 5.5.2.2.1). The carbonyl/carboxyl peak at 289 eV starts disappearing for AQAS 

coated PUR films confirming the binding of the AQAS species onto the 

carbonyls/carboxyls on the film surface.  
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Figure 5.13. XPS C1s core-level scans for plasma-treated and non-plasma treated 
Siloxane-modified PUR films coated with AQAS. 

 

 

A comparison of the adsorption of AQAS expressed as a percentage of Chlorine species on 

the different types of samples discussed in this study is summarised in Figure 5.14. 

The adsorption of AQAS species is greatly influenced by the abundance of carbonyl surface 

functionality as can be inferred from the plot. The adsorption is best attained on a dimethyl 

siloxane modified PUR surface that has undergone a plasma treatment, which is caused due 

to the increased carboxyl species on the surface as detailed in the previous sections, thereby 

facilitating AQAS attachment. The unmodified PUR surface also is capable of AQAS 

adsorption; however, given the industrial application of this film, and the siloxane-based 

additive being a common component used in coating formulations, this observation 
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suggests a commercially interesting technique to achieve surface anchored biocidal films 

with reduced dosage and background toxicity. 

 

 

Figure 5.14. XPS survey scan- atomic percentage of Chlorine (197 eV) 
PUR films (pristine and Siloxane-modified) with varying concentrations of AQAS and 

plasma powers. 
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 Antibacterial Assay - JIS Z 2801  
 

Antibacterial activity of the PUR-AQAS films was evaluated using a wet fomite method 

adapted from the JIS Z 2801 standard.279 The test was carried out against E.coli and 

S.aureus as representative species of Gram-negative and Gram-positive bacteria. 

To maintain a moist environment, bacteria were applied to the test surface in 10 µl saline, 

covered with a sterile piece of polyethylene and placed in a sterile Petri dish. Petri dishes 

were incubated at 37oC in a humid box, with the humidity maintained by the inclusion of 

moist paper tissues. Moist conditions were maintained to ensure killing was due to the 

antimicrobial, and not desiccation in a dry environment, which has been reported for 

E.coli.300, 301 Pristine PUR films with no AQAS were used as test controls to confirm that 

the antimicrobial effect was only due to the AQAS and not due to the PUR films. 

Polyethylene films, which are known to have no inherent antimicrobial effect, were used 

as control films.302 The experiments were repeated in triplicate, and at least three biological 

repeats were performed on different days using fresh overnight cultures.  

 

Bacterial cells recovered from the surface using the JIS Z2801 method were enumerated 

by culturing on agar plates and the colonies formed were counted, as shown in Figure 5.15. 

The data exclusively relates to the antibacterial properties of the anchored AQAS on the 

PUR surface. As explained in Section 5.2.9, the eluent mixture neutralizes any AQAS that 

has leached from the surface and inhibits any possible bacterial killing in the eluent solution 

due to the leached AQAS. The control and test control samples do not interfere with the 

microbial growth and are representative of antimicrobial activity on a non-biocidal surface. 

It can be seen from Figure 5.16, that the PUR AQAS system exhibited a 3-log reduction 

of bacterial colonies for S.aureus and a 2-log reduction for E.coli.  
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Figure 5.15. JIS-Z 2801 Antibacterial test for PUR-AQAS films challenged with 
S.aureus. 

Each plate in a row represents a technical replicate. Each spot on the agar plates is a 10 µl 

S.aureus solution of a 10-fold dilution series starting with the undiluted bacterial 

suspension. 

 

The activity of PUR-AQAS films against E.coli 25922 and S.aureus 6538 was analysed 

using a one-way repeated measures analysis of variation (one-way ANOVA).303 

The ANOVA test was carried out on the median of biological repeats for both organisms. 

The Friedman test was used to analyse the differences between the control polyethylene 

films and pristine PUR films against the antibacterial PUR-AQAS test films inoculated 

with bacteria. The Friedman test is a nonparametric test that compares three or more 

matched groups – cells inoculated on AQAS treated PUR film, untreated pristine PUR film 

and control Polyethylene films. A P value of less than 0.05 indicates that the viable colony 
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counts were significantly affected. When a significant difference was identified (P value 

less than 0.05), specific groups were compared to each other using Dunn’s multiple 

comparison test. This concludes that the biocidal activity of PUR-AQAS films against 

E.coli and S.aureus after a 20-hour bacterial contact is statistically significant. 

It is important to mention here that bacteria were inoculated on the ‘NCO’ rich side of the 

PUR film (Section 5.5.1) which will have stronger adsorptive capacity for AQAS 

(Section 5.5.11). 

 

Figure 5.16. Biocidal activity of PUR-AQAS films. 

Viable cells of a) S.aureus and b) E.coli recovered as colony forming units (CFU) were 

enumerated after 20h challenge in contact with polyethylene (Control), Pristine PUR 

(Test Control) and PUR-AQAS (Test) films according to JIS Z 2801. Each triangle 

represents the median CFU recovered from 3 replicate films inoculated from the same 

culture. The blue bars represent the median of medians. The blue dotted lines represent the 

reduction in CFU due to the presence of the AQAS biocide on the PUR film surface. 
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5.6. Summary and Conclusions 

A flexible, thermoset and transparent polyurethane (PUR) film with high glass transition 

temperature, has been deployed as a substrate for anchoring biocide species. 

Biocidal potencies are achieved by adsorbing, from an aqueous solution, a silyl anchoring 

quaternary ammonium salt (AQAS) with a long alkyl chain (C18) onto the PUR film 

surface, followed by thermal curing at 160°C. This anchoring quaternary ammonium salt 

(AQAS) has pre-established potencies against a wide range of critical organisms. 

The presence of AQAS adsorbed on the PUR film surface is confirmed by the appearance 

of a distinctive N1s level XPS peak at 402 eV, attributed to quaternary nitrogen (N+). 

The carbonyl functionalities on the PUR surface are assumed to be the surface binding sites 

for the adsorbed AQAS molecules. This interpretation is validated by the relative decrease 

in the intensities observed for the ν (C=O) at 1700 cm-1 in the infrared spectra and by the 

observed decrease in the intensity of the C1s binding energy peak for C=O at 289 eV in the 

XPS spectra of the layered PUR following AQAS adsorption. Leaching studies suggest a 

chemisorbed anchoring first layer and several physisorbed leachable higher multi layers of 

AQAS. As expected, pristine PUR adsorbs AQAS to greater extents with increasing AQAS 

solution concentrations. Pristine PUR exposed to oxygen plasma exhibits higher surface 

adsorption coverage than non-plasma PUR surfaces. A PUR surface incorporating a 

blended polydimethylsiloxane additive exhibits similar adsorptive capacity to pristine 

PUR. However, this same siloxane-PUR blend when exposed to oxygen plasma treatment 

(100 W, 3 minutes) leads to more extensive coverage of the adsorbed AQAS. Higher 

plasma flux power (200 W) induces instability in the PUR surface structure and so are 

avoided. Antibacterial assays adapted from the JIS 2801 wet fomite method confirm the 

potency (3-log reduction) of these PUR-AQAS films against Staphylococcus aureus but 

lower potency against Escherichia coli.  
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6. Strategic Thesis Model: AQAS Surface Layers 
The AQAS mono-and multi-layers formed on the different substrates in this thesis include 

common features and follow common patterns. The following seeks to convey a holistic 

model for these systems. 

 

• Substrates: Substrate adsorbents such as Quartz (Chapter 2), Expanded Perlite 

honeycomb cells (Chapter 4) and polyurethane film/siloxane blends (Chapter 5) 

were used to anchor mono-layers and multi-layers of the silyl AQAS adsorbate.  

 

• Anchored Polymeric Mat Layer: The first anchored AQAS molecular layer exists 

as polymeric island mat films separated by clean surface voids. The morphological 

evidence for a continuous mat film has been obtained using AFM imaging (Chapter 

2). The higher polymeric nature of this mat is indicated by the continuous uniform 

appearance of the mat in the AFM imaging. The covalent anchoring of the AQAS 

mat to the silica surface is indicated by the long-term persistence and reproducibility 

of this first mat layer after washing and leaching, in contrast to the leachability of 

the oligomeric higher layers. 

 

• Higher Oligomeric Layers: The AQAS layer adsorbed on surfaces consists of 

three different oligomeric species of the type T1, T2 and T3. The surface anchored 

first layer consists of AQAS species presumably with a T3 type-bridging 

configuration including least one of the three Si-O-Si T3 bridges of the AQAS 

providing an anchor to the surface (Scheme 6.1). The anchoring bridge between the 

AQAS mat and the surface will be Si-O-Si (for silica-rich substrates). 

The leachability of the surface layers is a consequence of the relative solubility of 
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the series of oligomers (the inverse of the extent of polymerisation): T1> T2 > T3. 

The partition of the oligomers into layers is likely to involve some mixing of 

oligomers in each layer. The separation is unlikely to be perfect. 

 

Scheme 6.1. AQAS surface layers on substrates (left) with the structural illustration of the 
oligomers (right). 

 

Next Steps 

  

The sustained release biocide system as described in the expanded perlite study could be 

extended to create a controlled and sustained release system by intercalating AQAS 

molecules in clay minerals, including Halloysite nanotubes exhibiting different internal and 

external surface sites. AQAS monomers and polymers, could be incorporated into 3D 

printable formulations and find applications in commercial transportation systems and 

product surfaces including, but not limited to, the automotive and aeronautical industry. 

Non-leachable anchoring of AQAS onto high-efficiency-particulate (HEPA) filters and 
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air-conditioning fins could be utilized to improve the indoor air quality including reducing 

the spread of Legionella and related diseases. 

 

Career Plan 

Having prior commercial experience in polymer science with multinational companies like 

(Bayer, Evonik etc.) and the current PhD experience in interfacial chemistry (University of 

Auckland), I will be taking up a post-doctoral fellowship in applied ceramics at the 

University of Melbourne, focussing on defence applications. A future career pathway 

would be in corporate R&D sectors of transportation technologies, particularly in 

aeronautical and automotive materials sectors. 
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