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Abstract 
Understanding the relationship between small molecules or polymers and how they affect 

the properties of materials they compose is the basis of materials science. Using unique and 

versatile components can impart useful and interesting properties to materials. Here, we 

aimed to extend this understanding to phosphorus, and the known properties it possesses. 

This included the production of photopolymerizable coatings containing phosphonium 

molecules and polymers for antifouling and antibacterial applications. The synthesis and 

characterization of these phosphonium components was completed and materials were 

produced utilizing UV curing technology. Addition of these components produced coatings 

that could resist bacteria attachment and efficiently kill bacteria that come in contact with the 

surface. Typical polyphosphonium antibacterials all possess similar alkyl functional groups. 

An alternative approach explored the use of different phosphonium substituents, including 

sugars and hydroxyl functional groups. The synthesis of these interesting phosphoniums 

from PH3(g) is described, along with their polymerization and antibacterial activity against 

both Gram-positive and Gram-negative bacteria. They were efficient at killing both strains of 

bacteria at low concentrations with corresponding low hemolytic activity. These results 

present a new direction for the design of antibacterial polymers in this field. Utilizing 

hydrophilic phosphonium polymers, self-healing ionic networks with poly(acrylic acid) were 

produced. The rheological and mechanical properties of the networks were studied to 

understand the effect of the polyphosphonium content within the networks. These properties 

were found to directly affected the materials ability to heal. Healing could be completed at 

low salt concentrations (<0.1 M NaCl) where in vivo applications could be realized. Finally, 

phosphane-ene chemistry was utilized to create polymer networks directly from PH3(g) 

containing Lewis basic tertiary phosphine. The materials were characterized and their metal 

scavenging of popular Wilkinson’s and Grubbs catalysts are reported. Regeneration of the 

polymer networks for repeat use was attempted with promising results. The efficiency of the 

metal scavenging was >99% for optimized polymer networks. This works presents a new 

direction and an alternative, simple method for homogeneous catalyst removal.  
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RAFT  reversible addition fragmentation chain transfer 
RCM  ring closing metathesis 
SEC  size exclusion chromatography 
SEM-EDX scanning electron microscope energy dispersive x-ray 
S.aureus staphylococcus aureus 
SYTO 9 green fluorescent nucleic acid stain 
SDS  sodium dodecyl sulfate 
SIPN  semi interpenetrating network 
T1  triplet state 
TEGDA tetraethyleneglycol diacrylate 
TEGDAE tetraethyleneglycol diallylether 
TGA  thermogravimetric analysis 
Tg  glass transition 
To  onset decomposition temperature 
TON  turnover number 
TMEDA tetramethylenediamine 
THF  tetrahydrofuran 
TTT  1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione 
UV  ultraviolet 
UATR  universal attenuated total reflectance mode 
VR  vibrational relaxation 
Wt%  weight percent 
WCA  water contact angle 
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Chapter 1 

1 Introduction 

1.1 Materials chemistry introduction and background 
Materials chemistry can be defined as understanding the relationship of the atoms, 

molecules, or polymers that a material is composed of, and how they affect the resulting bulk 

properties.1 A material is defined as a solid-state component or device that was used, 

currently used, or could be used to address a societal need.1 Historically, materials used to 

create devices were naturally occurring, such as bone, wood, and solid mineral aggregates. 

As science advanced so did the manipulation of the components to create materials that 

either performed a task more efficiently or solved a specific problem. Polymers were 

discovered in the late 19th century and progressed slowly until the 1930s, at which point 

there was a shortage of natural rubber. This was also when the concept of polymers was 

introduced by Staudinger. Poly(vinyl chloride) and polyphosphazene were among the first 

polymers produced as replacements for natural rubber.2 This brought about the first uses of 

synthetic materials composed of polymers.1   

 

Synthetic materials progressed with the discovery of polyamides (e.g., Nylon), poly(ethylene 

terephthalate) (PET), and polyurethanes, all of which are still used today. These discoveries 

resulted in synthetic materials such as fibers, protective coatings, plastics and elastomers. 

Materials produced from polymers can be divided into two categories: thermoplastics and 

thermosets.1 Thermoplastics are composed of linear or branched polymers and can be 

melted, extruded, and annealed into desired shapes, whereas thermosets are composed of 

cross-linked linear polymers that do not possess melt temperatures, and therefore cannot be 

processed after production.  

 

1.1.1 Functional Materials – Advancing current societal demands 
The functionalization and derivatization of molecules and materials forms the basis for 

materials science, and has evolved into a discipline of its own. Utilization of chemistry to 

add desirable chemical or physical characteristics to tailor materials for a specific function is 

the basis of material progression. Fundamental knowledge of molecules and their chemical 
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and physical properties can be utilized to manipulate macromolecules (i.e., polymers) 

including their chemical and physical characteristics such as elasticity, viscosity, melting 

temperature, glass transition, and crystallization. These polymer characteristics directly 

affect the material that it comprises.1 An alternative way to functionalize materials is the use 

of additives to impart desired properties such as increased hardness, flame-retardancy, 

pigmentation, or adhesion, and is a popular method for tuning photopolymer network 

properties. 3–6 

 

1.2 Polymerization 

1.2.1 Basics of polymerization 
Polymers are macromolecules composed of smaller repeating units.7 Initially, polymers were 

composed of organic components with carbon backbones but have progressed to include a 

wide array of elements of the periodic table. Examples containing main group compounds 

such as boron, silicon, phosphorus, sulfur; and metals have been known for some time but 

their potential for many different applications has only been realized since the late part of the 

20th century.8,9  

 

1.2.1.1 Chain-growth vs step-growth 

Polymers are created in one of two ways: by chain-growth or step-growth mechanisms.7,10 In 

a chain-growth mechanism, monomers are added sequentially to a propagating chain. Chain-

growth results in high molecular weight molecules early in the reaction mixture, with 

monomeric species still present. Typical polymerization techniques that utilize chain-growth 

are ionic, ring opening, and free radical. A step-growth mechanism requires a di-functional 

monomer and initially result in a large concentration of dimers. These dimers then combine 

to become tetramers, and this process repeats until the final stages of conversion where high 

molecular weight species are formed (Figure 1-1).  
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Figure 1-1: Representation of the chain-growth and step-growth polymerization 
mechanisms. Chain-growth involves the attachment of monomers to a growing 
polymer chain. Step-growth creates dimers, which combine to create tetramers, and 
this process is repeated until high molecular weight species are formed. 

 

1.2.2 Radical polymerization 

1.2.2.1 Chain-growth radical polymerizations 

Radical chain-growth polymerizations have typically been used in polymerizing olefins such 

as acrylates, styrenes, and acrylamides, that can be transformed into stable radical 

intermediates (Figure 1-2).11 C-C bond forming radical polymerizations typically create 

stable backbones and are the most popular type of chain-growth polymerization. 

 
Figure 1-2: Free radical polymerization processes: initiation, propagation, and 
termination. 

 

 The disadvantage of chain-growth free radical polymerization is the lack of control of 

molecular weight distribution (or the polymers dispersity), due to unwanted termination 

processes such as radical combination, and disproportionation. Molecular weight distribution 

is important because it can affect the resulting properties of the polymer, such as 

antibacterial activity, which will be discussed later in this chapter. Molecular weight 

distributions are reported as Dispersities (Đ), and are calculated by Mw/Mn where Mn is the 
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number average molecular weight, and Mw is the weight average molecular weight. Mn and 

Mw are the two most commonly used molecular weight values to calculate the average molar 

mass. The equations defining Mn  and  Mw are as follows: 

𝑀" =	
∑&'

()'
∑&')'

   𝑀* = 	
∑&')'
∑)'

  Đ = 	&,
&-

  (Eq. 1.1) 

Where Ni is the number of moles of a polymer molecule (i) and Mi is its molar mass. Mn is 

therefore the total mass of all the polymer molecules divided by the number of molecules. 

Mw puts more emphasis on the larger molecular weights, weighting the distribution in terms 

of their molecular weight instead of just the number of polymers. Mw is always greater than 

Mn and therefore Đ will always be ≥ 1, with low dispersity typically defined as ≤ 1.1. To 

avoid large molecular weight dispersities, reagents that reversibly combine with propagating 

radicals to allow control over the polymerization have been developed. The most commonly 

used types of controlled radical polymerizations include reversible addition fragmentation 

chain transfer (RAFT),12,13  atom transfer radical polymerization (ATRP),14 and nitroxyl 

mediated polymerization (NMP)15 (Figure 1-3).  

 

 
Figure 1-3: RAFT, ATRP, and NMP reagents and radical adducts. 

 

ATRP requires a specific reagent containing a bromine-carbon bond, copper and a catalyst, 

whereas NMP requires a nitroxyl based molecule. RAFT polymerization utilizes chain-

transfer reactions to induce control. All of these controlled polymerization approaches utilize 

the concept of reversibly forming a dormant species from the propagating radical, thereby 
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minimizing the free radical concentration and consequently the termination reactions. Each 

controlled living polymerization has its benefits, but RAFT polymerization will be the focus 

for the remainder of this thesis. 

 

1.2.2.2 RAFT controlled living polymerizations 

RAFT polymerizations utilize either dithioesters or thiocarbonylthio functionality and have 

the ability to combine with propagating radical species using a chain-transfer mechanism 

with resulting control over polymer molecular weight and dispersity. The RAFT controlled 

polymerization mechanism is as follows (Figure 1-4): Typical thermal radical 

polymerization initiators such as asobizisobutyronitrile (AIBN) provide a flux of radicals 

and propagation ensues; propagating radical species then undergo reversible chain-transfer 

with the RAFT reagent (1.1) to produce an intermediate 1.2; Release of the R substituent 

produces a macroRAFT agent 1.3 and a radical species able to undergo initiation and 

polymerization to produce a propagating polymer chain (Pm
•); 1.2  can then undergo further 

chain-transfer with Pm
• to produce 1.4, a chain equilibrium stage that contains both polymer 

chains, and both have the ability to undergo release and propagation.13 Termination 

sequences are reduced with RAFT due to a low concentration of propagating polymers in 

solution, due to 1.4 being the dominant species. This reduces large increases in molecular 

weight that otherwise result from combination of propagating polymers.  
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Figure 1-4: Mechanism of RAFT polymerization. 

 

1.2.3 RAFT agent Z and R substituent effects12,13 
 The reactivity of the RAFT agent can be tuned by changing the R and Z substituents (Figure 

1-5).12,13 This is advantageous for tuning the RAFT agent’s chain equilibrium, and is 

important when utilizing different types of polymerizable monomers. The rate of addition 

(kadd) to produce chain equilibrium species (Figure 1-4, 1.2) must be slower than the rate of 

homolytic cleavage of the R group (kβ>kadd), otherwise polymeric chains may be irreversibly 

trapped, preventing further polymerization. The intermediate (Figure 1-4, 1.4) should have a 

partition coefficient similar to R (kP-β ≥ kP-add), to ensure release of polymer chains for 

propagation will happen. The choice of Z group is also important for adjusting the rate of 

addition to the C=S bond (kadd and kP-add) and rate of fragmentation (kβ and kP-b). 

Incorporation of aryl, alkyl, or S-alkyl Z groups increases the rate of addition to the C=S 

bond, while incorporation of O-alkyl and N-N-dialkyl Z groups decreases the rate of 

addition, which allows the RAFT agent to be tuned for different polymerizable monomers 

(Figure 1-5).  
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Figure 1-5: The components of a RAFT agent and common Z and R substituents 
guidelines that can be used with different polymerizations. MMA = methyl 
methacrylate, S = styrene, MA = methyl acrylate, AM = acrylamide, AN = acrylonitrile, 
VAc = vinyl acetate.13 

 

RAFT polymerization also results in polymer chains being capped with the RAFT agent. 

These end capped polymers can be used as macroRAFT agents to create di-block or tri-block 

copolymers, or cleaved to result in thiol or vinyl functionalities (Scheme 1-1).16,17 This 

functionality on the product can be useful for further reactivity with small molecules, other 

polymers, or conjugation to solid substrates or surfaces.  

 
Scheme 1-1: Examples of RAFT agent modification to afford terminal functional 
groups on the polymer.17 

 

The versatility of RAFT in many different solvents and conditions has been reported. 

Polymerization conditions can affect the RAFT agent performance, although even high 
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pressure (>5 kbar), and high temperature (140 °C) have been reported to provide 

polymerization control.13  

 

1.2.4 Step-growth radical polymerization 
Step-growth polymerizations can be performed with a wide range of functional groups 

including esters, alcohols, isocyanates, amines, and acid chlorides, but in the area of main 

group chemistry a particularly noteworthy example is the use of di-thiol monomers and di-

allyl monomers (Scheme 1-2).18–20 This is commonly referred to as “thiol-ene” chemistry. 

 
Scheme 1-2: Step-growth radical thiol-ene polymerization. 

 

This polymerization process results from initiation of a radical source, abstraction of a 

hydrogen from the thiol, producing a thiyl radical that can then add to the allyl monomer, 

resulting in a secondary carbon radical. This radical can then abstract a hydrogen from 

another thiol, repeating the process, and propagating S-H addition across the olefins. The 

analogous phosphorus chemistry, phosphane-ene photopolymerization, has also be used for 

creating functional phosphorus containing materials.21,22 

 

1.2.5 Photopolymerization  

1.2.5.1 The basics photoinitiation 

Photopolymerization involves the use of light to initiate polymerization.23,24 The advantage 

of photoinitiation is the spatial control, the speed, and the efficiency of the polymerization. 

The efficiency of photoinitiation to create radical species is defined by the quantum yield 

(ɸ0)	of the photochemical process.23 This is defined by the follow equation: 
#	34	0567893*:

#	6;:30;5<	=>383*:
= 	ɸ0    (Eq. 1.2) 

The maximum yield is 1, and would correspond to all absorbed photons resulting in the 

desired chemical process. In this case the chemical process is an α-cleavage reaction, 
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resulting in two radical species. Polymerizations typically use a photoinitiator to start 

polymerization, although some scenarios do not require them.25 Most commercially 

available unimolecular photoinitiators possess an acetophenone functionality that absorbs in 

the UV range of the spectrum between 300-400 nm (Figure 1-6).26–28  

 

 
Figure 1-6: Commercially available photoinitiators: HDMAP = 2-hydroxy2-dimethyl 
acetophenone, DMPA = 2-dimethoxy-2-phenyl-acetophenone, HCPK = 1-
hydroxycyclohexylphenyl ketone, BAPO = phenylbis(2,4,6- trimethyl 
benzoyl)phosphine oxide. 

 

Excitations from n-π* or π-π*, shown in Figure 1-7, are the two relevant excitation processes 

that occur in acetophenone photoinitiators.27 The initation relies on the excited molecule 

undergoing the correct sequence of vibrational relaxation (VR), internal conversion(IC), and 

intersystem crossing (ISC) from the excited state to result in α-cleavage and is best described 

using a Jablonksi Diagram, with the example of 2-hydroxy-dimethyl-acetophenone 

(HDMAP) (Figure 1-7). This is an example of a photoinitiator that undergoes α-cleavage 

from an excited triplet state (T1) to produce two radical species, the benzoyl radical being 

the dominant initiating species.27 
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Figure 1-7: Jablonski diagram depicting common photochemical processes with 
HDMAP, resulting in α-cleavage and radical species. 

 

1.2.6 Photopolymer (UV cured) networks 
Polymer network formation can be completed using photoinitiation of liquid formulations to 

create solid thermoset materials.29 The process is advantageous due to the speed of the 

reaction, the solvent free process, spatial control over polymerization, and a lower energy 

footprint compared to thermal methods. Photopolymerization is used in electronic integrated 

circuitry and wiring boards manufacturing, dental materials, 3D printing, coatings and 

surface modifications.30 Commercially available additives for photopolymer networks are 

available for coating modification to provide pigments or impart properties such as scratch 

resistance, adhesion, or hardness.6 These coatings are primarily used for protection of the 

surface, and do not provide further function.  

 

Photopolymerization of liquid formulations can utilize chain-growth or step-growth 

mechanisms using multifunctional monomers.31 Multifunctionality results in cross-linking of 

linear chains, effectively increasing the molecular weight to the point of insolubility.  The 

light intensity and penetration, irradiation time, oxygen concentration, viscosity, and initiator 

concentration all affect the efficiency of the polymerization procedure.29 Most radical 
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reactions in solvent require oxygen free environments, but often photopolymerization can 

proceed without the need for an inert atmosphere due to limited oxygen diffusion beyond the 

surface, resulting in bulk polymerization but incomplete surface curing. This can be 

overcome by utilizing an N2 atmosphere or additives to reduce oxygen quenching. It is 

useful to note that photopolymerization using thiol-ene chemistry can be completed in the 

absence of a photoinitiator. It is not inhibited completely inhibited by oxygen, but rather 

proceeds at a slower rate in the presence of oxygen.25  

 

1.3 Phosphorus-based materials and selected applications of 

these materials 

1.3.1 Functional materials containing phosphorus 
Phosphorus has been incorporated into polymers as both a side-chain and main-chain 

functionality. Side-chain functionalities refer to pendant phosphonium atoms on an organic 

backbone, whereas main-chain functionalities incorporate phosphorus atoms in the backbone 

(Figure 1-8). 

 
Figure 1-8: Schematic diagram of main-chain and  side-chain functional groups. 

 

Phosphorus in the following examples will be limited to phosphine or phosphonium ions in 

the +3 or +5 oxidation state, respectively. Main-chain phosphonium polymers have been 

prepared utilizing a step-growth mechanism (Figure 1-9, 1.11),32 and side-chain examples of 

phosphonium polymers with P-N substituents have also been reported (Figure 1-9, 1.10).33 

Many of the side side-chain phosphonium polymers incorporate trialkyl phosphoniums. 

Typically, phosphonium monomers are prepared by a simple quaternization reaction, with an 

alkyl halide or benzyl halide, producing polymerizable monomers, and resulting in polymers 

such as in Figure 1-9 compounds 1.8 and 1.9.34–38  
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Figure 1-9: Examples of side-chain (1.8-1.10) and main-chain (1.11) phosphonium 
polymers.  

 

Select examples of higher order phosphonium polymers involved in different applications 

are outlined in Figure 1-10, including co-polymers for non-viral gene delivery (1.12),39 

ABA-triblock copolymers for fuel cell membranes (1.13),40  phosphonium/metallic block 

copolymers to produce inorganic metallic materials (1.14),41 and the production of gold 

nanoparticles in polymer networks (1.15).42 Phosphonium containing materials have also 

been used in applications as part of functional membranes for CO2 capture, desalination, 

anion exchange,43–47 carbon nanotube dispersants,48 supramolecular assemblies and ionic 

cross-linked networks,49–52 and for antibacterial activity.53–58 Phosphonium polymers are 

often compared to ammonium analogues for many applications, with the ammonium 

analogues dominating the literature. This is most likely due to the air sensitive properties of 

the phosphorus starting materials compared to those of analogous amines. This is especially 

apparent for antibacterial applications, where most work has focused on polyammonium.59–66 
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Figure 1-10: Copolymer, di-block copolymer, ABA tri-block copolymer, and metallo- 
phosphonium block copolymers used as precursors for functional materials. 
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1.3.2 Phosphonium polymers as antibacterial agents and their application 

in antibacterial materials 
Antibacterial polymers were discovered in 1965 with the discovery of polymers composed 

of 2-methacryloxytroponones,67 while ammonium antibacterial polymers were first reported 

in the 1970’s and early 1980’s.68,69 In the early 1990’s, Kanazawa and coworkers showed 

that phosphonium polymers were also active against bacteria, and performed better than the 

ammonium analogues.36 Extensive studies were performed examining the activity of 

phosphonium monomers and polymers, as well as the effects of altering alkyl phosphonium 

substituent length,36,70 backbone to phosphonium spacer length,71 polymer molecular weight, 

phosphonium counter anion,72 phosphonium in the main-chain instead of side-chain,73 

copolymers with ammoniums,74 and the functionalization of fibers and filters.53,54,75,76 The 

results from the antibacterial tests by Kanazawa and coworkers suggested that increasing the 

length of the alkyl substituent on the phosphonium increased the bactericidal activity. This 

has complications of increased hemolytic activity against non-bacterial cells, which was not 

initially reported, but was later reported.77–80 Increasing the length of one alkyl chain 

decreased the activity of the phosphonium polymer with respect to Gram-positive bacteria, 

and little activity was observed against Gram-negative bacteria. Anion exchange for a 

hydrophobic anion decreased the activity, while increasing the polymer molecular weight 

increased the activity. Changing the alkyl substituents on the phosphonium to octyl chains 

increased the activity compared to shorter butyl alkyl chains, and was the best performing 

phosphonium antibacterial polymer they reported (Figure 1-11).   

 
Figure 1-11: Phosphonium polymer derivatives and their relative antibacterial 
activities against S. aureus. 
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1.3.3 Antibacterial phosphonium-containing materials 
With the knowledge that phosphonium polymers possess antibacterial activity, there have 

been attempts to use phosphoniums to introduce antibacterial activity into materials. 

Phosphonium additives have been used to impart antibacterial activity to filters (Figure 1-12, 

1.16),54 fibers that release phosphonium biocides (1.17),76 polystyrene beads (1.18),57 rubber 

(1.19),55 poly(butylene adipate) (1.20),81 and chitosan (1.21).56  

 
Figure 1-12: Antibacterial phosphonium-functionalized materials.  

 

1.3.4 Ionic networks 
A recent alternative to covalently cross-linked polymer networks is the creation of materials 

that have reversible cross-links that can undergo dynamic processes in response to an 

external stimulus, and that can repair damage or possess shape memory effects.82–86 

Examples of these types of cross-links are hydrogen bonds,87 disulfide bonds,88 Diels-Alder 

adducts,89 metal coordination,90 and ionic bonds.91 These materials are typically made up of 

linear polymers that can undergo some chemical process to cross-link the materials and 

achieve thermoset properties. They are also able to revert back to thermoplastic materials by 

addition of some stimulus that breaks the cross-links and results in material that can be 

processed, undergo dynamic damage repair, or revert to a memorized shape. Ionic networks 

are of interest because phosphonium supramolecular networks with tunable viscoelastic 
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properties have previously been reported based on phosphonium monomers and dimers 

combined with mono-, di-, tri-, and tetra anionic molecule,52 as well as polyanions.51 The 

combination of phosphonium polymers with mono- and di- acetate cross-linkers has also 

been reported.50 In these studies, increasing the cross-linker functionality decreased the 

fluid-like character in a dehydrated state (Figure 1-13). Polycationic-polyanionic cross-

linked networks have been well established, but so far this combination has not yet been 

reported using phosphonium polymers.  

 

 

  
Figure 1-13: Phosphonium-based ionically cross-linked networks from 
polyphosphonium and small molecule anionic cross-linkers, as well as from 
polyacrylate and di- and mono- functional phosphoniums. 
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pharmaceuticals and electronics.92 Solid-supported metal scavengers have been reported and 

are currently available commercially for purification techniques that rely on insoluble 

materials that can be removed by filtration.  Some examples of functionalized silica and 

polystyrene beads are outlined in Figure 1-14.  

 
Figure 1-14: Examples of previously reported and commercially available 
functionalized silica and polystyrene beads. 

 

 The focus of metal scavenging applications will be on the removal of ruthenium-based 

catalysts. The performance of functionalized silica for metal scavenging has been reported 

for use on ring closing metathesis reactions of diethyl diallylmalonate using a Ruthenium 

catalyst (Grubbs 1), with a reported 88.88% reduction in metal concentration using amine 

functionalized silica (Figure 1-14, 1.22).92 Metal scavengers based on insoluble phosphine-

containing materials have been reported with similar functionalized polystyrene beads, with 

as high as 96% ruthenium removal (Figure 1-14, 1.23).93 Functionalized silica beads are also 

commercially available under the names Silicycle, Quadrapure™, and QuadraSil™, with 

reported > 99% ruthenium removal.94–96  
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attachment was explored on these surfaces at different loadings of the phosphonium additive. 

The attachment of both E. coli and S. aureus to the surfaces was determined, and it was 

found that the resulting surfaces could resist the attachment of bacteria.  

 

Chapter 3 focuses on creating UV cured surfaces with improved killing of bacteria in 

solution relative to those described in Chapter 2. We aimed to decrease the amount of 

additive by using trialkylphosphonium polymers with varied substituent alkyl chain lengths. 

These polyphosphonium were synthesized by RAFT polymerization. The effects of polymer 

molecular weight and phosphonium substituent alkyl chain length on the performance and 

surface characteristics of the photopolymer networks were studied.  

 

Chapter 4 explores the idea of utilizing bacterial attachment, something that is generally 

undesirable for most antibacterial surfaces and materials, to increase bacterial killing in 

solution. It focuses on the synthesis and performance of phosphonium polymers with 

pendant sugars, specifically mannose, a molecule known to bind to E. coli, for increased 

interaction with the bacteria. The antibacterial activity against E. coli and S. aureus, as well 

the hemolytic activity against red blood cells were determined.  

 

Chapter 5 describes the use of phosphonium polymers to create self-healing ionically cross-

linked materials. Synthesis of high molecular weight polymers and their complexation with 

poly(acrylic acid) was performed to provide networks with different ratios of components. 

The rheology and tensile properties of the networks were determined and self-healing at low 

salt concentrations was demonstrated.  

 

Chapter 6 focuses on the synthesis, characterization, and metal scavenging abilities of 

phosphine-based polymers that were prepared by a step-growth radical polymerization 

(phosphane-ene chemistry). Three different networks, two directly from PH3, and one from a 

previously reported air stable di-phosphines were prepared and studied.21 The synthesis, 

characterization, and ruthenium scavenging abilities were analyzed and compared to 

previously reported polymer networks and commercially available scavengers.  
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Chapter 2 

2 Contact active antibacterial phosphonium coatings cured with 

UV light. 

2.1  Introduction 
Infections caused by bacteria such as Escherichia coli (E. coli) and Staphylococcus aureus 

(S. aureus) are widespread and increasingly problematic on a global scale. These bacteria 

have the ability to survive, proliferate, and form biofilms on surfaces, and can be easily 

spread through direct contact.1 Therefore, the development of robust and effective 

antibacterial coatings to reduce bacterial attachment, proliferation, and biofilm formation is 

of significant interest in order to decrease transfer through common surfaces such as 

doorknobs, elevator buttons, hospital beds and food packaging. Coatings for medical devices 

such catheters and implants also have great potential to reduce the bacterial infections that 

result from these objects.2 A commonly employed approach to antibacterial surfaces 

involves the physical encapsulation of biocides such as antibiotics,3–5 quaternary 

ammonium/phosphonium species,6 or active metals on the surface or in the bulk material.7–9 

While this approach can be effective, some limitations include the release of toxic species 

into the environment, and the gradual exhaustion of the biocide, resulting in inactivity as 

well as subinhibitory concentrations of biocide near the surface and in the environment that 

will facilitate the development of bacterial resistance.10 Therefore, the covalent 

immobilization of antibacterial agents is a particularly attractive approach for the 

development of long-lasting antibacterial surfaces.  

 

In recent years there has been significant interest in the preparation of antibacterial surfaces 

based on immobilized poly(quaternary amine)s. These have been prepared by various 

processes including the covalent grafting of polymers onto the surface,11,12 controlled 

polymerization,13,14 photopolymerization,15 or plasma polymerization from the substrate,16 

layer by layer assembly,17,18 or simple painting on the surface.19,20 While phosphonium-based 

small molecules and polymers have been established to exhibit antibacterial properties, 21–23  

there are very few reports detailing phosphonium-based antibacterial surfaces.24–26 
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Phosphonium salts are particularly attractive for surface applications because of their high 

thermal and chemical stability relative to ammonium salts.27 

 

In this context, we describe the development of a new simple and versatile approach towards 

antibacterial surfaces using polymerizable phosphonium salts and UV curing. The physical 

and chemical properties of phosphonium cations allow them to be readily coated onto 

various surfaces in a solvent-free process and cured with UV light to create cross-linked 

polymer thin films (Figure 2-1). It is demonstrated that the properties of the films can be 

tuned based on the phosphonium content and the curing conditions. The resultant coatings 

prevent both the growth and adhesion of bacteria on surfaces. 

 
Figure 2-1: Schematic showing the coating preparation process. 

2.2  Results and Discussion  
((3-Acryloyloxypropyl)tributyl)phosphonium chloride (2.1) was prepared as previously 

reported28 and was selected as the phosphonium monomer for this study because the butyl 

chains were anticipated to provide an appropriate balance of hydrophobicity and 

2.1 2.2 2.3
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hydrophilicity required for interactions with bacteria, and the acrylate functionality is known 

to exhibit high reactivity in UV curing processes.29 The chloride counter ion results from the 

quaternization and acetylation steps used to prepare this molecule. Monomer 2.1 is a liquid 

at room temperature, allowing it to be cast on surfaces under solvent-free conditions. 

Tricyclodecanedimethanol diacrylate (2.2) and 2-hydroxy-2-methyl-1-phenylpropanone 

(2.3) were selected as the cross-linker and photoinitiator respectively, as they are both 

liquids, are widely used in UV curing and were found to effectively provide cross-linked thin 

films with 2.1. Fixing the photoinitiator 2.3 concentration at 5 wt%, various weight ratios of 

2.1 and 2.2 were formulated (Table 2-1), cast on substrates including poly(ethylene 

terephthalate) (PET) and glass using a Meyer rod, and irradiated with a mercury light source. 

This process resulted in smooth films with surface roughnesses less than 2 nm, as measured 

by atomic force microscopy (AFM) (Figure 8-1). The film thickness was ~25 µm. Adhesion 

testing using the Tape Test (ASTM D3359 – 09e2) indicated that the films generally 

exhibited strong adhesion to PET and lower adhesion to glass (Table 8-1). Beyond 47.5 wt% 

of 2.1, the coatings did not adhere well to either substrate and delaminated upon washing, 

suggesting insufficient cross-linking. 

Table 2-1: Effect of film formulation on accessible surface charge, as measured by 
fluorescein exchange. aFormulation contains 5 wt% of photoinitiator 2.3 and the 
remainder is cross-linker 2.2 to make up to 100%. 

wt% of phosphonium 

monomer 2.1a 

Accessible surface 

charge density 

(cations/nm2) 

< 20 None detected 

20 5.6 

25 34 

30 91 

37.5 120 

47.5 250 

  

The accessible surface charges on the coatings prepared from each formulation were 

quantified using the fluorescein exchange experiment.14 It was found that when the content 
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of phosphonium monomer 2.1 was less than 20%, the charge density was below the 

detection limit of the assay (approximately 0.01 cations per nm2). However, as detailed in 

Table 2-1, from 20 – 47.5 wt% of 2.1, the charge density steadily increased, reaching a value 

of 250 cations per nm2 at 47.5 wt%. As several studies have suggested that cationic charge 

density is an important factor in achieving high antibacterial activity, further studies focused 

on the formulation containing 47.5 wt% of 2.1.14,30  

 

A major advantage of UV curing is the speed with which it can be performed, which is on 

the order of seconds, in comparison with hours for thermal polymerizations. However, a 

potential disadvantage of UV curing is the inability to achieve 100% polymerization of the 

alkene moieties, because of radical termination reactions and limited cure depth.31,32 In 

particular, UV curing in air is subject to varying degrees of radical termination by oxygen 

and depends on the radical initiator and the growing polymer chain. To probe the efficiency 

of UV curing for the 47.5 wt% 2.1 formulation in air, the cure percentage was determined 

using attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy by 

comparing the intensity of the alkene peak at 810 cm-1 which disappears upon curing, to that 

of the carbonyl peak at 1720 cm-1 which does not change upon curing (Figure 8-2). As 

shown in Table 2-2, 80 ± 5% curing was obtained in air. The corresponding gel content was 

measured to be 84 ± 2%. While these values are quite typical for UV curing,31 and are 

acceptable for many applications, for antibacterial surfaces it is desirable to minimize the 

leaching of biocides from the surface as this can lead to ambiguity concerning the 

mechanism of action of bacterial killing and contribute to environmental contamination. 

Therefore, curing under an N2 atmosphere was explored as a means of reducing radical 

termination by oxygen. This led to an increased cure percentage of 88 ± 4%, and an 

increased gel content of 88 ± 3%. The surfaces cured under N2 were also noticeably harder 

and more durable. The application of a diamond tip surface profiler with a 0.5 mN force led 

to the etching of a 10 nm groove in the film cured in air, whereas the depth of the groove in 

the film cured under N2 was indistinguishable from the surface roughness (Figure 2-2, 

Figure 8-1). 
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Figure 2-2: AFM images following application of a diamond tip surface profiler with a 
0.5 mN force to: a) a film cured in air and b) a film cured under N2. 

After washing to remove any unbound molecules, the measured cure percentages were 87 ± 

1% and 97 ± 1% for the air and N2 cured surfaces respectively, with remaining double bond 

content that corresponded to molecules of cross-linker with only one of the acrylate groups 

reacted. Both coatings had water contact angles of ~63°. This suggests that the surfaces were 

hydrophilic but not highly hydrophilic.33 

 

Table 2-2: Properties of coatings prepared from 47.5 wt% of (2.1), 47.5 wt% (2.2), and 
5 wt% (2.3) under air or N2 atmospheres. 

Curing 

atmosphere  

Cure % (ATR-

IR) before 

washing 

Cure % (ATR-

IR) after 

washing 

Gel Content Water contact 

angle 

Air  80 ± 5% 87 ± 1% 84 ± 2% 63 ± 1° 

N2 88 ± 4% 97 ± 1% 88 ± 3% 65 ± 3° 

 

  

Antibacterial testing focused on coatings cured under N2 because of the increased curing 

efficiency and enhanced physical properties achieved under these conditions. N2 cured 

surfaces containing 47.5% of 2.1 were thoroughly washed by incubation in water for 12 h, 
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with 3 changes of the water. This protocol was deemed sufficient to remove any unbound 

material as no further release of acrylate functionalities could be detected in the wash water 

by UV-visible spectroscopy (Figure 8-3). This ensured that it was the actual activity of the 

surfaces that were being measured, rather than that of leachable phosphonium monomers or 

oligomers. This is particularly important, as recent studies have suggested that some of the 

most active “immobilized” ammonium antibacterial surfaces may actually act through the 

release of unbound biocides.34  

 

A suitable antibacterial test for surfaces of intermediate or low hydrophilicity involves 

placing the surface in contact with agar that has been innoculated with bacteria, as this 

minimizes issues associated with surface tension in bacterial suspensions and maximizes 

contact with the bacteria. To achieve this, a procedure based on the Kirby-Bauer protocol 

was used.35 E. coli (ATCC 29425) and S. aureus (ATCC 6538) were selected as 

representative strains of gram-negative and gram-positive bacteria, respectively. As shown 

in Figure 2-3 for S. aureus and Figure 8-4 for E. coli, after 24 h of contact between the 

phosphonium surface and the bacteria-innoculated agar, no bacteria grew in the region of the 

phosphonium surface. Possible mechanisms of antibacterial activity that have been proposed 

for cationic surfaces include the disruption of the bacterial cell membrane36 and the 

mobilization of metal cations that are important for membrane structure.30 The former 

mechanism was proposed to be dominant for soluble polyphosphonium21  and surfaces with 

phosphoniums attached by long flexible linkers.24 The mechanism of action of the current 

cross-linked phosphonium films and others with short linkers25 are still unclear, though by 

analogy with surfaces having short quaternary ammonium chains,37 may involve the ion 

exchange mechanism. 
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Figure 2-3: Antibacterial testing results for a surface containing 47.5 wt% of 2.1 and 
cured under N2 : a) Image of an agar plate showing the absence of bacterial growth 
where the phosphonium surface was placed, following 24 h incubation with S. aureus; 
b) clean silicon wafer control and c) phosphonium surface following LIVE/DEADÒ 
analysis after incubation of the surfaces with a suspension of S. aureus in PBS for 4 h. 
Live bacteria appear green in this assay, while dead bacteria appear red. No bacteria 
were detected on the phosphonium surface. Scale bar = 50 µm. 

No zone of inhibition was detected for the surfaces in the above test, indicative that the 

observed activity was not the result of molecules leaching from the surface.35 To probe this 

further, after the washing protocol described above was conducted, the surfaces were 

incubated in 0.3 mM phosphate buffer. The surfaces were then removed from this buffer and 

a suspension containing 105 colony forming units (CFUs) of S. aureus was added. Following 

plating of this bacterial suspension on agar, no inhibition of bacterial growth was detected in 

this solution in comparison to a control buffer that was not in contact with the surfaces. This 

confirmed that the activity was not due to the leaching of biocides. An additional problem 

that can be encountered in antibacterial surfaces is the adhesion of either live or dead 

bacteria to surfaces, which renders them inactive and can promote the growth of biofilms. To 

ensure that our surfaces resisted the adhesion of bacteria, a LIVE/DEADÒ BacLight bacterial 
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viability assay was performed using S. aureus. 100 uL of a PBS suspension containing 107 

CFUs of bacteria per cm2 was placed on the phosphonium surface. At time points of 4 and 

24 h, the surface was gently rinsed with water and stained with SYTO 9 and propidium 

iodide. In this assay, live bacteria appear green due to the uptake of the dye SYTO 9, which 

permeates all bacterial membranes, while dead bacteria appear red due to the uptake of 

propidium iodide which permeates only damaged bacterial membranes and dominates over 

the fluorescence of SYTO 9. As shown in Figure 2-3b,c and Figure 8-5, no live or dead 

bacteria were detected on the phosphonium surfaces at either time point, suggesting that 

these surfaces can resist very high loadings of bacteria. In contrast both live and dead 

bacteria adhered to control silicon wafers under the same conditions. The ability of the 

phosphonium coatings to prevent bacterial attachment and colonization is very important as 

the colonization of bacteria on surfaces can lead to a faster development of resistance 

compared to that in solution, as resistance can be transferred by horizontal gene transfer.38,39 

 

Testing was also performed to evaluate the potential toxicity of biocide 2.1 using a 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cell viability assay. C2C12 

mouse myoblast cells, a model cell line, were found to exhibit > 80% viability at 

concentrations up to 0.2 mg/mL of 2.1 (Figure 8-6). In comparison, 

benzyldimethylhexadecyl ammonium chloride, a common commercial antibacterial agent, 

was highly toxic to cells even at the lowest studied concentration of 8 µg/mL. Therefore, 

while the surfaces do not leach biocide following the initial washing step as all materials are 

subsequently covalently attached to the coating, these results suggest that phosphonium 2.1 

may exhibit advantages over widely used ammonium biocides in terms of its toxicity to 

mammalian cells.  

2.3 Conclusions 
In conclusion, a new method was developed for the incorporation of antibacterial 

phosphonium polymer networks into coatings via UV curing. Optimal performance in terms 

of coating integrity and cationic charge were obtained for surfaces containing 47.5 wt% of 

the phosphonium monomer, and it was found that performing the UV curing under N2 led to 

increased curing efficiency, higher gel content, and more durable coatings. The 
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phosphonium-based coatings prevented the growth of S. aureus and E. coli, as demonstrated 

when they were placed in contact with bacteria-innoculated agar, and they also resisted the 

adhesion of both live and dead bacteria at very high loadings of 107 CFUs of S. aureus per 

cm2. Furthermore, the biocidal phosphonium monomer was found to be less toxic than a 

widely used ammonium biocide to mammalian cells. Overall, the results suggest that these 

new phosphonium coatings are highly promising for a wide range of applications ranging 

from medical devices to common objects such as keyboards and door handles. Further 

tuning of the coating formulation, casting process, and UV curing conditions to optimize the 

extent of curing and the coating properties, as well as further evaluation of the coating under 

a range of antibacterial testing conditions should enable their development for these 

applications. 

2.4  Experimental 
Coating preparation 

Formulations containing 5 wt% of the photoinitiator 2-hydroxy-2-methyl-1-

phenylpropanone (2.3) (Cytec Industries, Georgia, USA), and varying ratios of cross-linker 

tricyclodecanedimethanol diacrylate (2.2) (Cytec Industries, Georgia, USA) and ((3-

acryloyloxypropyl)tributyl)phosphonium chloride (2.1)1 were mixed by stirring for five 

minutes. The formulations were then deposited on either Melinex 725 Teijin PET films 

purchased from Tekra (Wisconsin, USA), glass slides, or silicon wafers and cast using a 25-

µm Meyer Rod purchased from Gardco (Florida, USA). The glass slides and silicon wafers 

were first cleaned by immersion in 1:2 H2SO4:H2O2 vol/vol (Piranha solution; attention – 

strong acid, strong oxidizer!) then they were rinsed with water, ethanol, and then dried under 

vacuum. If under an inert atmosphere, the film was inserted into an inert atmosphere cell and 

purged with N2 for 30 seconds before irradiation. Free standing films were produced by drop 

casting the mixture on a clean glass slide and then adding spacers and another glass slide on 

top to create films in an air-free atmosphere, which were then removed from the glass using 

a razor blade. Photopolymerization was performed using a modified UV-curing system 

purchased form UV Process and Supply Inc. (Illinois, USA) equipped with a mercury bulb. 

Samples were irradiated with an energy density of 1878 mJ/cm2 and an irradiance of 3325 

mW/cm2, as determined by a PP2-H-U Power Puck II purchased from EIT Instrument 
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Markets (Virginia, USA). Coatings cast on PET or glass were ~25 µm thick, while the free 

standing films were ~250 µm thick, as measured using a micrometer. Properties of the films 

on PET and glass were summarized in Table 2-2, while those of the free standing films are 

shown in Table 8-2. The coatings and free standing films had very similar properties. 

 

Atomic force microscopy (AFM) and hardness testing 

AFM was performed using a Park Systems XE-100 instrument (Suwon, Korea). The 

cantilever had a nominal spring constant of 40 N/m, resonant frequency of 300 kHz, and a 

tip apex radius of 10 nm. Hardness was evaluated using a KLA Tencor P-10 Surface Profiler 

equipped with a diamond tip and applied with a 0.5 mN force to scratch the surface. The 

resulting surface was imaged by AFM. The measured surfaces were prepared on a glass 

substrate as it is flat, allowing accurate assessment of film roughness. 

 

Measurement of surface adhesion 

Testing was performed in accordance with ASTM D3359 – 09e2. Briefly, the surfaces 

coated with the phosphonium thin films were cut through to the substrate with a scalpel, in a 

pattern of 6 parallel lines. Another set of 6 parallel lines perpendicular to the initial lines 

were then cut. The lines were approximately 0.25 cm apart. A line of tape was put across the 

lines and pressed down and left for 30 seconds. The tape (3M Scotch #2020; 35 oz/in 

adhesion strength to steel) was then removed from one end, and the number of removed 

squares compared to the number of starting squares was counted to provide the percentage of 

removed squares.  The results are provided in Table 8-1: Results of surface adhesion testing 

by ASTM D3359 – 09e2. *The test was repeated 5 times on the same surface without any 

loss of adhesion. 

 

Measurement of accessible surface charges using the fluorescein dye assay 

This procedure was based on the previously reported protocol.2 The surface (~ 1 cm2) was 

immersed in a 1 w/v% solution of fluorescein sodium salt in deionized water for 10 minutes. 

The resulting surface was rinsed with deionized water, then immersed in 10 mL of a 0.1 

v/v% solution of cetyltrimethylammonium chloride in deionized water and sonicated for 30 

minutes. The surface was then removed and 10% v/v phosphate buffer added and the 
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absorbance of the solution at 501 nm was measured using a Varian Cary 300 UV-visible 

spectrometer. The concentration of accessible charges on the surface was then determined 

based on the extinction coefficient of fluorescein (e = 77,000 M-1cm-1), assuming that each 

molecule of fluorescein binds to one accessible cation. The measured coatings were prepared 

on the PET substrate. 

 

Measurement of cure percentage 

Infrared spectra (IR) were recorded using a Bruker Tensor 27 spectrometer in attenuated 

total reflectance mode (ATR) using a ZnSe crystal. The peak corresponding to C=O (1720 

cm-1) was used as an internal standard as its intensity does not change upon curing. The 

intensity of the C=C peak (810 cm-1) was compared to that of the internal standard before 

curing, after curing, and after incubation in water for a total of 12 h, with three water 

changes. The cure percentage was calculated as the percent decrease in the relative intensity 

of the C=C peak. Measurements were performed in triplicate. Samples for this experiment 

(Table 2-2) were cast on a PET substrate due to its flexibility, which allows ATR-IR to be 

easily performed. Free standing films were measured using the same procedure (Table 8-2). 

 

Measurement of gel content 

Surfaces with dimensions of 3 cm2 cast on glass were used, due to the ease of creating a 

uniform coating over a large area on this highly flat substrate (Table 2-2). The large 

dimension was required for accurate measurement of coating mass for these films. Free 

standing films were also measured (Table 8-2). Cured but unwashed coatings were weighed 

then incubated in 10 mL of deionized water for 12 hours (water changed three times). The 

surfaces were then dried to constant mass in a vacuum oven overnight at 50 °C. The gel 

content was calculated as the (initial dry weight/extracted dry weight) ´ 100%.  

 

 

Measurement of water contact angle 

Water contact angle measurements were performed using a Kruss DSA100 Drop Shape 

Analyzer and analyzed using drop shape analysis. Values were obtained two minutes after 

droplet application and the measurements were performed in triplicate. Coatings on PET 
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were used to obtain the values in Table 2-2, though the water contact angle has been 

observed to not depend on the underlying substrate. 

 

Agar plate antibacterial procedure 

This procedure was based on the Kirby-Bauer protocol.3 A loop of precultured E. coli 

(ATCC 29425) or S. aureus (ATCC 6538) was freshly cultured in LB broth (VWR 

International, Mississauga, Canada) for 18 - 24 hours at 37 °C in a shaker at 175 rpm. The 

resulting suspension was centrifuged for 10 minutes, decanted, and resuspended in 

phosphate buffered saline (PBS), vortexed, and centrifuged for 10 minutes. This was 

repeated twice. The resulting pellet was resuspended in PBS and diluted to a concentration 

of 108 colony forming units (CFU)/mL (calculated based on E. coli optical density of 0.2 at 

600 nm and a S. aureus optical density of 0.3 at 600 nm). The suspension was further diluted 

to a concentration of 106 CFU/mL and 0.1 mL was plated onto an agar plate (DifcoÔ plate 

agar, BD, Sparks, MD, USA) and spread thoroughly and evenly on the plate. The plate was 

allowed to dry for 5 minutes. Free standing phosphonium polymer networks prepared with 

47.5 wt% 1, cured under nitrogen, pre-washed by 12 hour incubation in deionized water 

(with 3 water changes), and dried were placed on the agar and pressed into the agar to ensure 

contact. The agar plate was then incubated at 37 °C for 24 hours. The films were carefully 

removed with tweezers and the agar was imaged. The experiment was performed on at least 

4 films for each strain of bacteria. 

 

Evaluation of potential antibacterial properties of surface leachable molecules 

A 1 cm2 phosphonium surface (47.5 wt% 1, cured under N2) was prepared on a PET 

substrate and pre-washed for 12 hours with three water changes in the same manner as for 

the agar protocol above. It was then placed in an Erlenmeyer flask containing 5 mL of 0.3 

mM pH 7.4 phosphate buffer. A control sample contained no surface. The samples were 

agitated using a wrist action shaker at 75 rpm for 1 hour then the surface was removed. A 

suspension of S. aureus in PBS at a concentration of 106 CFU/mL was prepared as described 

above. 100 µL of this suspension was added to the 5 mL of leachate described above, 

providing a final concentration of 105 CFU/5 mL. This solution was then agitated using a 

wrist action shaker at 75 rpm for 1 hour, diluted to 102 CFU/mL, pour plated into growth 
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agar in triplicate, and incubated at 37 °C for 24 hours. CFUs were then counted. No 

significant differences between the sample and control were observed, confirming the 

absence of leachable biocides in the coatings. The experiment was performed in triplicate. 

 

LIVE/DEADÒ BacLight bacterial viability assay 

A suspension of S. aureus in PBS at a concentration of 108 CFU/mL was prepared as 

described above. 1 mL of this suspension was placed on each 4 cm2 phosphonium coating 

(prepared on an activated silicon wafer and washed for 12 hours with three water changes). 

The control surface was an activated silicon wafer (washed with water and dried under 

vacuum). The surfaces were placed in a petri dish, the dish was sealed with parrafilm, and 

the samples were incubated for either 4 or 24 hours at 37 °C at 40-50% humidity. The 

surfaces were then washed with 10 mL of PBS, then incubated with a mixture of the 

LIVE/DEADÒ BacLight bacterial viability assay dyes (SYTO 9 and propidium iodide, Life 

Technologies, Burlington, Canada) for 30 minutes in the dark according to the 

manufacturer’s directions. The surfaces were then gently washed with deionized water and 

dried in the dark overnight. The dry surfaces were then mounted on glass slides and imaged 

by laser confocal microscopy using an LSM 510 multichannel point scanning confocal 

microscope (Zeiss, Oberkochen, Germany) (Laser 488 nm for the SYTO 9 with a pass filter 

of 505-530 nm and a laser at 543 nm for the propidium iodide with a pass filter of 615 nm, 

magnification 40´). All the images were obtained and refined with the ZEN software. Each 

time point and surface was tested in triplicate. 

 

Cell viability assay 

C2C12 mouse myoblast cells were cultured in growth medium composed of Dulbecco’s 

Modified Eagle Medium (DMEM) containing 10% fetal bovine serum (FBS) and 

supplemented with 1% Glutamax (100´) solution and antibiotics (Penicillin and 

Streptomycin, 100 units/mL each) (Life Technologies, Burlington, Canada). Cells were 

seeded onto a 96-well plate (flat bottom, Corning, USA) at a density of 10,000 cells per well 

with a final volume of 100 µL of culture medium. Cells were allowed to adhere for 24 hours 

at 37 oC in a humidified incubator with 5% CO2. After 24 hours the growth medium was 

aspirated and replaced with either the positive control sodium dodecyl sulfate (SDS) in the 
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growth medium at concentrations of 0.2, 0.15, 0.10, 0.05 mg/ml, compound 2.1 at serial 

two-fold dilutions from 0.8 mg/mL to 0.007 mg/mL, or benzyldimethylhexadecylammonium 

chloride at serial two-fold dilutions starting from 1 mg/mL to 0.008 mg/mL. Control cells 

were grown in medium alone. The cells were then incubated for 24 hours under the 

conditions described above. All medium was aspirated, and then 100 µL of fresh medium 

and 10 µL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma-

Aldrich, Mississauga, Canada) solution (5 mg/mL in growth medium) were added to each 

well. After incubation for 4 hours, the medium was aspirated and the formazan product was 

solubilized by addition of 50 µL of DMSO to each well. The absorbance of each well was 

measured at 540 nm using a plate reader (M1000-Pro, Tecan, Mannedorf, Switzerland) and 

after subtraction of the blank, the absorbance was compared to that of the control cells that 

were not exposed to micelles in order to calculate the relative cell viability. Less than 2% 

cell viability was detected for the cells exposed to the highest concentrations of the positive 

control SDS, confirming the sensitivity of the assay. 
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Chapter 3 

3 Synthesis, properties, and antibacterial activity of 

polyphosphonium semi-interpenetrating networks 

3.1 Introduction 
Polymer networks are 3-dimensional, insoluble high molar mass polymers comprising linear 

chains connected by covalent cross-links or non-covalent interactions between these 

chains.1,2 The ability to readily tune their properties by varying both molecular structure and 

the degree of cross-linking have enabled the use of polymer networks in a wide range of 

applications including industrial surface coatings,3 rubbers,4 3D printed plastics,5,6 and 

hydrogels for drug delivery and regenerative medicine.7,8 The use of specific additives that 

do not constitute the backbone or primary component of the network but that enhance 

properties such as mechanical strength,9,10 coating adhesion,11 thermal stability,12 

hydrophobicity,13,14 or introduce new functions such as self-healing,13,15,16 flame 

retardancy,17 or the ability to support cell growth18 is a commonly employed approach to 

further broaden the utility of polymer networks. Semi-interpenetrating polymer networks 

(SIPNs) are a special class of polymer network materials that are composed of one or more 

networks, and one or more linear or branched polymers that penetrate the network at the 

molecular scale, at least to some degree.19 In SIPNs, the linear polymer can impart functions 

such as conductivity,20 swellability,21 shape memory effects,22 and antibacterial activity.23  

Polyelectrolyte networks and SIPNs contain charged polymers, where specific properties and 

functions are imparted to the network by the polyelectrolyte. For example, networks 

containing polysulfonates have been explored as proton exchange membranes in fuel cells.24 

The incorporation of polyammonium or polycarboxylates into hydrogels have been used to 

introduce pH-responsive properties.25,26 Our group has recently explored the preparation of 

phosphonium polymer networks by curing with ultra-violet (UV) light. In comparison to 

their widely-investigated nitrogen counterparts, phosphoniums are of particular interest 

because they exhibit differences in charge distribution and increased chemical and thermal 

stability relative to ammoniums that may translate into enhanced properties for various 

applications.27 By tuning the chemical structure of the phosphonium monomer, counterion, 
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and cross-linker, it has been possible to readily tune properties such as coating hardness, 

hydrophobicity, swellability, and ion exchange rate.28–30 The deposition of gold nanoclusters 

through ion exchange was also explored.31 To the best of our knowledge, there are only two 

prior reports of SIPNs incorporating polyphosphonium. In one case, the SIPNs were used to 

template the synthesis of gold nanoparticles,32 and in another case for the 3-D printing of 

ion-conductive networks.33   

 

In addition to the aforementioned applications, the development of antibacterial coatings is 

currently of significant interest due to the increasing proliferation of antibiotic-resistant 

infections, and their spread through direct contact with surfaces in settings such as hospitals 

and food processing facilities.34–36 While many approaches involve the physical 

encapsulation and release of biocides such as conventional antibiotics,37–39 heavy metals,40 

and quaternary ammoniums,41 a more permanent immobilization approach can mitigate 

problems associated with the release of sub-inhibitory concentrations of biocide that can lead 

to resistance, environmental contamination, and the eventual depletion of the surface’s 

bioactivity.42 Various approaches including covalent conjugation,43 controlled 

polymerization,44 photopolymerization,45 plasma polymerization/immobilization,46–48 and 

layer-by-layer assembly37 have been introduced for the grafting of antibacterial polymers on 

surfaces. However, many of these processes are relatively tedious or require a functionalized 

substrate onto which grafting is performed. In this context, UV curing of a polymer network 

coating is a rapid and simple method for preparing antibacterial surfaces. 

 

Small molecule phosphonium and polyphosphonium antibacterial activity has been 

previously reported.35,49–51 Despite this, there are few examples of antibacterial 

phosphonium-based surfaces.52,53 We have recently reported antibacterial polymer network 

coatings prepared via the UV-initiated curing of ((3-

acryloyloxypropyl)tributyl)phosphonium chloride in the presence of 

tricyclodecanedimethanol diacrylate and a photoinitiator.52 However, a high content (47.5 

wt%) of the phosphonium monomer was required to obtain sufficient surface charge for 

bacterial killing. Herein we introduce a new and alternative approach to phosphonium-

containing antibacterial surfaces involving the incorporation of relatively low loadings (0.1 
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to 10 wt%) of polyphosphonium into polymer networks formed from tetra(ethylene glycol) 

diacrylate (TEGDA) via UV-curing, thereby forming SIPNs (Figure 3-1). In addition, while 

the previous work involved tributylphosphoniums, the current work also explores 

triethylphosphonium and trioctylphosphonium groups in order to elucidate their effects on 

antibacterial efficacy, as well as other coating properties. Through comparisons of the 

properties of a library of SIPNs, as well as studies of their ability to kill Escherichia coli (E. 

coli) and Staphylococcus aureus (S. aureus), this work provides new insights into the 

preparation and properties of phosphonium SIPNs and into how the composition and 

architecture of phosphonium coatings can influence their antibacterial efficacy.     

 
Figure 3-1: Schematic illustrating the incorporation of polyphosphonium into an SIPN. 

3.2 Results and discussion 
3.2.1 Synthesis of polyphosphonium 
First the requisite phosphonium monomers were prepared. Triethyl, tributyl, and 

trioctylphosphine were selected as starting materials to investigate the effects of alkyl chain 

length and hydrophobicity on the properties of the materials. 4-Vinylbenzyl polymerizable 

groups were chosen because they are relatively stable during storage, yet readily undergo 

controlled free radical polymerization.58,59 The monomers 3.1, 3.2, and 3.3 were synthesized 

by the reaction of phosphine with 4-vinylbenzyl chloride at 80 °C in CH3CN (Scheme 3-1). 

Reversible addition-fragmentation chain-transfer (RAFT) was selected as a controlled 

method for the polymerization, because it has been previously demonstrated by our group 

and others, to afford controlled polymerization of vinyl phosphonium monomers.60,61  The 

presence of the RAFT agent at the polymer terminus following polymerization also provides 

a possibility for covalent attachment of the polyphosphonium to the network during the UV-
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initiated free radical curing process, which is desirable for preventing leaching of biocidal 

polymers from the resulting materials. 3.1 was polymerized in water using sodium 2-

(((butylthio)carbonothioyl)thio)-2-methylpropanoate (3.4)54 as the RAFT agent and 2,2'-

azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride (3.6) as the initiator to afford 3.1-P. 

3.2 and 3.3 were polymerized in CH3CN using (((dodecylthio)carbonothioyl)thio)-2-

methylpropionic acid (3.5)55 as the RAFT agent and azobisisobutyronitrile (3.7) as the 

initiator to afford 3.2-P and 3.3-P. The monomer to RAFT agent stoichiometry was adjusted 

to target polymers with number average molar masses (Mn) of either 10 kg/mol or 40 kg/mol 

at 80% monomer conversion in order to study the effects of different polymer chain length 

incorporation into the networks and antibacterial activities of the resulting coatings. The 

concentrations of the polymerizations were chosen to ensure there was no visible increase in 

viscosity or phase separation during the reaction that would hinder the polymerization.  

 

 
Scheme 3-1: Synthesis of phosphonium monomers and polymers. 

 

The polymerization reactions were monitored by 1H NMR spectroscopy based on the 

disappearance of peaks corresponding to the vinylic hydrogens relative to the peaks 

corresponding to the terminal methyl group on the alkyl chains of the phosphonium 

monomer and polymer, whose total integration remained constant in the monomer and 

polymer (Figure 3-2). The polymerizations were stopped at ~80% conversion as continued 
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radical generation after the monomer is fully converted can lead to side reactions and 

cleavage of the RAFT agent from the polymer terminus.62 Table 2-1 shows the Mn calculated 

for the polymers based on the monomer conversion measured by 1H NMR spectroscopy. 

3.1-P and 3.2-P were purified by precipitation in tetrahydrofuran (THF) from CH2Cl2. 3.3-P 

was purified by dialysis against acetone as it was not possible to selectively precipitate the 

polymer. The structures of the purified polymers were confirmed by 1H and 31P{1H} NMR 

spectroscopy (Figure 8-10 to Figure 8-21). It was not possible to confirm the molar mass 

characteristics of the polymers by standard size exclusion chromatography due to 

interactions of these polyelectrolytes with the columns, as previously reported by our group 

and others.60,61 Therefore, to corroborate the expected molar masses, UV-visible 

spectroscopy was used to perform end group analysis based on the RAFT agent.63 As shown 

in Table 1, these calculated values were in good agreement with those determined based on 

monomer conversion by NMR spectroscopy. The thermal properties of the polymers were 

measured by TGA and DSC. As shown in Table 3-1, all of the polymers were stable up to 

345 °C or higher. The Tgs of the polymers were found to decrease with increasing alkyl 

chain length with 3.1-P-10k and 3.1-P-40k having Tgs of 219 and 215 °C respectively, 3.2-

P-10k and 3.2-P-40k having Tgs of 143 and 158 °C respectively, and 3.3-P-10k and 3.3-P-

40k having Tgs of 72 and 88 °C respectively (Figure 8-22, Figure 8-23). The decrease in Tg 

with increasing alkyl chain length can be explained by a trend toward increased segmental 

motion and free volume for the longer alkyl chains.64  
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Figure 3-2: 1H NMR spectra (400 MHz, D2O) of a) The 3.1 polymerization mixture 
prior to polymerization; b) Unpurified 3.1-P-40k polymerization mixture at 81% 
conversion; c) Purified 3.1-P-40k. Monomer conversion was determined based on the 
relative integration of 9.0 throughout the polymerization.  

 

Table 3-1: Summary of the polyphosphonium prepared for this study as well as their 
molar mass characteristics and thermal properties. aMeasured by 1H NMR 
spectroscopy; bMeasured by UV-vis spectroscopy (error corresponds to the standard 
deviation on 3 measurements). 

Polymer Mn based on 
monomer 

conversiona (kg/mol) 

Mn based on end-
group analysisb 

(kg/mol) 

Decomposition onset 
temperature (To, °C) 

Tg (onset, °C) 

3.1-P-10k 10.6 13.8 ± 0.4 386 219 

3.1-P-40k 42.5 44 ± 1 389 215 

3.2-P-10k 10.6 10 ± 3 368 143 

3.2-P-40k 41.7 42 ± 1 363 158 

3.3-P-10k 10.5 8.4 ± 1 345 72 

3.3-P-40k 40.0 32 ± 1 356 88 
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3.2.2 Preparation and characterization of polyphosphonium SIPNs 
For the preparation of SIPNs, tetra(ethylene glycol) diacrylate (TEGDA) was selected as the 

cross-linker because it provides robust, flexible networks with each of 3.1-P, 3.2-P, and 3.3-

P. The formulations were composed of TEGDA, a polyphosphonium, and 2,2-dimethoxy-2-

phenylacetophenone (DMPA) as the photoinitiator (λmax = 325 nm). Each of the six 

polyphosphonium was incorporated at 0.1, 1, and 10 wt% (Table 2-2). The DMPA content 

was fixed at 5 wt% and the TEGDA was added to make up the remaining percentage to 

100% in terms of the dry weight. All formulations were diluted 2-fold with solvent to obtain 

homogeneous solutions, using methanol for formulations containing 3.1-P and N,N-

dimethylformamide (DMF) for 3.2-P and 3.3-P. For curing, the formulations were cast on 

clean glass slides and spacers were used to define the thickness after another glass slide was 

placed on top (Figure 8-24). This reproducibly produced SIPNs approximately 250 µm thick, 

with a surface area of approximately 2.25 cm2, while simultaneously enabling the 

polymerization to occur in an environment relatively free of oxygen, thereby reducing the 

rate of radical termination. This thickness and film casting method were selected to afford 

sufficient material for the characterization experiments described below, but other 

techniques such as dip coating or spin coating can be used to achieve thinner films, 

depending on the application. Curing was performed using a conveyor UV-curing system 

equipped with a mercury bulb (Figure 8-24).  
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Table 3-2: Summary of the composition and properties of polyphosphonium SIPNs. 
Each formulation contained 5 wt% DMPA, 0.1, 1, or 10 wt% polyphosphonium, and 
TEGDA to make up the remaining percentage. Errors are reported as the standard 
deviation on at least 3 measurements. 

Formulation 

composition 

Cure % Gel Content 

(%) 

Water contact 

angle (°) 

Charge density 

(charges/cm2) ´ 1014 

3.1-P-10k (10 wt%) 82 ± 4 90 ± 2 58 ± 1 1.1 ± 0.1 

3.1-P-10k (1wt%) 86 ± 1 99 ± 1 45 ± 11 0.4 ± 0.1 

3.1-P-10k (0.1 wt%) 85 ±1 90 ± 3 47 ± 4 0.4 ± 0.1 

3.1-P-40k (10 wt%) 85 ± 3 97 ± 1 59 ± 1 39 ± 1 

3.1-P-40k (1 wt%) 87 ± 3 98 ± 1 48 ± 1 0.09 ± 0.03 

3.1-P-40k (0.1 wt%) 88 ± 1 98 ± 1 48 ± 1 0.025 ± 0.002 

3.2-P-10k (10 wt%) 94 ± 2 88 ± 1 64 ± 3 198.5 ± 1.3 

3.2-P-10k (1 wt%) 94 ± 2 98 ± 1 59 ± 3 192.2 ± 1.2 

3.2-P-10k (0.1 wt%) 98 ± 1 95 ± 1 63 ± 7 93.1 ± 34.6 

3.2-P-40k (10 wt%) 96 ± 1 86 ± 5 61 ± 2 198.6 ± 1.3 

3.2-P-40k (1 wt%) 95 ± 2 94 ± 2 65 ± 2 147.3 ± 0.2 

3.2-P-40k (0.1 wt%) 95 ± 1 97 ± 1 59 ± 3 50.6 ± 3.7 

3.3-P-10k (10 wt%) 97 ± 2 96 ± 1 73 ± 2 204.4 ± 4.0 

3.3-P-10k (1 wt%) 98± 1 98 ± 1 65 ± 6 190.1 ± 13.2 

3.3-P-10k (0.1 wt%) 88 ± 2 98 ± 1 66 ± 7 75.7 ± 12.8 

3.3-P-40k (10 wt%) 91 ± 1 98 ± 1 58 ± 2 68.1 ± 17.4 

3.3-P-40k (1 wt%) 98 ± 1 98 ± 1 62 ± 5 135.2 ± 13.7 

3.3-P-40k (0.1 wt%) 97 ± 1 98 ± 1 52 ± 8 106.4 ± 24.0 

 

The properties of the SIPNs are summarized in Table 3-2. The cure percentage indicates the 

percentage of reacted polymerizable functional groups and was determined by ATR-FTIR 

spectroscopy. This was estimated based on the decrease in the height of the peak 

corresponding to the acrylate C=C-H bend at 810 cm-1 upon conversion from formulation to 

SIPN in comparison to the carbonyl C=O peak at 1720 cm-1 as an internal standard (Figure 
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8-25). All cure percentages were above 80%, although this value is likely lower than the 

actual percentage because although the peak height was greater than zero, no observable 

peak was detected (Figure 8-25). While the cure percentage indicates the percentage of 

reacted polymerizable functional groups, the gel content is a measure of the mass percentage 

of material incorporated into the network. These two values may differ from one another, as 

TEGDA requires the reaction of only one of its functional groups in order for it to be 

incorporated covalently into the network. In addition, the polyphosphonium does not have 

any polymerizable group that could be detected by IR spectroscopy, but could be 

incorporated through physical entanglements and/or by fragmentation of the terminal RAFT 

agent and subsequent reaction of the resulting radical-terminated polymer with the network. 

To assess this, SIPNs were first dried under vacuum to remove residual solvent. The dry 

materials were weighed, and then swelled in excess methanol (for 3.1-P) or CH3CN (for 3.2-

P and 3.3-P) to remove all monomers, oligomers, and polymers that were not incorporated 

into the network. They were dried and re-weighed, and the mass remaining was determined 

as the gel content. As shown in Table 3-2, all SIPNs had gel content greater than 86%, with 

most higher than 90%. There were no systematic reductions in gel content upon 

incorporation of increasing percentages of the polyphosphonium.  

 

Differential Scanning Calorimetry (DSC) was also performed on the SIPNs in order to probe 

for the potential phase separation of the polyphosphonium from the TEGDA networks. As 

shown in Figure 3-3, a TEGDA network without polyphosphonium had a Tg of 25 °C. As 

summarized in Table 3-1 and Figure 8-22 and Figure 8-23, 3.1-P and 3.2-P had clear Tgs of 

215-219 °C and 143-158 °C respectively, while 3.3-P exhibited more subtle Tgs of 72 - 

88°C. As shown in Figure 3-3 for 3.2-P-10k (10 wt%) the SIPN exhibited a Tg similar to 

that of the TEGDA alone. Similarly, no polyphosphonium Tg was observed for any other 

3.2-P or 3.3-P SIPN at 10 wt% (Figure 8-26). This suggests that there was no detectable 

phase separation of the polyphosphonium from the TEGDA network, and that the 

polyphoshoniums were reasonably well dispersed in the network. Unfortunately, the 3.1-P 

SIPNs could not be analyzed by this method as their degradation temperature (To ~ 220 °C) 

is below that of the Tg of 3.1-P. Clearly, the thermal stability of the network is limited by the 
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TEGDA component, rather than the polyphosphonium as the polyphosphonium were stable 

in TGA to > 380 °C. 

 
Figure 3-3: DSC curves for 3.2-P-10k, an SIPN prepared using 10 wt% of 3.2-P-10k, 
and an SIPN prepared from TEGDA without polyphosphonium. The results show that 
no polyphosphonium Tg was detected for the SPIN, suggesting the polyphosphonium is 
well-dispered in the SIPN rather than phase-separated. 

 

It has been previously reported that high surface charge is one of the most important 

parameters for polycationic surfaces to exhibit high antibacterial activity.65 Specifically, a 

charge density of 1014 charges/cm2 has been suggested as a minimum requirement for killing 

bacteria. The charge densities of the UV-cured SIPNs were evaluated by immersion of the 

SIPN in an aqueous solution of fluorescein dye, resulting in anion exchange with chloride 

anions associated with accessible phosphoniums.56 After washing to remove excess unbound 

fluorescein, the surfaces were immersed in a solution of the anionic surfactant, 

hexadecyltrimethylammonium chloride, to exchange the fluorescein back into solution. This 

surfactant/fluorescein solution was measured by UV-visible spectroscopy for the quantitative 

analysis of fluorescein. As shown in Table 3-2, at 10 wt% loading, all phosphonium SIPNs 

had greater than 1014 cations/cm2. In general, the accessible surface charge increased as the 

polyphosphonium content was increased from 0.1 to 10 wt%. However, there were no 

general trends relating the surface charge to the molar mass of the polyphosphonium. In 

comparison to our previously reported phosphonium networks prepared from an acrylate-

functionalized phosphonium monomer via UV curing,52 the SIPNs prepared from 3.2-P 

3.2-P-10k

SIPN-3.2-P-10k-10wt%

TEGDA	Polymer	Network
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displayed the same accessible surface charge at 1 – 10 wt% of polyphosphonium as the 

previous networks did at 40 – 50 wt% of phosphonium monomer. This may be attributed to 

the presence of long polyphosphonium chains at or near the surface, and the increased 

hydrophilicity and flexibility of the TEGDA relative to the previously used cross-linker 

tricyclodecanedimethanol diacrylate, which enables swelling and penetration of fluorescein 

into the networks.30  

 

While the SIPNs prepared from 3.2-P and 3.3-P had similar surface charge densities, the 

3.1-P surfaces had significantly lower surface charge densities. This initially appears 

counterintuitive as 3.1-P is more hydrophilic, and has a higher charge density for a given 

molar mass or volume. However, hydrophilic surfaces have been reported to undergo 

hydrophobic recovery (surface reversion) to minimize their free energy.66 The hydrophilicity 

of 3.1-P may make it susceptible to becoming buried below the material surface, thereby 

reducing its accessibility. This is supported by analysis of the contact angles of the different 

SIPNs. SIPNs prepared at 10 wt% polyphosphonium, 3.1-P-10k and 3.1-P-40k had very 

similar contact angles (~60 °) to those prepared from 10 wt% 3.2-P-10k and 3.2-P-40k. The 

contact angle of the TEGDA matrix is very similar to these values at ~55 °. For 3.1-P, the 

contact angle decreased to less than 50° at lower loadings of 0.1 and 1 wt%, suggesting that 

these surfaces may be less susceptible to hydrophobic recovery, perhaps because their lower 

polyphosphonium content allows them to be more densely cross-linked. An SIPN prepared 

with 3.3-P-10k at 10 wt% had the highest water contact angle of 73°, likely due to the long 

alkyl chains on the polyphosphonium. However, the SIPN prepared with 3.3-P-40k at 10 

wt% exhibited a much lower contact angle of 58°. During preparation of the SIPNs, it was 

noted that formulations containing 3.3-P-40k were the most difficult to dissolve and it is 

likely that during UV curing some phase separation occurred, resulting in poor incorporation 

of the 10 wt% 3.3-P-40k into the SIPN. This is corroborated by the relatively low surface 

charge for this SIPN in comparison with other 3.3-P SIPNs.   

 

The potential for the SIPNs to swell was probed by measuring the mass swelling ratios after 

incubation in water for 24 h. Upon incorporation of the polyphosphonium into the networks, 

the swelling increased from 4 ± 2% for a TEGDA network to 28 ± 2, 52 ± 6, and 35 ± 2 % 
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for 3.1-P-10k (10 wt%), 3.2-P-10k (10 wt%), and 3.3-P-10k (10 wt%) respectively. The 

high swelling of the 3.2-P SIPN may correlate with its high charge density and uniform 

incorporation into the network as suggested by the fluorescein assay and thermal analyses. 

To probe the potential for the surfaces of the SIPNs to reorganize over time, the phosphorus 

weight content was analyzed by SEM-EDX for freshly prepared and 8-month-old surfaces of 

3.1-P-10k (10 wt%), 3.2-P-10k (10 wt%), and 3.3-P-10k (10 wt%). No significant changes 

in phosphorus content were observed, suggesting that network formation fixes the 

polyphosphonium in place, resulting in stable materials. Any organization of the 3.1-P-10k 

(10 wt%) SIPN that serves to bury the phosphosphoniums occurred during or immediately 

following network formation and not over longer time periods.  

 

3.2.3 Antibacterial testing of the SIPNs  
Prior to antibacterial testing, the SIPNs were washed extensively (H2O for 3.1-P and CH3CN 

for 3.3-P and 3.2-P) to ensure that any observed activity did not arise from leachable 

phosphoniums but rather from the SIPN itself (Figure 8-28). Washed and dried SIPNs were 

then freshly ground into dispersible powders for testing. Antibacterial testing was performed 

using the standard testing method ASTM E2149-13a,57 involving the incubation of SIPNs 

with S.aureus (ATCC 6538) and E.coli (ATCC 29425) as representative strains of Gram-

positive and Gram-negative bacteria respectively, for 1 hour at room temperature with 

agitation. The testing was performed at a concentration of 0.02 g/mL of SIPN and 105 

CFUs/mL in the case of E.coli and 106 CFUs/mL for S.aureus. The experiments were 

performed in triplicate. Based on preliminary results suggesting that 10 wt% 

polyphosphonium was required for high bacterial killing, only the SIPNs prepared from 10 

wt% polyphosphonium were tested.  

 

The antibacterial activity against S.aureus was highest for 3.1-P and 3.2-P with a >99.9% 

reduction of bacterial CFUs, regardless of the molar mass of the polyphosphonium. The 

more hydrophobic 3.3-P-10k SIPN provided a significantly (P < 0.05) lower, 50% reduction 

in S.aureus CFUs and the 3.3-P-40k SIPN did not provide any reduction in S.aureus CFUs. 

This decrease in antibacterial activity with increasing alkyl chain length may be attributed to 

several factors. First, as noted above, the ~40 kg/mol 3.3-P exhibited poor miscibility in the 
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SIPN formulation, leading to an unexpectedly low contact angle and low charge density, 

suggestive of poor incorporation into the SIPN. However, the SIPN prepared from the ~10 

kg/mol 3.3-P had a higher contact angle than the analogous SIPNs prepared from 3.1-P and 

3.2-P and a similar surface charge density, suggesting the polyphosphonium was well-

incorporated into the SIPN. Previously, a parabolic relationship between the hydrophobicity 

of polyphosphonium and their abilities to kill Gram-positive bacteria has been reported.49 

This arises from the complex mechanism by which phosphoniums are proposed to kill 

bacteria. The mechanism is proposed to involve 6 steps: (1) initial adsorption; (2) diffusion 

to the cytoplasmic membrane; (3) binding to the membrane; (4) disruption and disintegration 

of the membrane; (5) release of cytoplasmic components; and (6) death of the cell.67 While 

increasing the hydrophobicity of the phosphonium may enhance binding to and disruption of 

the membrane, it may slow other steps such as the initial adsorption. This will be explored in 

more detail below.  

 

  
Figure 3-4: SIPN activity versus a) S. aureus and b) E. coli in the dynamic contact 
antibacterial test. SIPNs were tested at 0.02 g/mL against a bacterial concentration of 
106 CFUs/mL of S. aureus and 105 CFUs/mL of E. coli for 1 hour. 0% reduction 
corresponds to the mean number of bacterial colonies counted when a control 
suspension of bacteria incubated in phosphate buffer without polymer was plated on 
agar, while 100% reduction corresponds to the observation of no bacterial colonies. 
Raw data can be found in  
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Table 8-3 and  

 

Table 8-4. * Indicates statistical significance at the P < 0.05 level as determined by an 
ANOVA followed by a Tukey’s test.  

 

The ability to kill E.coli was lower than that of S.aureus for some of the SIPNs. This has 

also been observed for polyphosphonium and polyammonium previously.49,68 SIPNs 

prepared from 3.1-P-10k and 3.1-P-40k reduced E.coli CFUs by 90% and 73% respectively, 

though these results were not different statistically. SIPNs containing 3.2-P-10k and 3.2-P-

40k both exhibited high killing of 99% and 97% of E.coli respectively, significantly greater 

than 3.1-P-40k. Unlike for S.aureus, the 3.3-P-10k SIPN also effectively killed E.coli at a 

level statistically greater than 3.1-P-40k. This is consistent with previous results, where 

increasing the phosphonium alkyl substituent chain length also increased the antibacterial 

efficacy against E.coli69 and can be explained by the different structures of the bacterial cell 

walls of Gram-negative and Gram-positive bacteria. Again, the SIPN prepared from 3.3-P-

40k did not exhibit any significant activity relative to the other SIPNs, likely due to poor 

incorporation of the polyphosphonium into the network. 

 

To ensure that the decrease in measured viable bacteria was not due to bacterial attachment 

and colonization on the SIPNs, a Live/Dead® assay was performed. This assay focused on 

S.aureus as E.coli didn’t exhibit any detectable colonization of the surfaces under the testing 

conditions. A suspension containing 107 CFUs/mL of S. aureus was deposited on the SIPNs 

or on a control glass slide and incubation for 24 hours. Non-adherent bacteria were rinsed 

off, and then the LIVE/DEADTM cell viability assay was performed, resulting in the labeling 

of live bacteria on the SIPN surface in green and dead bacteria in red. As shown in Figure 3-

5a, a high density of live bacteria was observed on the control surface. The SIPN 3.1-P-40k 

had a very small number of live bacteria on the surface but a high density of dead bacteria. 

This suggests that the indications of the dynamic contact test that this surface was able to kill 

a high percentage of bacteria were valid. However, there was a tendency for dead bacteria to 

adhere to this surface, which may be undesirable in terms of the ability of the surface to kill 

bacteria over the longer term. SIPNs prepared from 10 wt% of 3.2-P-40k and 3.3-P-40k did 
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not have any detectable live bacteria on the surface and had much fewer dead bacteria. This 

suggests that increased hydrophobicity of the polyphosphonium may be beneficial for 

reducing fouling of the surface. It was also confirmed that the SIPNs were not leaching 

antibacterial phosphoniums as no zone of inhibition was observed for any of the materials in 

a standard zone of inhibition test (Figure 8-29). 

 
Figure 3-5: Control and SIPN surfaces following Live/Dead® analysis after incubation 
of the surfaces in a suspension of 107 CFUs/mL of S.aureus for 24 hours: a) control 
glass slide; b) SIPN 3.1-P-40k (10 wt%); c) SIPN 3.2-P-40k (10 wt%); d) SIPN 3.3-P-
40k (10wt%). Live bacteria appear green in this assay due to staining with SYTO 9, 
while dead bacteria appear red due to staining with propidium iodide. While live 
bacteria are observed on the control surfaces, decreasing numbers of dead bacteria are 
observed on the SIPNs with increasing phosphonium alkyl chain length. 

 

3.3 Conclusions 
Six polyphosphonium with ethyl, butyl or octyl chains on the phosphonium and molar 

masses of either ~10 kg/mol or ~40 kg/mol were synthesized. Using UV curing, these 

polymers were incorporated into SIPNs based on TEGDA at loadings of either 0.1, 1 or 10 

wt%. High curing and gel content were achieved. Thermal analyses suggested that the 

polyphosphonium that was incorporated into the network quite uniformly, without phase 
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separation. At 10 wt% of polyphosphonium in the formulation, all of the resulting SIPNs had 

greater than 1014 accessible surface charges per cm2, indicating that these SIPNs can present 

similar surface charge to previous polyphosphonium networks that contained much higher 

loadings of ~50 wt% phosphonium monomer. However, the SIPNs prepared from 3.1-P 

generally had lower surface charge densities than would be expected, which was attributed 

to the tendency of these hydrophilic polyphosphonium to become buried below the surface 

to some extent due to the tendency of surface to minimize their free energy. The contact 

angles of the surfaces ranged from 45 º for the 3.1-P-10k at 1 wt% to 73 º for 3.3-P-10k at 

10 wt%. On the other hand, the contact angle for 3.3-P-40k was much lower, which was 

attributed to some miscibility issues that were encountered during the SIPN preparation. 

Other than this, no significant effects of polyphosphonium molar mass were observed. 

Antibacterial testing was performed on the SIPNs prepared from 10 wt% polyphosphonium 

with Gram-positive S.aureus and Gram-negative E.coli. All 3.1-P and 3.2-P SIPNs exhibited 

high activity against S. aureus, while the activity of the 3.3-P-10k was somewhat lower and 

the 3.3-P-40k SIPN did not kill S. aureus, likely due to the miscibility issue described above. 

On the other hand, the activities of the SIPNs against E.coli increased with the alkyl chain 

length on the phosphonium resulting in high activity for the 3.2-P and the 3.3-P-10k SIPNs. 

A Live/Dead® assay revealed that dead bacteria tended to adhere to the 3.1-P SIPN surface, 

whereas it adhered to 3.2-P and 3.3-P SIPNs to a much lesser extent. These results suggest 

that 3.2-P SIPNs provide the good balance of broad spectrum bacterial killing and anti-

fouling properties. Overall, this study shows that polyphosphonium SIPNs can be prepared 

through a simple UV curing process and that their properties can be tuned according to the 

phosphonium content and phosphonium alkyl chain length.  These SIPN coatings could be 

suitable for many different applications including high bacterial transfer objects in hospitals 

or public areas such as elevator buttons, door handles, railings, or beds. 

3.4 Experimental 
General materials and procedures 

3.454 and 3.555 were synthesized according to previously published procedures. 3.1, 3.2, and 

3.3 were prepared by modifications of previously reported procedures. Solvents were 

purchased from Caledon Laboratory Chemicals (Georgetown, ON, Canada). Deuterated 
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solvents were purchased from Cambridge Isotopes Laboratories (Tewskbury, MA, USA). 

Phosphines were supplied by Cytec Solvay (Niagara Falls, ON, Canada). VA-044 was 

purchased from Toronto Research Chemicals (Toronto, ON, Canada). All other chemical 

reagents were purchased from Sigma Aldrich (St. Louis, MO, USA). All solvents and 

chemicals were used as received unless otherwise noted. Nuclear Magnetic Resonance 

(NMR) spectroscopy was conducted on a Varian Inova 400 MHz Spectrometer (Varian, Palo 

Alto, CA, USA) (1H 400.09 MHz, 31P{1H} 161.82 MHz). All 1H and 13C{1H} NMR spectra 

were referenced relative to the residual solvent peak (CHCl3: 1H δ = 7.26, 13C δ = 77; H2O: 
1H δ = 4.79). All 31P{1H} NMR spectra were referenced using an external standard (85% 

H3PO4: 31P δ = 0). Coupling constants (J) are expressed in Hertz (Hz). Fourier transform 

infrared (FTIR) spectroscopy was conducted using a Bruker Tensor 27 spectrometer 

(Bruker, Billerica, MA, USA) in attenuated total reflectance mode (ATR) using a ZnSe 

crystal or a Perkin Elmer FT-IR Spectrum Two Spectrometer (Waltham, MA, USA) in the 

universal attenuated total reflectance mode (UATR), using a diamond crystal as well as the 

UATR sampling accessory (part number L1050231). Differential scanning calorimetry 

(DSC) was completed on a DSC Q20 TA Instruments (Waters, New Castle, DE, USA) at a 

heating rate of 10°/minute, under an N2 atmosphere, in an aluminum Tzero™ pan with 

approximately 5 mg of sample. The glass transition temperature (Tg) was determined from 

the second heating cycle. Thermogravimetric analysis (TGA) was completed on a Q600 SDT 

TA Instruments and analyzed using TA Universal Analysis, under an N2 atmosphere at a 

heating rate of 10 °C/min up to 600 °C using a ceramic pan with approximately 2 mg of 

sample. UV-Vis spectroscopy was conducted using a Varian Cary 300 Bio UV-Vis 

Spectrophotometer (Varian, Palo Alto, CA, USA) and quartz 1 cm path length cells.  

 

General method for the polymerization of phosphonium monomers 3.1, 3.2 and 3.3 

Monomer (3.1), initiator (3.6), and RAFT agent (3.4) were dissolved in H2O in a round 

bottom flask, and the flask was sealed with a new Suba-Seal® septum (Sigma Aldrich, St. 

Louis, USA) and Teflon tape. Alternatively, monomers (3.2, and 3.3), initiator (3.7), and 

RAFT agent (3.5) were dissolved in CH3CN in a round bottom flask, and flask was sealed as 

above. The reaction mixture was degassed by bubbling N2 through the solution with stirring 

at 0 °C for 30 minutes. The reaction flask was then put directly into an oil bath at the 
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appropriate temperature to initiate the polymerization. 3.1 was polymerized at 60 °C and 3.2 

and 3.3 were polymerized at 80 °C. Aliquots were taken throughout the reaction to monitor 

the conversion by 1H NMR spectroscopy, observing the decrease of the vinylic protons 

between 5 and 6 ppm in comparison to the protons at ~1 ppm corresponding to the methyl 

groups on the phosphonium alkyl substituents that were set to a constant integration of 9. 

When the reaction reached ~80% conversion, the reaction was removed from the oil bath, 

cooled to room temperature and exposed to air. The solvent was then removed in vacuo, the 

crude reaction mixture was redissolved (3.1-P) in isopropanol, 3.2-P in CH2Cl2) and then the 

polymer was precipitated in an anti-solvent (3.1-P and 3.2-P in THF), collected by vacuum 

filtration, and dried in vacuo. 3.3-P was purified by dialysis against (CH3)2CO with a 

regenerated cellulose membrane (Spectra/Por® RC) with molecular weight cutoff (MWCO) 

of 35 kg/mol.   

 

Synthesis of triethyl(4-vinylbenzyl)phosphonium chloride (3.1) 

Triethylphosphine (5.46 g, 46.2 mmol) and 4-vinylbenzyl chloride (6.87 g, 45.0 mmol) were 

dissolved in CH3CN (15 mL) under an N2 atmosphere in a pressure tube and stirred at 80 °C 

for 16 hours. The solvent was then removed in vacuo. The resulting solid was dissolved in 

minimal CH2Cl2 (10 mL) and precipitated in Et2O (500 mL). The precipitate was filtered, 

washed with Et2O, and dried in vacuo yielding a white powder (13.2 g, 93%). Spectral data 

agreed with those previously reported.1 A 1H NMR spectrum is included for comparison 

with those of the polymers (Figure 8-7). 

 

Synthesis of tributyl(4-vinylbenzyl)phosphonium chloride (3.2) 

Tributylphosphine (12.1 g, 59.9 mmol) and 4-vinylbenzyl chloride (8.68 g, 56.9 mmol) were 

dissolved in CH3CN (50 mL) under an N2 atmosphere in a pressure tube and stirred at 80 °C 

for 16 hours. The solvent was then removed in vacuo. The resulting oil was dissolved in a 

minimal amount of CH2Cl2 (5 mL) and then precipitated in cold Et2O (500 mL). The 

precipitate was filtered, washed with Et2O, and dried in vacuo yielding a white powder (17.1 

g, 85%). Spectral data agreed with those previously reported.1 A 1H NMR spectrum is 

included for comparison with those of the polymers (Figure 8-8). 
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Synthesis of trioctyl(4-vinylbenzyl)phosphonium chloride (3.3) 

Trioctylphosphine (10.3 g, 19.7 mmol) and 4-vinylbenzyl chloride (4.07 g, 26.6 mmol) were 

dissolved in CH3CN (30 mL) under an N2 atmosphere in a pressure tube and stirred at 80 °C 

for 24 hours. The solvent was then removed in vacuo. The resulting solid was dissolved in 

minimal CH2Cl2 (3 mL) and precipitated in Et2O (500 mL). The precipitate was filtered, 

washed with Et2O, and dried in vacuo, yielding a white powder (9.61 g, 68 %). Spectral data 

agreed with those previously reported.1 A 1H NMR spectrum is included for comparison 

with those of the polymers (Figure 8-9). 

 

3.1-P-10k 

Monomer = 3.1 (1.50 g, 5.54 mmol); Initiator = 3.6 (0.010 g, 0.031 mmol); Solvent = H2O 

(30 mL); RAFT agent = 3.4 (0.037 g, 0.14 mmol). The polymer was purified by precipitation 

from isopropanol into THF.  Yield  = 0.66 g, 55%; Mn based on 1H NMR spectroscopy = 

10.6 kg/mol; Mn based on UV-vis spectroscopy = 13.8 ± 0.4 kg/mol; 1H NMR (D2O): δ = 

7.03 (broad, Ar-H, ortho to CH2-P), 6.46 (broad, Ar-H, meta to CH2-P), 3.52 (broad, Ar-

CH2-P), 1.96 (broad, P-CH2-CH3, backbone C-H), 1.37 (broad, backbone CH2), 0.87 (broad, 

P-CH2-CH3); 31P{1H} NMR (CDCl3): δ = 37.6 (s); To = 386 °C; Tg = 224 °C. 

 

3.1-P-40k  

Monomer = 3.1 (1.51 g, 5.58 mmol); Initiator = 3.6 (3.0 mg, 9.3 µmol); Solvent = H2O (30 

mL); RAFT agent = 3.4 (8.0 mg, 0.032 mmol). The polymer was purified by precipitation 

from isopropanol into THF. Yield = 1.39 g, 92%. Mn based on 1H NMR spectroscopy = 42.5 

kg/mol; Mn based on UV-vis spectroscopy =  40.6 ± 1.1 kg/mol.  1H NMR (D2O): d = 7.21 

(broad, Ar-H, ortho to CH2-P), 6.55 (broad, Ar-H, meta to CH2-P), 3.55 (broad, Ar-CH2-P), 

2.14 (broad, P-CH2-CH3, backbone C-H), 1.57 (broad, backbone CH2), 1.06 (broad, P-CH2-

CH3); 31P{1H} NMR (D2O): 37.0; To = 389; Tg = 220 °C 

 

 

3.2-P-10k 

Monomer = 3.2 (0.913 g, 2.57 mmol); Initiator = 3.7 (3.0 mg, 0.018 mmol); Solvent = 

CH3CN (3.6 mL); RAFT agent = 3.5 (0.021 g, 0.057 mmol). The polymer was purified by 
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precipitation from CH2Cl2 into THF. Yield = 0.528 g, 58%. Mn based on 1H NMR 

spectroscopy = 10.6 kg/mol; Mn based on UV-vis spectroscopy = 9.9 ± 2.9 kg/mol. 1H NMR 

(CDCl3): d = 7.49 (broad, Ar-H, ortho to CH2-P), 6.51 (broad, Ar-H, meta to CH2-P), 4.36 

(broad, Ar-CH2-P), 2.40 (broad, P-CH2-(CH2)2-CH3 and backbone CH), 1.40 (broad, P-CH2-

(CH2)2-CH3 and backbone CH2), 0.85 (broad, P-(CH2)3-CH3); 31P{1H} NMR (161.82 MHz, 

CDCl3): d = 31.3; To = 363 °C; Tg = 147 °C 

 

3.2-P-40k 

Monomer = 3.2 (0.756 g, 2.13 mmol); Initiator = 3.7 (0.8 mg, 5 µmol); Solvent = CH3CN 

(3.00 mL); RAFT agent = 3.5 (5.0 mg, 0.014 mmol). The polymer was purified by 

precipitation from CH2Cl2 into THF. Yield = 0.416 g, 55%. Mn based on 1H NMR 

spectroscopy = 41.6 kg/mol. Mn based on UV-vis spectroscopy = 41.6 ± 1.1 kg/mol; 1H 

NMR (CDCl3): d = 7.36 (broad, Ar-H, ortho to CH2-P), 6.36 (broad, Ar-H, meta to CH2-P), 

4.36 (broad, Ar-CH2-P), 2.54-2.38 (broad m, P-CH2-(CH2)2-CH3 and backbone CH), 1.40 

(broad, P-CH2-(CH2)2-CH3 and backbone CH2), 0.85 (broad, P-CH2-(CH2)2-CH3); 31P{1H} 

NMR (CDCl3): d = 31.3; To = 363 °C; Tg = 169 °C 

 

3.3-P-10k 

Monomer = 3.3 (0.821 g, 1.56 mmol); Initiator = 3.7 (4.0 mg, 0.024 mmol); Solvent = 

CH3CN (3.28 mL); RAFT agent = 3.5 (2.3 mg, 0.063 mmol); The polymer was purified by 

dialysis. Yield = 0.295 g, 36%. Mn based on 1H NMR spectroscopy = 10.5 kg/mol. Mn based 

on UV-vis spectroscopy = 8.4 ± 0.1 kg/mol; 1H NMR (CDCl3): δ = 7.50 (broad, Ar-H, ortho 

to CH2-P), 6.51 (broad, Ar-H, meta to CH2-P), 4.36 (broad s, Ar-CH2-P), 2.40 (broad, P-

CH2-(CH2)4-CH3 and backbone CH), 1.40 (broad, P-CH2-(CH2)6-CH3  and backbone CH2), 

0.85 (broad, P-(CH2)7-CH3); 31P{1H} NMR (CDCl3): δ = 31.8; To = 345 °C; Tg = 81°C 

 

3.3-P-40k 

Monomer = 3.3 (1.003 g, 1.916 mmol); Initiator = 3.7 (1.0 mg, 6 µmol); Solvent = CH3CN 

(4.00 mL); RAFT agent = 3.5 (7.0 mg, 0.019 mmol); Yield = 0.230 g, 23%; Mn based on 1H 

NMR spectroscopy = 40 kg/mol; Mn based on UV-vis spectroscopy = 31.7 ± 1.3 kg/mol; 1H 

NMR (CDCl3): δ = 7.30 (broad, Ar-H, ortho to CH2-P), 6.30 (broad, Ar-H, meta to CH2-P), 
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4.37 (broad, Ar-CH2-P), 2.36 (broad, P-CH2-(CH2)6-CH3 and backbone CH), 1.45-1.10 

(broad m, P-CH2-(CH2)6-CH3 and backbone CH2), 0.76 (broad s, P-(CH2)7-CH3); 31P{1H} 

NMR (CDCl3): δ = 31.0; To = 353 °C; Tg = 94 °C 

 

Determination of Mn by end-group analysis using UV-vis spectroscopy 

Calibration curves were prepared using 3.4 (in H2O) and 3.5 (in CH3CN) over concentration 

ranges of 1 x 10-4 to 8 x 10-5 M and 1 x 10 -3 to 1 x 10-4 M respectively to determine the 

extinction coefficients (ε) of the polymer end-groups. These were determined to be 12279 

M-1 cm-1 and 1150 M-1 cm-1 for 3.4 and 3.5 respectively at 310 nm. Purified linear polymers 

were thoroughly dried in a vacuum oven at 50 °C overnight before testing. A mass (m) of 

polymer (~ 1 mg) was accurately weighed on an analytical balance, and then dissolved in 

solvent (3.4 in H2O; 3.5 in CH3CN) in a volumetric flask to a volume (V) of 25 mL. The 

absorbance (A) of the solution at 310 nm was measured and the concentration (c) in mol/L 

was calculated using A = εbc where b is the path length in cm. After determining c, Mn was 

calculated as Mn =  m/(cV). Each polymer was measured in triplicate and the results are 

reported as the mean ± standard deviation.  

 

3.4.1  Preparation and characterization of polyphosphonium SIPNs 
Polyphosphonium, TEGDA, and 2,2-dimethoxy-2-phenylacetophenone (DMPA) were 

combined in the ratios indicated in Table 2 and diluted to 50 wt% in either methanol (3.1-P) 

or N,N-dimethylformamide (DMF) (3.2-P and 3.3-P). 80 µL of the resulting solution was 

deposited on a clean glass slide. Using ~170 µm thick electrical tape as a spacer to define the 

SIPN thickness, a second glass slide was then placed on top. The slides were passed 5 times 

at the slowest speed (~ 0.06 m/s) through a modified UV-curing system from UV Process 

Supply Inc. (Chicago, IL, USA) equipped with a Mercury Bulb with an energy and power 

density of UVA (1784 mJ/cm2, 192 mW/cm2), UVB (1647 mJ/cm2, 178 mW/cm2), and UVC 

(369 mJ/cm2, 43 mW/cm2), and UVV (1869 mJ/cm2, 199 mW/cm2) determined by a PP2-H-

U Power Puck II purchased from EIT Instrument Markets (Sterling, VA, USA). Post 

irradiation, the glass slides were separated and the resulting material was dried overnight in a 
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vacuum oven at 50 °C. This process resulted in SIPNs with a thickness of ~ 150 µm as 

measured by a micrometer.  

Measurement of cure percentage 

ATR-FTIR spectra were obtained before curing and for freshly prepared SIPNs after drying 

overnight in a vacuum oven at 50 °C to remove solvent. The peak corresponding to C=O 

(1720 cm-1) was used as an internal standard as its intensity does not change upon curing. 

The intensity of the C=C peak (810 cm-1) was compared to that of the internal standard 

before curing and after curing and the cure percentage was calculated as the percent decrease 

in the relative intensity of the C=C peak, with 100% corresponding to zero C=C 

functionality remaining. Each SIPN was measured in triplicate and the results are reported as 

the mean ± standard deviation. 

 

Measurement of gel content 

SIPNs from the cure percentage analysis were used to calculate gel content. The SIPN was 

accurately weighed and then immersed in excess (~10 mL) of either methanol for (3.1-P), or 

CH3CN for (3.2-P) and (3.3-P) for 16 hours. The solvent was removed and the SIPN was 

dried in a vacuum oven at 50 °C overnight, then reweighed. The % mass remaining relative 

to the initial mass was determined to be the gel content. All samples were measured in 

triplicate and the results are reported as the mean ± standard deviation.  

 

Measurement of the water contact angle 

After incubation in solvent (as described above for the measurement of gel content) and 

drying, the SIPNs were placed on the stage of a Kruss DSA100 Drop Shape Analyzer 

(KRÜSS GmbH, Hamburg, Germany). Values were determined after one minute of droplet 

incubation on the surface. A static drop shape analyzer was used to determine the water 

contact angle on the surface. Each SIPN was measured in triplicate and the results are 

reported as the mean ± standard deviation. 

 

Charge density determination 

This procedure was based on the previously reported protocol.56 After incubation in solvent 

(as described above for the measurement of gel content) and drying, the SIPNs (2.25 cm2) 
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were immersed in 10 mL of a 1% w/v aqueous sodium fluorescein solution overnight. The 

resulting films were washed with water, and then immersed in 10 mL of a 0.1% v/v aqueous 

cetyl trimethyl ammonium chloride solution overnight. The surface was then removed and 

10 mM, pH 8 phosphate buffer was added and the absorbance of the solution at 501 nm was 

measured. The concentration of accessible charges on the surface was then determined based 

on the extinction coefficient of fluorescein (e = 77,000 M-1cm-1), assuming that each 

molecule of fluorescein binds to one accessible cation. Each SIPN was measured in triplicate 

and the results are reported as the mean ± standard deviation. 

 

Measurement of mass swelling ratio in water 

After incubation in solvent (as described above for the measurement of gel content) and 

drying, the SIPNs were weighed, and then swelled in deionized water for 24 hours. The 

SIPNs were then removed from the water, excess water was removed with a Kimwipe, and 

the SIPN was weighed. The mass swelling % was determined as (final mass-initial 

mass/initial mass)x100%. This experiment was performed in triplicate for SIPNs 3.1-P-10k 

(10wt%), 3.2-P-10k (10wt%), and 3.3-P-10k (10wt%) and the error on the measurement 

was reported as the standard deviation. 

 

Determination of surface phosphorus content over time 

After incubation in solvent (as described above for the measurement of gel content) and 

drying, the SIPNs were either measured freshly prepared (within 24 h) or after 8 months 

under an air atmosphere at ambient temperature. Scanning electron microscopy with energy 

dispersive X-ray spectroscopy (SEM-EDX) was conducted using a Hitachi S-3400N 

microscope with an INCA EDX attachment and software, and all surfaces were sputter 

coated with 5 nm of osmium prior to analysis. This experiment was performed for SIPNs 

3.1-P-10k (10wt%), 3.2-P-10k (10wt%), and 3.3-P-10k (10wt%). 

 

 Dynamic contact antibacterial test 

This procedure was based on ASTM E2149 13a.57 SIPNs were prepared for testing by first 

ensuring the removal of any potentially leachable biocide. Each SIPN was immersed in 

solvent (3.1-P in H2O, 3.2-P in CH3CN, 3.3-P in CH3CN) with three changes of solvent over 
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a period of 24 h. UV-vis spectroscopy of the washes indicated that no further components 

were released into solution after this protocol. The SIPNs were then dried in vacuo at 50 °C 

overnight. They were then ground using a mortar and pestle with 95% ethanol (5 drops) until 

solvent evaporated and a dry fine powder was obtained. The resulting solid was completely 

dried in a vacuum oven at 50 °C overnight and then used immediately for testing. A loop of 

precultured E.coli (ATCC 29425) or S.aureus (ATCC 6538) was freshly cultured in 

Lysogeny broth (LB) (VWR International, Mississauga, Canada) for 18 - 24 hours at 37 °C 

(75% humidity) in a shaker at 175 rpm. The resulting suspension was centrifuged for 10 

minutes, decanted, and resuspended in 0.3 mM, pH 7, KH2PO4 buffer. This was repeated 

twice. The resulting pelletized bacteria was suspended in 0.3 mM KH2PO4 and diluted to 

concentrations of 108 CFU/mL of S.aureus (optical density = 0.3 at 600 nm) and 107 

CFU/mL of E. coli (optical density = 0.2 at 600 nm) and as determined by optical density 

calibrations for each strain. The suspensions were each further diluted 100-fold (to 106 

CFU/mL for S. aureus and  105 CFU/mL of E. coli) in 0.3 mM KH2PO4 and then 100 µL of 

this suspension was added to a sterilized centrifuge tube containing 2.0 mg of SIPN 

(prepared as described above). The resulting suspensions were then incubated at room 

temperature with shaking at 60 rpm on a wrist action shaker for 1 hour. Then, 900 µL of 0.3 

mM KH2PO4 buffer was added to each suspension, diluting the suspension to 105 CFU/mL 

for S. aureus and 104 CFU/mL of E. coli. Each suspension was further diluted 10-fold, and 

0.100 mL of this suspension (103 CFU of S. aureus and 102 CFU of E. coli) were pour plated 

using tryptic soy agar, and incubated for 24 hours at 37 °C (75% humidity). CFUs were then 

counted and the results were compared with those of the control samples that were not 

exposed to any polymer. Each SIPN was measured in triplicate and the results are reported 

as the mean ± standard deviation. Statistical analyses (ANOVA followed by Tukey’s test) 

were performed using the software Excel. 

  

LIVE/DEADTM BacLight bacterial viability assay 

A suspension of S.aureus in 0.9% saline at a concentration of 107 CFU/mL was prepared as 

described above. 1 mL of this suspension was placed on each 2.25 cm2 SIPN coating 

(prepared on an a pristine glass slide and sterilized with ethanol). The control surface was a 

pristine glass slide, washed with ethanol and dried. The surfaces were placed in a petri dish, 



www.manaraa.com

 

 

 

65 

65 

the dish was sealed with parafilm, and the samples were incubated for 24 hours at 37 °C at 

75% humidity. The surfaces were then gently washed with 10 mL of distilled water, then 

incubated with a mixture of the LIVE/DEADTM BacLight bacterial viability assay dyes 

(SYTO 9 and propidium iodide, Life Technologies, Burlington, Canada) for 30 minutes in 

the dark according to the manufacturer’s directions. The surfaces were then gently washed 

with deionized water and treated with Prolong Antifade mounting reagent (ThermoFisher 

Scientific, Massachusetts, USA) and covered with a slip cover. The prepared surfaces were 

then imaged by laser fluorescence microscopy using an Upright Zeiss Axioimager Z1 

fluorescence microscope (Zeiss, Oberkochen, Germany) (Laser 488 nm for the SYTO 9 with 

a pass filter of 505-530 nm and a laser at 543 nm for the propidium iodide with a pass filter 

of 615 nm, magnification 40´). All the images were obtained and refined with the ZEN 

software. Each sample was tested in triplicate. 

 

Zone of inhibition test for leaching 

An even lawn of S.aureus was scratch plated onto an agar plate from a 106 CFU/mL 

suspension of the bacteria. SIPNs were cut with a razor blade into squares of approximate 

dimensions of 1 cm x 1 cm. The SIPN was then placed face down on the agar and incubated 

for 24 hours at 37 °C and 75% humidity. Surfaces had no zone of inhibition (a ring or space 

from the edge of the SIPN surface where no bacteria are present) indicating a surface that 

does not leach an active amount of biocide.  
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Chapter 4 

4 Increasing the hydrophilicity of phosphonium polymers to 

increase antibacterial activity and decrease hemolytic 

activity.  
 

4.1 Introduction 
Synthetic antibacterial polyelectrolytes containing ammonium or phosphonium functional 

groups have been widely investigated due to their increased activity as compared to their 

monomeric components. Many different nitrogen-containing polycations have been 

reported including polyammonium,1–5 polyimidazolium,6 polybiguanide,7 and 

polypyridinium salts.8 Kanazawa and coworkers also reported various trialkyl/aryl 

phosphonium polymers in the 1990s,9–12 but aside from our group’s recent work on 

phosphonium-containing coatings,13,14 there has not been any further work on this class of 

antimicrobials. Antibacterial polymers have been synthesized as side chain ammonium 

functionalized synthetic linear polymers,4,15,16 dendrimers,17 and biopolymers such as 

chitosan.18 Along with the ionic groups, most active antibacterial polyelectrolytes possess 

alkyl chains that result in amphiphilic structures that have affinity for negatively charged 

bacterial cell walls. It is hypothesized that these units kill bacteria by damaging the cell 

membrane, causing permeabilization and leakage of cell contents.7,19  

 

The balance of hydrophilicity-hydrophobicity for antibacterial polymers is one that has 

been explored by varying cationic:hydrophobic ratios. This can be completed by using 

copolymers with separate hydrophilic (cations) and hydrophobic (alkyl chain) 

components, or by having the hydrophilic and hydrophobic components within the same 

comonomer  (Figure 4-1). This seemingly subtle change can impart large differences in 

the antibacterial effectiveness, but also the compatibility to healthy cells. 2,15,20–22  
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Figure 4-1: Example of hydrophilic-hydrophobic balance by charge-hydrophobic 
combination vs. separation.  

 

Increases in the hydrophobicity of the antibacterial polymer are usually achieved by 

incorporating linear alkyl chains with increasing chain length. Increasing the alkyl chain 

length may increase the antibacterial activity but has also been reported to increase the 

hemolytic activity (lysing of red blood cells) which is detrimental for their potential use in 

vivo. Far fewer studies have reported an increase in antibacterial activity resulting from 

increasing the hydrophilicity of antibacterial polymers.23  

 

The majority of antibacterial polymers have been designed based on the principle of 

incorporating different hydrophilic (cationic) and hydrophobic (alkyl) components, 

whereas there are few reports involving other architectures. The polymerization from 

antibiotic β-lactams was investigated for the preparation of ammonium based antibacterial 

polymers. Copolymerization with ammonium containing monomers resulted in good 

antibacterial activity with low hemolysis.24 Alternatively, the use of additives combined 

with traditional small molecule antibiotics has been explored as a means to increase their 

effectiveness. For example, the combination of aminoglycosides with sugar-based 

metabolites resulted in the killing of persistent bacteria (Figure 4-2).25  
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Figure 4-2: Examples of antibacterial polymers from b-lactams (left), heightened 
potency of antibiotics when used in conjunction with metabolites such as mannitol 
(middle), and antibacterial mannoside-derived glycosides (right). 

Mannose is known to bind to Escherichia coli (E. coli) adhesins on the pili of the 

bacteria. The interactions of mannose with E. coli have been used for the labelling of the 

bacteria with gold nanoparticles and as attachment antagonists because the pili participate 

in surface colonization.26,27 Mannose has been functionalized with alkylethers and 

alkylthioethers to achieve bacteriostatic conditions, inhibiting the growth of E.coli at 

millimolar concentrations  (Figure 4-2).28  

 

This chapter explores the introduction of targeting functional groups specific for 

interaction with E. coli onto polycations to potentially increase their antibacterial activity 

by bringing them into the vicinity of the bacteria. This modification will also affect the 

amphiphilic character by introducing more hydrophilicity onto the polymers. To achieve 

this, we describe the development of a new phosphonium monomer containing both alkyl 

and sugar substituents, with both mannose and glucose derivatives described (Figure 4-3). 

These new monomers are polymerized by reversible addition-fragmentation chain-

transfer polymerization (RAFT) along with a control hydroxyl-functionalized 

phosphonium. Due to the specific adhesion of mannose to the E. coli pili, our initial 

hypothesis was that increased bactericidal activity would be observed for the mannose-

functionalized polymer against E. coli, whereas this effect would not be observed for S. 

aureus, which does not bind to mannose. Both the antibacterial and hemolytic properties 

of these polymers were investigated.  
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Figure 4-3: Structure of proposed targeted phosphonium monomer. 

4.2 Results and Discussion 
4.2.1 Synthesis of phosphonium mannoside and glucoside monomers 4.3 

and 4.4  
Sugars can be selectively reacted at the anomeric position to introduce different 

functionalities onto the periphery of the molecule. Protection of the sugar hydroxyl 

groups is required, not only for the selective functionalization of the sugar, but to increase 

the solubility of the sugar in organic solvents, and this is essential for subsequent 

chemical steps. To this end, both mannose and glucose were protected with acetate, then 

α-allylether tethers were introduced at the anomeric positions to afford compounds 4.1 

and 4.2 (Scheme 4-1 and Figure 4-5).29,30 

 
Scheme 4-1: Overall synthetic approach for producing 4.3 and 4.4 from a-allylether 
sugars 4.1 and 4.2, respectively. 
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Radical initiated P-H addition across allyl functional groups is well established,31 and we 

therefore proposed to create sugar phosphines by this method using PH3(g). This is a 

unique and unconventional starting reagent outside of industry, but it affords the 

advantage of having three accessible P-H bonds available for addition to olefins. A 

typical alkylation of PH3(g) with an olefin can be completed with 10 mol% of a thermal 

initiator such as azobisisobutyronitrile (AIBN) at 65 °C or higher. The reaction of PH3 

with sugar derivatives 4.1 or 4.2, resulted in a mixture of primary, secondary, and tertiary 

phosphines. The selective single addition of one P-H bond across an olefin-containing 

molecule can be performed thermally, although it is typically much more difficult to 

obtain the primary phosphine in a selectively manner than to achieve the tertiary 

phosphine. While tertiary phosphines with three sugar substituents would be an 

interesting compound for creating antibacterial polymers through copolymerization with 

hydrophobic comonomers, attempts to add three sugars resulted in multiple products, and 

could not be completely converted to the tertiary phosphine exclusively. In the 31P{1H} 

NMR spectrum obtained from a sample reaction mixture revealed peaks corresponding to 

primary, secondary, tertiary, and oxidized products in solution (Figure 4-4). 
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Figure 4-4:31P{1H} (top) and 1H coupled 31P (bottom) NMR spectra of an attempt at 
creating a tertiary phosphine from an allylether sugar resulting in a mixture of 
primary, secondary, tertiary, and oxidized products. 

 

This was not ideal and therefore, multiple reaction conditions were investigated with the 

aim of selectively producing the primary phosphine functionalized with one sugar. The 

conditions involved a much lower radical flux, which was achieved by reducing the 

amount of initiator to <5 mol% of AIBN with respect to 4.1 or 4.2, to result in 4.1.P and 

4.2.P (Figure 4-5).  
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Figure 4-5: 31P{1H} NMR Spectra of the reaction mixtures for the resulting sugar 
functionalized primary phosphines 4.1.P and 4.2.P from a-allylether mannose (4.1) 
and a-allylether glucose (4.2). 

 

The autoclave was pressurized three times with PH3 to maintain the maximum amount of 

PH3 into the CH3CN solvent. The reaction mixture was then heated at 45 °C for 24 hours. 

Because of the vast excess of PH3 under these conditions, the selective conversion to the 

primary sugar-functionalized phosphine. The reaction was monitored by 31P{1H} NMR 

spectroscopy for the appearance of primary phosphine was acheived (Figure 4-5). The 

reaction was stopped before any appreciable amount of secondary phosphine was 

observed, although this meant appreciable quantities of 4.1 or 4.2 remained.  
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Figure 4-6: 31P{1H} NMR spectra of tertiary phosphines 4.1.T and 4.2.T from the 
reaction of 1-hexene with primary phosphines 4.1.P and 4.2.P, respectively.  

 

The subsequent reaction of the remaining P-H bonds with excess 1-hexene in the 

presence of AIBN resulted in tertiary phosphines (4.1.T and 4.2.T) and was confirmed by 
31P{1H} NMR spectroscopy (Figure 4-6). 4.1.T and 4.2.T were then reacted with 4-

vinylbenzyl chloride to produce air stable quaternary phosphonium salts (4.3 and 4.4) 

(Figure 4-7).  
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Figure 4-7:31P{1H} NMR spectra of 4.3  and 4.4 from the quaternization of 4.1.T and 
4.2.T with 4-vinylbenzyl chloride.  

 

To remove any unreacted 4-vinylbenzyl chloride, 4.1, or 4.2, a functionalized silica gel 

column was used. The silica gel was functionalized with trichloromethylsilane,32 

effectively capping any Si-OH functionalities. To prevent phosphonium interacted with 

the polar Si-OH of the silica to such an extent that elution of the salt was hindered. All 

impurities were first eluted with diethyl ether, followed by elution of pure 4.3 or 4.4 with 

methanol. The structures of the purified monomers were confirmed multinuclear NMR 

spectroscopy and high resolution mass spectrometry. The yield over these three steps for 

4.3 and 4.4 was 11% and 7%, respectively, relative to the amount of sugar introduced. 

This reaction was limited to low yields because of the required reaction conditions 

primary phosphine selectively.  
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4.2.2 Polymerization of 4.3 and 4.4. 
Monomers 4.3 and 4.4 were polymerized without deprotection of the sugar acetates to 

maintain the organic solubility. Similar degrees of polymerization were targeted for both 

monomers because of the known dependent antibacterial activity on molecular weight.10 

RAFT was used as a controlled polymerization technique targeting between 30 and 40 

repeat units. 40 equivalents of monomer to RAFT chain transfer agent (CTA) was used to 

reach 80-100% conversion of the monomer to polymer. Polymerizations were performed 

in 50/50 toluene/acetonitrile solution at 80 °C for 20 hours with AIBN as an initiator 

(Figure 4-8 and Figure 4-9).  

 
Figure 4-8: 1H NMR spectrum of the polymerization of 4.3 with a conversion of 80% 
calculated by the disappearance of the vinylic protons compared to the internal 
standard CH3 hexyl substituents integrating to 6 hydrogens.  
 

Conversion was monitored using 1H NMR spectroscopy by integrating the vinylbenzyl 

hydrogens relative to the internal CH3 hydrogens of the hexane substituents, whose total 

integration does not change during polymerization. Polymerization reactions were halted 

when >80% conversion was observed.  
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Figure 4-9: 1H NMR spectrum of the polymerization of 4.4 with a conversion of 98% 
calculated by the disappearance of the vinylic protons compared to the interal 
standard CH3 hexyl substituents integrating to 6 hydrogens. 

 

After removal of volatiles in vacuo, the polymers were redissolved in methanol and 

dialyzed to remove any residual monomer. The purified polymers were characterized by 
1H and 31P{1H} NMR spectroscopy. Deprotection of the sugars was then completed by 

treatment with sodium methoxide in methanol, resulting in polymers 4.5-d (Scheme 4-2 

and Figure 4-10) and 4.6-d (Scheme 4-2 and Figure 4-11). The completion of the reaction 

was monitored by 1H NMR spectroscopy and the disappearance of the acetate signals as 

well as the corresponding single peak in the 31P{1H} NMR spectra. 
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Scheme 4-2: Deprotection of the polymers 4.5 and 4.6 with sodium methoxide to 
yield 4.5-d and 4.6-d. 

 

 
Figure 4-10: 1H NMR spectra of deprotection of 4.5 to 4.5-d. The disappearance of 
the sharp peaks at ~ 2 ppm corresponding to acetate CH3 functional groups was 
observed.  
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Figure 4-11: 1H NMR spectra of the deprotection of 4.6 to 4.6-d. Disappearance of 
the sharp peaks at ~2 ppm corresponding to the acetate CH3 functional groups was 
observed.  

 
Scheme 4-3: Deprotection procedure for monomers 4.3 and 4.4 to yield 4.3-d and 
4.4-d. 

 

Deprotection of monomers 4.3 and 4.4 to afford 4.3-d and 4.4-d was also completed in 

order to test the activities of these small molecules against the bacteria for comparison to 

the polymers. 
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In addition, as a control, the hydroxyl-functionalized monomer 

tris(hydroxypropyl)vinylbenzyl phosphonium chloride (4.7) was also polymerized using 

RAFT polymerization to yield 4.8, a polyphosphonium derivative that does not possess 

the sugar or the hydrophobic alkyl chains of polymers 4.5 and 4.6.  

 

 

Figure 4-12: Synthesis of a control polymer 4.8 with hydroxypropyl substituents on 
the phosphonium. 

 

4.2.3 Antibacterial testing 
The minimum inhibitory concentrations (MIC) of 4.3-d, 4.4-d, 4.5, 4.6, 4.7, and 4.8, and 

the minimum bactericidal concentrations (MBC) of 4.5, 4.6, and 4.8 were evaluated 

against E. coli and S. aureus. This involved inoculating different concentrations of the 

molecules with 105 colony forming units (CFUs) per mL of bacteria. These samples were 

then incubated at 37 °C for 4 h. The MIC was determined as the minimum concentration 

required to inhibit bacterial growth compared to a control of only buffer. The suspensions 

were subsequently plated on agar, incubated for 24 h, and then the bacterial colonies were 

counted. The MBC was determined as the concentration required to reduce the number of 

bacterial colonies by >99.99% relative to the control. The results of these studies are 

summarized in Table 4-1 and selected plots of cell growth versus phosphonium 

concentration are included in Figure 4-13 and Figure 4-14. Additional plots are included 

in the Appendix (Figure 8-47). Both the MIC and MBC are reported in terms of 

phosphonium molarity to allow for effective comparison of the monomers with the 

polymers. The actual molarities of the polymers would be much lower. 
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Table 4-1: MIC and MBC values for polyphosphonium and their corresponding 
monomers. All concentrations correspond to the concentration of phosphonium ion. 

Compound MIC  

E. coli 

 (µM of P+) 

MBC99.99  

E. coli  

(µM of P+) 

MIC  

S. aureus  

(µM of P+) 

MBC99.99 

S.aureus  

(µM of P+) 

HC50 (µM) 

Mannose polymer 
4.5-d 

43 17 4.3 4.3 ~180 

Mannose monomer 
4.3-d 

5 - 5 - - 

Glucose polymer  
4.6-d 

8.7 8.7 4.3 4.3 ~75 

Glucose monomer 
4.4-d 

12 - 5 - - 

Tris(hydroxypropyl) 
polymer 4.8 

2.8 2.8 2.8 2.8 >1200 

Tris(hydroxypropyl) 
monomer 4.7 

39 - 78 - - 
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Figure 4-13: Growth of E. coli at different concentrations of phosphonium polymers: 
A) polymers 4.5-d and 4.6-d; B) polymer 4.8. 
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Figure 4-14: Growth of S. aureus at different concentrations of A) polymers 4.5-d 
and 4.6-d; B) polymer 4.8.  
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The mannose-functionalized polyphosphonium 4.5-d had the lowest activity of the three 

investigated polymers against E. coli with an MIC of 43 µM, although no bacteria grew 

when colonized at the next lowest concentration of 17 µM (MBC test, Table 4-1). This 

was because of a possible outlier in our triplicate values, and further replicates should be 

completed to confirm this. A lower MIC of 17 µM would agree with the MBC results, 

where no bacteria where observed to grow when inoculated on growth agar. The glucose-

functionalized polyphosphonium 4.6-d exhibited intermediate activity with an MIC of 8.7 

µM. Surprisingly, the most active polymer was the tris(hydroxypropyl)-functionalized 

polyphosphonium 4.8, which had an MIC of 2.8 µM. The MBC values were the same as 

MIC values (except for 4.5-d against E.coli as mentioned earlier), confirming that 

bacterial killing was achieved, as opposed to simply inhibition of growth. This trend was 

opposite to what was hypothesized, as the inclusion of the E. coli adhesin mannose was 

expected to increase the interaction of the polymer with the bacteria, resulting in more 

efficient killing. This could be due to the interaction of the polymer with the E. coli pili, 

which are distant from bacterial cell membrane where the polymer needs to reach and 

disrupt to kill the bacteria. Rather than helping to bring the polymer to the bacterial 

membrane, it may actually prevent the polymers from reaching the membrane making 

them less effective. All of the phosphonium polymers studied here had low MIC/MBC 

values from 4.3 µM for polymers 4.5-d and 4.6-dto 2.8 µM for 4.8 against S. aureus 

suggesting they are effective against both Gram-negative and Gram-positive bacteria.  

Studying the hemolysis of red blood cells is an important step towards understanding the 

potential selective lethality of the polymers towards bacteria over mammalian cell 

membranes. This is indicated by the HC50 value, the concentration required to lyse 50% 

of red blood cells in the assay. As shown in Figure 4-15, mannose-functionalized 

polyphosphonium 4.5-d lysed 25% of red blood cells at 70 µM, and 85% at 700µM. 

Calculating the HC50 by plotting log of the concentration against the resulting percent 

hemolysis, indicated an HC50 of 0.1 mg/mL, corresponding to ~180 µM, 4 times the 

MIC/MBC values obtained for E. coli and 41 times for S. aureus (Figure 4-15). For an 

antibacterial polymer, a large difference between MIC/MBC values and HC50 values is 

ideal for selectivity against bacteria. The glucose-functionalized polymer 4.6-d had an 
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HC50 value of 0.04 mg/mL or ~75 µM, approximately 8 times higher than its MIC/MBC 

concentration for E.coli and 17 times higher for S.aureus. The trishydroxypropyl-

functionalized polyphosphonium 4.8 had a very high HC50, above the highest tested 

concentration of 1200 µM, resulting in an HC50 more than 428 times the MIC/MBC 

values. Its low MIC/MBC values against both E. coli and S. aureus combined with the 

property of not lysing red blood cells makes this polymer is a very promising new 

antibacterial. In working with polymer 4.8, it was found to have better water-solubility 

than the sugar-functionalized polymers 4.5-d and 4.6-d, suggesting that it is more 

hydrophilic. The activity of 4.8 is opposite the trend commonly reported of increasing 

activity with increasing alkyl chain length.9 There are limited examples of studies where 

increasing the hydrophilic character increased the antibacterial activity.23 The current 

results suggest that increasing the hydrophilic character by introducing the hydroxyl 

groups decreases the hemolytic activity due to the absence of hydrophobic alkyl chains, 

and therefore increases the selectivity towards bacteria.  
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Figure 4-15: A. log(concentration) plotted against its % hemolysis to determine 
approximate HC50 values by the intersection with the black line. B. % hemolysis 
with respect to mass/mL. The black line indicates the HC50 threshold. Molarities of 
HC50 of phosphonium are summarized in Table 4-2 for a better comparison. 

Deprotected monomeric compounds 4.3-d and 4.4-d were highly active against both E. 

coli and S. aureus, with 4.3-d having a lower E. coli MIC and roughly the same MIC for 

S. aureus compared to its polymeric form 4.5. 4.4-d had a slighter higher MIC compared 

-20

0

20

40

60

80

100

120

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50

%
 h

em
ol

ys
is

log (concentration)

A. 4.6-d

4.5-d

4.8

50 % hemolysis

-20.00

0.00

20.00

40.00

60.00

80.00

100.00

120.00

0.4 mg/mL 0.04 mg/mL 0.004 mg/mL 0.0004 mg/mL

%
 h

em
ol

ys
is

sample concentration

B.

4.6-d 4.8 4.5-d



www.manaraa.com

 

 

 

90 

90 

to its polymeric form 4.6 against both E. coli and S. aureus (Table 4-1, Figure 8-47). 

These results further support the hypothesis that the sugar-functionalized polymers, 

particularly 4.5, interact with the bacteria, likely through multivalent interactions, thereby 

sequestering them. Monomer 4.7 behaved as expected, being less active than the 

polymeric form with MIC values for E. coli and S. aureus over an order of magnitude 

higher than those of polymer 4.8. This was expected as antibacterial polyammonium also 

tend to be much more active than their corresponding monomeric amines due to the 

possibility for the polymer to undergo multivalent interactions with the bacterial cell wall, 

resulting in increased binding and more effective disruption.7 

 

Comparing the current results to antibacterial polymers previously reported, 4.5-d, 4.6-d 

and 4.8 (Table 4-2, Entry 1, 2, and 3) outperform tributyl and trioctyl phosphonium 

polymers (Table 4-2, Entry 10 and 11), and have similar MIC values to the most highly 

active ammonium functionalized polynorbornene polymers and ammonium copolymers 

with rigid backbones against E.coli (0.9 µM and 9.8 µM, respectively; Table 4-2, Entry 9 

and 5). Comparison to mannoside derived glycosides (Figure 4-2, Table 4-2 Entry 4), 4.5-

d, 4.6-d, and 4.8 have a much lower MIC against E.coli and 2 times lower MIC against 

S.aureus. 4.5-d, 4.6-d, and 4.8 outperform b-lactam based polymers against both E.coli 

and S.aureus (Table 4-2 Entry 6), and much higher activity in comparison to ammonium 

polymers with incorporated hydrophilicity (Table 4-2 Entry 8). When considering the 

degrees of polymerization, which provide 32-38 phosphonium cations per chain, these 

polymers kill bacteria at nM concentrations. Thus, these polymers, particularly 4.8, 

warrant further investigation as novel antibacterials. 
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Table 4-2: Selected MIC and HC50 values for previously reported amphiphilic 
antibacterial polymers. Concentrations correspond to the concentrations of cations. 
aHemolytic concentration based on 10% lysis instead of 50%; bThis work. cAll 
entries except entry 4 possess a polymerizable functional group as one R substituent. 
dConcentration of the molecule. 

Entry Hydrophilic 

component 

Hydrophobic 

component 

MIC  

(µM of 

cation)  

E. coli 

MIC   

(µM of 

cation) 

S. aureus 

HC50  

(µM of 

cation) 

 

Ref. 

1 

(4.5-d) 

R4P+/mannoside 2 x n-hexyl 43 4.3 ~180 b 

2 

(4.6-d) 

R4P+/glucoside 2 x n-hexyl 8.7 4.3 ~75 b 

3 

(4.8) 

R4P+/hydroxypropyl - 2.8 2.8 >1200 b 

4 a-O-decyl-mannoside a-decylether  1.25 x 103 78 - 28 
5 RNH3

+ n-propyl 

copolymer 

rigid backbone 

9.8 39  <  133 33 

6 RNH3
+ β-lactam 

backbone 

55 110 440a 24 

7 RNH3
+ - 940 2400 <300 34 

8 RNH3
+/poly(ethylene 

glycol) copolymer 

- 1900 8400 22400 34 

9 RNH3
+ norbornene 

backbone 

0.9 - > 43 15 

10 R4P+ Tri-n-octyl 19 19 - 9 
11 R4P+ Tri-n-butyl >190 19 - 9 

 

4.3 Conclusions 
Three new phosphonium polymers were synthesized, incorporating new functionalities 

onto the phosphonium cations. Mannose and glucose substituents were incorporated 

starting from PH3, and the third was derived from commercially available 
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tris(hydroxypropyl)phosphine. It was found that the synthesis of primary phosphines 

could be completed with low radical flux and high PH3 concentration, and the resulting 

phosphine could subsequently be functionalized with other alkenes and polymerizable 

groups to produce novel phosphonium monomers. These monomers were then 

polymerized by RAFT polymerization and tested for their antibacterial and hemolytic 

activity. These new functionalized phosphonium polymers had high activity, although 

with the opposite trend of what we expected, with the mannose functionalized 

phosphonium polymer possessing the least amount of activity against E. coli. This can 

likely be explained by the interaction of the polymers with the bacterial pili, which are 

distant from the cell membrane. The glucose functionalized phosphonium had high 

activity against both E. coli and S. aureus, and outperformed previously reported 

trioctylphosphonium polymers. Surprisingly the simple hydroxypropyl-functionalized 

phosphonium polymer had the highest activity against both E. coli and S. aureus, with no 

observed hemolytic activity at the concentrations tested. This result is significant due to 

the fact that there is an absence of any hydrophobic component, previously thought to be 

required for antibacterial activity with antibacterial polyelectrolytes. Further studies are 

warranted to investigate the mechanism of action of this polymer and to further explore 

the scope of its activity.   

 

4.4 Experimental 
General procedures and materials 

4.1,29 4.2,30 and 2-(((butylthio)carbonothioyl)thio)-2-methylpropanoic acid (CTA)35 were 

synthesized according to previously published procedures. Solvents were purchased from 

Caledon Laboratory Chemicals (Georgetown, ON, Canada). Dueterated solvents were 

purchased from Cambridge Isotope Laboratories (Tewksbury, MA, USA). PH3(g) was 

supplied by Cytec Solvay (Niagara Falls, ON, Canada). AIBN was purchased from 

Sigma-Aldrich and recrystallized from methanol. Luria –Bertani Broth (Miller’s 

modification) was purchased from Alfa Aesar (Ward Hill, MA, USA). Luria-Bertani Agar 

(Miller modification) and BBL™ Levine Eosin Methylene Blue Agar were purchased 

from Becton, Dickinson and Company (Sparks, MD, USA). Mannitol Salt Phenol Red 
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Agar was purchased from Fluka Analytical (St. Louis, MO, USA). 0.3 mM KH2PO4 was 

prepared in Milli-Q water, adjusted to a pH of 7.4 and autoclaved before use. 

Defibrinated sheep blood was purchased from Cedarlane (Burlington, ON, Canada). All 

other solvents and chemicals were used as received unless otherwise noted. Nuclear 

Magnetic Resonance (NMR) spectroscopy was conducted on either a Varian Ionva 400 or 

600 MHz spectrometer  (400 MHz: 31P{1H} 161.82 MHz; 600 MHz: 1H 599.28 MHz, 13C 

{1H} 150.69 MHz). All 1H and 13C{1H} spectra were referenced relative to the residual 

solvent peak (CHCl3: 1H δ = 7.26, 13C δ = 77; H2O: 1H δ = 4.79). All 31P{1H} NMR 

spectra were referenced using an external standard (85% H3PO4: δ = 0). Coupling 

constants (J) are expressed in Hertz (Hz). Mass spectrometry data were recorded in 

positive-ion mode using a Micromass/Waters Q-TOF Ultima LC-MS/MS system. E. coli 

(ATCC 29425) and S. aureus (ATCC 6538) were cultured on BBL™ Levin Eosin 

Methylene Blue Agar and Mannitol Salt Phenol Red Agar to ensure there was no 

contamination. Optical density measurements of the bacterial suspensions were measured 

using a Tecan Infinite M1000 Pro 96 well UV-vis plate reader. 

 

Synthesis of dihexyl((2,3,4,6-tetra-O-acetyl-manno-pyranyl)-1-oxy-

propyl)vinylbenzylphosphonium chloride (4.3). 

((2,3,4,6-Tetra-O-acetyl-manno-pyranyl)-1-oxy-allyl (4.23 g, 10.9 mmol), AIBN (10 mg, 

61 µmol), and CH3CN (250 mL) was combined in an autoclave reactor, and purged with a 

N2 flow for 10 minutes then charged with 550 kPa of PH3(g). The reaction was stirred at 

room temperature for 1 hour, recharged with 550 kPa  PH3(g), stirred for one hour, and 

charged a third time with 550 kPa PH3(g). The reaction was then heated to 45 °C 

overnight. Once cooled to room temperature, the excess PH3 was incinerated, and the 

reaction mixture was checked by 31P{1H} NMR spectroscopy for primary phosphine and 
1H NMR spectroscopy for remaining olefin. If there was olefin functionality remaining, 

the PH3 charging and heating process was repeated until any sign of secondary phosphine 

appeared. The sealed reaction was then transferred into a glovebox and the volatiles were 

removed in vacuo at 60 °C. The resulting oil was then combined in a pressure tube with 

1-hexene (2.56 g, 30.8 mmol) and AIBN (0.05 g, 0.3 mmol) under a N2 atmosphere, and 

heated to 65 °C overnight. The reaction was transferred into a glovebox, where an aliquot 
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was removed and checked by 31P{1H} NMR spectroscopy for conversion to a tertiary 

phosphine (≈ -30 ppm). Once all primary phosphine was converted to a tertiary 

phosphine, 4-vinylbenzyl chloride (1.8 g, 12 mmol) was added to the reaction mixture 

and it was stirred at room temperature (monitored by 31P{1H} NMR spectroscopy). Once 

quaternization was complete, volatiles were removed in vacuo, resulting in viscous 

orange oil. The product was purified using a methyl silyl functionalized silica plug,32 first 

eluting with Et2O to remove uncharged organic by-products, followed by CH3OH to elute 

the phosphonium salt. The solvent was removed in vacuo, yielding the product as an 

orange oil. Yield:  0.85 g, 11 %. 1H (600 MHz, CDCl3, δ): 7.39-7.29 (m, 4H), 6.63 (dd, J 

= 17.5 Hz, 11 Hz, 1H), 5.73 (d, J = 17.6 Hz, 1H), 5.26-5.15 (m, 4H), 4.76 (broad s, 1H), 

4.26-4.22 (m, 1H), 4.12-4.03 (m, 2H), 3.90 (broad s, 1H), 3.81 (broad s, 1H), 2.29 (broad 

s, 2H), 2.19 (broad s, 6H), 2.10-1.94 (m, 16H), 1.41 (broad s, 6H), 1.22 (broad s, 8H), 

0.82 (m, 6H); 31P{1H} (161 MHz, CDCl3, δ): 32.33; 13C {1H} (151 MHZ, CDCl3, δ): 

170.66, 170.07, 169.95, 169.56, 137.93, 135.73, 130.17, 127.41, 115.11, 97.61, 68.93 

(m), 68.73, 67.29, 65.93, 62.41, 34.44, 30.93, 30.47, 30.37, 26.73 22.54, 22.28, 21.97, 

21.58, 20.78, 20.64, 18.90, 18.53, 13.87; ; HRMS (ESI-TOF) m/z: Calcd for C38H60O10P 

[M]+: 707.3924; Found 707.3922. 

 

Synthesis of dihexyl((2,3,4,6-tetra-O-acetyl-gluco-pyranyl)-1-oxy-

propyl)vinylbenzylphosphonium chloride (4.4). 

((2,3,4,6-Tetra-O-acetyl-gluco-pyranyl)-1-oxy-allyl (1.091 g, 2.81 mmol), AIBN (0.03 g, 

0.18 mmol), and CH3CN (250 mL) were combined in an autoclave reactor and purged 

with a N2 flow for 10 minutes, and then charged with 550 kPa of PH3(g). The reaction was 

stirred at room temperature for 1 hour, recharged with 550 kPa PH3(g), stirred for one 

hour, and charged a third time with 550 kPa PH3(g). The reaction was then heated to 45 °C 

for 24 hours. Once cooled to room temperature, the excess PH3 was incinerated, and the 

reaction was transferred into a glovebox and volatiles were removed in vacuo at 60 °C. 

Half of the resulting oil was combined in a pressure tube with 1-hexene (1.50 g, 18 mmol) 

and AIBN (0.02 g, 0.12 mmol), under an N2 atmosphere, and heated to 65°C overnight. 

The reaction was brought into a glovebox and the reaction was checked by 31P{1H} NMR 

spectroscopy for conversion to a tertiary phosphine (≈ - 30 ppm). Once all primary 
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phosphine was converted to a tertiary phosphine, 4-vinylbenzyl chloride (0.50 g, 3.28 

mmol) was added to the reaction mixture and stirred at room temperature for 4 hours. 

Quaternization was confirmed by 31P{1H} NMR spectroscopy.  Volatiles were then 

removed in vacuo, resulting in an orange viscous oil. The product was purified using a 

methyl silyl functionalized silica plug,32 first eluting with Et2O to remove all by-products, 

followed by CH3OH to elute the desired product. The volatiles were removed in vacuo, 

yielding pure product as a yellow oil. Yield: 140 mg, 7 %. 1H (600 MHz, CDCl3, δ): 7.39 

(s, 4H), 6.70 (dd, J = 17.6Hz, 11 Hz, 1H), 5.76 (d, J = 17.6 , 1H), 5.40-5.11 (m, 4H), 

4.25-4.03 (m, 6H), 3.77 (s, 2H), 3.50 (s, 2H), 2.55 (m, 2H), 2.39 (s, 4H), 2.52-1.99 (m, 

12H), 1.90 (m, 2H), 1.45 (m, 6H), 1.26 (m, 8H), 0.87 (m, 6H);31P{1H} (161 MHz, CDCl3, 

δ): 33.67; 13C {1H} (151 MHZ, CDCl3, δ): 170.57, 170.40, 170.17, 169.97, 137.88, 

135.72, 130.33, 127.61, 127.22, 115.12, 96.46, 67.91(m), 67.66, 67.42, 66.19, 61.62, 

61.42, 31.29, 31.02, 30.52, 30.42, 22.30, 21.73, 20.77, 20.62, 19.06, 18.71, 13.88; HRMS 

(ESI-TOF) m/z: Calcd for C38H60O10P [M]+:  707.3924; Found 707.3942. 

 

 

Synthesis of trishydroxypropyl(vinylbenzyl)phosphonium chloride (4.7) 

Tris(hydroxypropyl)phosphine (5.01 g, 30 mmol), 4-vinylbenzyl chloride (5.03 g, 33 

mmol), and CH3CN (25 mL) were combined in a pressure tube under N2 atmosphere and 

heated to 80 °C overnight. The resulting solid was collected by vacuum filtration and 

washed with CH2Cl2 to yield a white oily solid. Yield: 7.81 g, 82%. 1H (600 MHz, D2O, 

δ): 7.36 (d, J = 8.0 Hz, 2H), 7.13 (dd, J = 8.2 Hz, 2.3 Hz, 2H), 6.60 (dd, J = 17.7 Hz, 11.0 

Hz, 1H), 5.71 (d, J = 17.7 Hz, 1H), 5.18 (d, J = 11 Hz, 1H), 4.62 (s, 3H), 3.55 (d, J = 14.7 

Hz, 2H), 3.48 (t, J = 6.0 Hz, 6H), 210-2.03 (m, 6H), 1.64-1.55 (m, 6H);31P{1H} (161 

MHz, CDCl3, δ): 34.29 ; 13C {1H} (151 MHZ, D2O, δ): 137.59, 135.73, 130.22, 127.14, 

155.29, 25.80, 25.35, 23.42, 23.38, 15.02, 14.53; HRMS (ESI-TOF) m/z: [M]+ Calcd for 

C18H30O3P 325.1932; Found 325.1916. 

 

 

Synthesis of poly(dihexyl(2,3,4,6-hydroxy-mannopyranyl)-1-oxy-

propyl)vinylbenzylphosphonium chloride) (4.5-d). 
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4.3 (0.219 g, 0.29 mmol), CTA(1.93 mg, 7.65 µmol), AIBN (0.41 mg, 2.53 µmol), and 

50/50 toluene/acetonitrile (4 mL) were combined in a Schlenk flask with a Suba Seal 

Septum and purged of oxygen by bubbling N2(g) through the solution for 30 minutes. The 

resulting solution was heated to 80 °C for 20 hours, then submerged in liquid N2 to 

quench to polymerization. Volatiles were then removed in vacuo and the polymer 

redissolved in a minimal amount of methanol (2 mL), dialyzed against methanol using a 

regenerated cellulose dialysis membrane (molecular weight cut off of 3.5 kg/mol) for 24 

hours, with three changes of the dialysate. To the resulting solution, sodium methoxide 

was added (25 wt% solution, 0.319 g, 2.57 mmol), and the reaction mixture was stirred 

for 4 hours. The resulting solution was dialyzed against methanol containing DOWEX 

5W80 acidic resin overnight, changing the dialysate and resin once. The resulting solution 

was concentrated in vacuo and giving a yellow oil. Yield: 0.126 g, 57%. 1H NMR (600 

MHz, D2O, d): 7.07 (broad s), 6.71 (broad s), 4.70 (broad s), 4.60 (s), 3.77-3.43 (m), 2.19-

1.73 (m), 1.21-1.08 (m), 0.68 (broad s); 31P {1H} NMR (161 MHz, CDCl3, d): 33.30. 

 

Synthesis of poly(dihexyl(2,3,4,6,-hydroxy-gluco-pyranyl)-1-oxy-

propyl)vinylbenzylphosphonium chloride) (4.6-d). 

4.4 (93 mg, 0.12 mmol), CTA (0.8 mg, 3.22 µmol), AIBN (0.2 mg, 1.07 µmol), and 

50/50 toluene/acetonitrile (2 mL) were combined in a Schlenk flask with a Suba Seal 

Septum, and deoxygenated by bubbling N2(g) through the solution for  30 minutes. The 

resulting solution was heated to 80 °C for 20 hours, and then submerged in liquid N2 to 

quench to polymerization. Volatiles were then removed in vacuo and the polymer was 

redissolved in a minimal amount of methanol (2 mL), and dialyzed against methanol 

using a regenerated cellulose dialysis membrane (molecular weight cut off of 3.5 kg/mol) 

for 24 hours with three changes of dialysate. To the resulting solution, sodium methoxide 

was added (25 wt% solution, 0.2 g, 6.45 mmol), and the reaction was stirred for 4 hours. 

The resulting solution was dialyzed against methanol containing DOWEX 5W80 acidic 

resin overnight, changing the dialysate and resin once. The resulting solution was 

concentrated in vacuo and give a yellow oil. Yield:  65 mg, 73%. 1H NMR (600 MHz, 

D2O, d): 7.24 (broad s), 6.73 (broad s), 3.83-3.43 (broad s), 2.44-2.06 (m), 1.93-1.71 (m), 

1.59-1.42 (m), 1.41-1.24 (m), 0.88 (broad s);31P{1H} NMR (161 MHz, D2O, d): 33.23. 
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Synthesis of poly(tris(3-hydroxypropyl)(vinylbenzyl)phosphonium chloride) (4.8).  

4.7 (0.749 g, 2.08 mmol), CTA (13.2 mg, 52.4 µmol), AIBN (2.8 mg, 17.3 µmol), and 

DMF (5 mL) were combined in a Schlenk flask with a Suba Seal septum, and 

deoxygenated by bubbling N2(g) through the solution for 30 minutes. The resulting 

solution was heated at 80 °C for 24 hours, then submerged in liquid N2 to quench the 

polymerization. The resulting solution was dissolved in H2O (5 mL) and dialyzed against 

H2O using a regenerated cellulose dialysis membrane (molecular weight cut off 3.5 

kg/mol) for 24 hours. The resulting solution was lyophilized, giving a yellow powder. 

Yield: 0.423 g, 56%. 1H NMR (600 MHz, D2O, d): 7.01 (broad s), 6.48 (broad s), 3.63 

(broad s), 3.42 (broad s), 2.05 (broad s), 1.51 (broad s); 31P{1H} NMR (161 MHz, D2O, 

d): 33.81 

 

Acetate deprotection of 4.3 to give 4.3-d 

4.3 (50 mg, 67 µmol) and sodium methoxide (0.2 g, 1.6 mmol) were combined in 

methanol (1 mL) and stirred for 2 hours. The resulting mixture was diluted with H2O (5 

mL) and the product was extracted with dichloromethane (3x5mL). The organic layer was 

washed with 0.1 M HCl (3x5 mL), water (3x5 mL) and brine (3x5 mL), dried with 

MgSO4 and filtered. The volatiles was removed in vacuo, resulting in an oil. Yield: 30 

mg, 83%. Confirmed by disappearance of acetyl CH3 protons in  (Figure 8-45). 

 

Acetyl deprotection of 4.4 to give 4.4-d 

4.4 (25 mg, 33 µmol) and sodium methoxide (0.2 g, 1.6 mmol) were combined in 

methanol (1 mL) and stirred for 2 hours. The resulting mixture was then diluted with H2O 

(5 mL) and the product extracted with dichloromethane (3x5mL). The organic layer was 

washed with 0.1 M HCl (3x5 mL), water (3x5 mL) and brine (3x5 mL), dried with 

MgSO4 and filtered. The solvent was removed in vacuo, resulting in an oil. Yield: 14 mg, 

70%. Acetate removal was confirmed by disappearance of the acetyl CH3 protons (Figure 

8-46). 
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Minimum Bacteriocidal Concentration (MBC) and Minimum Inhibitory Concentration 

(MIC) testing 

Compounds 4.5-d, 4.6-d, and 4.8 were lyophilized overnight and dissolved in DMSO at a 

concentration of 20 mg/mL. This solution was then diluted to provide solutions with 

concentrations of 2, 0.2, and 0.02 mg/mL in DMSO by serial 10x dilutions. 20 µL of each 

solution was added to 180 µL 0.3 mM KH2PO4 buffer in a 96 well plate and the solutions 

were mixed to provide 2, 0.2, 0.02, and 0.002 mg/mL solutions. 100 µL of each of these 

solutions was then transferred to 100 µL of buffer (2x dilution) and the solution was 

mixed 10 times to provide 1, 0.1, 0.01, and 0.001 mg/mL concentrations. 100 µL of these 

solutions were then transferred to 100 µL of buffer to result in 0.5, 0.05, 0.005, and 

0.0005 mg/mL concentrations. After 100 µL bacteria suspension addition, these would 

result in concentrations of 1, 0.5, 0.25, 0.1, 0.05, 0.025, 0.01, 0.005, 0.0025, 0.001, 

0.00025, and 0.0005 mg/mL concentrations. 4.3-d, 4.4-d, and 4.7 were dissolved in 

DMSO at a concentration of 14 mg/mL, and diluted in a similar manner. In each case, the 

final concentration of DMSO was less than 5%, and a control experiment was performed 

to ensure that this concentration of DMSO had no effect on the bacterial growth. A loop 

of precultured E. coli or S. aureus was freshly cultured in LB broth (Miller’s 

modification) for 18 – 24 hours at 37 °C and 175 rpm. The resulting suspension was 

centrifuged for 10 minutes, decanted, resuspended in 0.3 mM KH2PO4 buffer, vortexed, 

and centrifuged for 10 minutes. This was repeated twice. The resulting solid was 

resuspended in 0.3 mM KH2PO4 buffer and diluted to 108 colony forming units 

(CFUs/mL) by optical density (E. coli O.D. = 0.2 @ 600 nm, S. aureus O.D. = 0.3 @ 600 

nm). The suspension was further diluted to 2 x 105 CFUs/mL for testing.  100 µL of this 

E. coli or S. aureus suspension was then added to each well containing 100 µL of sample 

or controls containing buffer only. The 96 well plates were covered and placed in an 

incubator shaker at 37 °C and 175 rpm for 4 hours.  

 

For determination of the MBC values, LB Agar (Miller’s modification) was pour-plated 

at 42 °C into a petri dish with a desired amount of bacteria solution (controls or polymer-

bacteria solutions), mixed with gentle swirling, allowed to gel, and then incubated upside 

down in an incubator at 37 °C for 24 hours, and bacteria colonies counted within the agar. 
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The bacterial controls from above were serial diluted to 103 CFUs/mL by removing 100 

µL of each suspension and diluting it into 9.9 mL of buffer. 100 µL of this suspension (to 

yield ~100 CFUs for counting) were pour plated with LB agar, allowed to solidify, and 

incubated at 37 °C for 24 hours. For all other samples, 100 µL from the 96 well plate 

were pour-plated without dilution. After incubation at 37 °C for 24 hours the bacterial 

colonies were counted. The MBC is reported as the polymer concentration corresponding 

to a >99.99% reduction in the number of bacterial colonies relative to the control. As the 

samples from the 96 well plate that were treated with phosphonium were not diluted, 104 

CFUs were potentially plated. As no bacterial colonies were observed at the reported 

MBC values, this corresponds to a >99.99% reduction (log 4 reduction) compared to the 

controls. Thus these concentrations can be referred to as MBC99.99.  

 

For determination of the MIC, 100 µL of broth was added to the remaining 100 µL of 

bacterial suspension in the plate. The optical density was measured at 600 nm. The 96 

well plate was then incubated at 37 °C with shaking at 175 rpm for 18 hours, and the 

resulting optical density was recorded to determine the % growth relative to control 

bacteria that were not exposed to phosphonium. The MIC was determined as the 

concentration required to reduce to zero growth compared to controls. All samples were 

measured in triplicate for both the MIC and MBC. 

 

Hemolysis assay 

Defibrinated sheep blood (1 mL) was centrifuged for 10 minutes at 2500 rpm, 

resuspended in red blood cell (RBC) buffer (0.6 g of 5 mM sodium phosphate and 8.7 g 

of 150 mM NaCl dH2O adjusted to pH = 7.4 and sterilized), vortexed, and centrifuged for 

10 minutes. This was repeated 4 times. The resulting red blood cells were suspended in 

10 mL of RBC buffer, and vortexed before using. Solutions of polymers 4.5, 4.6, and 4.8 

were prepared in DMSO at concentrations including 2, 0.2, 0.02, and 0.002 mg/mL. 20 

µL of these solutions were combined with 955 µL of RBC buffer and 25 µL of red blood 

cell suspension. Control samples containing 20 µL of DMSO (negative control), 25 µL of 

red blood cells and 955 µL of RBC buffer (negative control) and 25 µL of red blood cells 

with 975 µL dH2O (positive control) were also tested. The suspension was vortexed, and 
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then incubated at room temperature for two hours. The resulting suspensions were then 

centrifuged for 10 minutes at 2500 rpm, and 200 µL of each solution was transferred to a 

96 well plate. The absorbance at 540 nm was measured. The hemolysis percentage was 

determined by relating the absorbance value to that of the positive control, which 

represented 100% hemolysis. All samples were tested in triplicate.  
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Chapter 5 

5 Self-healing polyphosphonium ionic networks. 

5.1 Introduction 
Self-healing materials are able to renew their structural integrity after damage through 

dynamic processes, making the prospect of renewable or persistent materials and coatings 

possible.1–4 Currently, self-healing materials are used in automotive paints and coatings,5 and 

are expected to have much broader applications in the near future including the stabilization 

of  lithium-ion batteries6 and in prolonging the lifetime of medical implants such as bone 

cements and joint and soft tissue replacements.7–9 Self-healing materials are typically 

classified as either autonomous or non-autonomous. Autonomous self-healing materials 

spontaneously initiate healing upon damage, whereas those that are non-autonomous require 

the application of an external stimulus such as mechanical force or heat.1 The development 

of autonomous self-healing materials has often involved the incorporation of microcapsule10 

or vascular-like11 systems that contain additives such as monomers. In these systems, the 

healing is engaged upon damage of the microcapsule container, leakage of the active 

components, initiation of the chemical reaction, and filling of the damaged area. A limitation 

of microcapsule- or vascular-based self-healing networks is the lack of repeatable self-

healing in a given location.  

 

Non-autonomous self-healing materials have often utilized reversibly-cross-linked networks. 

Cross-linking can involve hydrogen bonding,12 coordination of metals,13 ionic bonding,14 or 

reversible covalent systems such as Diels-Alder adducts.15 The process that mediates healing 

is important to ensure that the network can mend damage in its intended environment. 

Ionically-cross-linked networks have used two-component polymer blends or 

interpenetrating polymer networks that contain both polyanions and polycations.16 For 

example, networks comprising poly(allylamine hydrochloride) (PAH) or 

poly(diallyldimethylammonium chloride) as polycations, coupled with poly(acrylic acid) 

(PAA) or poly(styrene sulfonate) respectively as polyanions have been investigated.16,17 

These networks involve both physical entanglement of the polymer chains, and chemical 
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cross-linking between ionic groups. Cross-links are entropically favoured by multivalent 

coordination between polymers, but still undergo dynamic exchange in the presence of 

NaCl.18 Over time, the viscoelastic properties of the network, which are a balance between 

the elastic modulus (solid character) and viscous modulus (fluid character) can allow self-

healing at the interface, while still allowing the structural integrity of the materials to be 

retained. Self-healing of the PAA/PAH networks required high ionic strength (1 -2.5 M 

NaCl), however, which may limit their use for in vivo applications.14 Furthermore, the 

requirement for ultracentrifugation to create the networks may result in challenges for the 

scaling up of the process.  
 

Phosphoniums are particularly attractive for materials science applications because of their 

high thermal and chemical stability as well as their ease of synthesis.19,20  Phosphoniums 

have lower charge density relative to ammoniums due to the larger size of the phosphorus 

atom, which can lead to differences in the physical properties of materials containing 

phosphoniums relative to ammoniums. So far, very few examples of phosphonium-based 

ionically-cross-linked networks have been reported. Supramolecular networks have been 

created by combining a geminal phosphonium cation with tetraanions, resulting in highly 

viscous network ionic liquids.21 Phosphonium monocations and dications were also 

combined with PAA to afford phosphonium/PAA mixtures and networks respectively and it 

was shown that the properties of the resulting materials could be tuned by changing the alkyl 

chains on the phosphonium cation.22 However, to the best of our knowledge, the 

incorporation of polymeric phosphoniums into ionically-cross-linked networks has not been 

reported. Herein, we report the combination of polyphosphonium with PAA for the 

preparation of ionically-cross-linked polymer networks. We demonstrate that the 

composition and properties of the networks can be tuned according to the network 

preparation method. The rheological properties of the networks are described and it is shown 

that networks with the appropriate rheology exhibit self-healing capabilities under 

physiologically relevant salt concentrations.  
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5.2 Results and Discussion 
5.2.1 Synthesis and characterization of the polyphosphonium 
Triethyl(4-vinylbenzyl)phosphonium chloride (5.1) and tri-n-butyl(4-

vinylbenzyl)phosphonium chloride (5.2) were prepared as previously reported.23 As shown 

in Scheme 1, polymerization of these monomers was then performed using 

azobisisobutyronitrile (AIBN) in dimethyl sulfoxide (DMSO) at 80 °C to afford 

poly(triethyl(4-vinylbenzyl)phosphonium chloride (5.1-P) and poly(tributyl(4-

vinlbenzyl)phosphonium chloride (5.2-P). A reaction time of 18 hours resulted in greater 

than 80% monomer conversion. Complete conversion was not observed, even at longer 

polymerization times, and purification of the final product from the remaining monomer was 

required. Two precipitations from 2-propanol into tetrahydrofuran (THF) yielded the 

polymers as white powders. The 1H NMR spectra of the polyphosphonium exhibited broad 

peaks that were consistent with their proposed structures (Figure 8-49 and Figure 8-50) and 

the 31P{1H} NMR spectra had a single broad peak characteristic of the phosphonium (Figure 

8-51, Figure 8-52). Thermogravimetric analysis showed that 5.1-P and 5.2-P had an onset 

decomposition temperatures (To) of 335 °C and 300 °C respectively and glass transition 

temperatures (Tg) of 225 °C and 165 °C respectively (Figure 8-53, Figure 8-54, Figure 8-55, 

Figure 8-56).  

 
Scheme 5-1: Synthesis of the polyphosphonium and their combination with PAA to 
form ion pairs. 

 

Size exclusion chromatography (SEC) of 5.1-P was performed in DMF containing 0.4 M 

tetrabutylammonium triflate. Relative to poly(methyl methacrylate) (PMMA) standards, 5.1-
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P had number-average molar masses (Mn) of 240 kg/mol and  dispersities (Đ) of 2.5 (Figure 

8-57). Controlled radical polymerization methods such as reversible addition-fragmentation 

chain-transfer polymerization (RAFT) were also explored, as these have previously been 

used for the preparation of polyphosphonium.23 However, it was found that the conventional 

free radical polymerization could more easily provide high molar mass polymers on a large 

scale. Furthermore, any potential advantages from having a polyphosphonium with lower Đ 

could be offset by the relatively broad Đ of the commercial PAA. Although the PAA had a 

reported Mn of 240 kg/mol, aqueous SEC analysis revealed a bimodal distribution with Mn 

values of 80 kg/mol (Đ = 1.05) and 2 kg/mol (Đ = 1.62) relative to poly(ethylene oxide) 

(PEO) standards (Figure 8-58). The large molar mass dispersities of the polymers may 

influence the self-healing properties of the resulting networks, due to the effects of different 

polymer chain lengths on chain mobility and relaxation at the site of healing. Although it 

will not be explored in the current work, previous research has suggested that the effects of 

lower molar mass chains may facilitate chain mobility, which is important for self-healing.24  

 

5.2.2 Preparation and characterization of ionic networks 
To prepare the networks from PAA and 5.1-P, the polymers were separately dissolved in 0.1 

M aqueous NaCl at a concentration of 0.1 M (of carboxylate or phosphonium) and the pH 

was adjusted to 8.0 using NaOH. Equivalent volumes of each polyion solution were then 

combined to yield an insoluble polymer network. Excess liquid was decanted. The material 

was swelled in 0.25 M NaCl, and then manually worked into a sphere. The material could 

then be pressed at 50 °C for 1 h between Teflon sheets to afford a sheet of material. The 

network was then submerged in 0.1 M NaCl to equilibrate before cutting to the desired 

shape. It is noteworthy that no centrifugation and or high NaCl concentrations were required 

in either the network preparation or isolation. PAA/5.2-P networks were also prepared, but 

the networks obtained swelled extensively, exhibited predominantly fluid-like behaviour, 

and consequently could not be processed for further study. This was most likely due to the 

steric bulk or hydrophobicity of the butyl groups causing a decrease in the extent of ionic 

cross-linking. All experiments discussed below focused on the PAA/5.1-P networks. 
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Previously, the order of addition of the polyions to yield the ionically cross-linked network 

was shown to affect the ratio of the components of the network, even when combining 

stoichiometrically equivalent amounts of each ion.17 In the current work, therefore, three 

networks with different ratios of PAA and 5.1-P were prepared by different addition 

protocols. To obtain more carboxylates than phosphoniums in the networks (PAA>5.1-P), 

the 5.1-P solution was added to the PAA solution by slow dropwise addition (Figure 5-1A). 

Networks with approximately equal numbers of carboxylates and phosphoniums (PAA≈5.1-

P) were produced by fast simultaneous addition of the two solutions (Figure 5-1B). 

Networks with more phosphoniums than carboxylates (PAA<5.1-P) were produced by slow 

dropwise addition of the PAA solution into a 5.1-P solution (Figure 5-1C). The difference in 

component ratios from these different methods arises from polymer ionic bonding occurring 

with an excess of one component in solution. Polymer chain overlap occurs during the initial 

cross-linking, which inhibits polymer chain matching.17  
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Figure 5-1: SEM-EDX analyses of ionic networks: A)  PAA>5.1-P, B) PAA≈5.1-P and 
C) PAA<5.1-P along with schematics illustrating their methods of preparation and 
corresponding ratios of carboxylate:phosphonium. 

Thermal analysis of the PAA/5.1-P networks after incubation in pure water to remove salts, 

followed by drying, showed that they exhibited a two-stage decomposition with the first 

stage having To  ~ 200 °C, corresponding decomposition of  the PAA, and the second stage 

having To ~ 350 °C, corresponding to the 5.1-P (Figure 8-59). This indicates that the thermal 

stability is limited by the PAA rather than the polyphosphonium. DSC did not show any 

significant thermal transitions below 200 °C (Figure 8-60). In contrast, networks composed 

of phosphonium dications and PAA had Tg values ranging from -40 to 8 °C,22 showing the 

importance of the polyphosphonium in determining the thermal properties of the network.  

PAA>5.1-P, PAA≈5.1-P, and PAA<5.1-P networks were also analyzed after desalting and 

drying by scanning electron microscopy energy-dispersive x-ray spectroscopy (SEM-EDX) 

to determine the relative amounts of carbon and phosphorus in the networks. Phosphorus 
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atomic % values , with respect to carbon and phosphorus atoms, for PAA>5.1-P, PAA≈5.1-

P, and PAA<5.1-P were 3.5 ± 1.4, 4.6 ± 0.3, and 5.5 ± 0.8, corresponding to 

carboxylate:phosphonium ratios of 4.2:1, 1.9:1, and 0.73:1 respectively (calculation in 

supplementary information). 31P{1H} NMR spectroscopy with triethylphosphine oxide as an 

internal standard was also performed on the networks swelled with saturated NaCl solution. 

Although the results cannot be used to determine the exact phosphonium content due to 

differences between the cross-link densities and swelling properties of the three networks, 

the data suggest the trend of increasing phosphonium content for PAA>5.1-P, PAA≈5.1-P, 

and PAA<5.1-P, in agreement with the SEM-EDX analysis (Determination of relative 

phosphorus content by 31P{1H} NMR spectroscopy 
To compare the relative concentrations of phosphorus within the networks, an internal 

standard of triethylphosphine oxide (Et3P=O) in brine was used (this solution is referred to 

as the internal standard brine solution; ISBS). The ISBS containing 0.175 M Et3P=O was 

used to swell a known amount of dried polymer in an NMR tube overnight. The residual 

Et3P=O brine solution was decanted from the NMR tube, and the mass of ISBS that had 

swelled the network was determined as the difference between the mass of the NMR tube 

containing the swelled network and the mass of the NMR tube containing the dried polymer 

network. The following assumptions were made: 

1) The different networks do not swell to the same extent, so we must determine the 

amount of ISBS within the network to determine the relative ratio of internal 

standard to the polymer network. 

2) The Et3P=O diffuses into the polymer networks in a uniform fashion, and the 

concentration of Et3P=O  remains the same within the network and in solution.  i.e. 

has come to equilibrium. 
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3) The density of the brine solution containing Et3P=O is 1359 g/L (the known density 

of brine). 

 
31P{1H} NMR spectroscopy was then performed with a relaxation delay of 10 seconds with 

256 scans to achieve good signal-to-noise. The integration of the peak at ~65 ppm from the 

Et3P=O in the ISBS was set to 1. The polymer network (e.g. P-Et-P) peak at 35 ppm was 

integrated relative to the Et3P=O.  

 

The resulting integrations cannot be taken directly as the relative ratio of phosphorus in the 

samples because the amount of PEt3P=O that diffuses into the network is a function of 

swellability. This relative concentration was then calculated below. The example given is for 

the PAA>P-Et-P sample: 

1) The amount of Et3P=O in the swelled network was calculated based on the mass of 

ISBS that had been incorporated:  

0.152𝑔	𝑰𝑺𝑩𝑺
1359 K

L
	𝑏𝑟𝑖𝑛𝑒

𝑥	1000
𝑚𝐿
𝐿
= 	0.112	𝑚𝐿	𝑜𝑓	𝑰𝑺𝑩𝑺	 

0.1118	𝑚𝐿	𝑜𝑓	𝑰𝑺𝑩𝑺	𝑥	0.175
𝑚𝑚𝑜𝑙
𝑚𝐿

𝑬𝒕𝟑𝑷𝑶 = 0.0195	𝑚𝑚𝑜𝑙	𝑬𝒕𝟑𝑷𝑶 

2) The relative integration of the polymer network peak at 35 ppm was then used to 

calculate the moles of phosphonium cation in the network: 

1.95𝑥10_`	𝑚𝑜𝑙	𝑬𝒕𝟑𝑷𝑶 ∗ 0.88	𝑖𝑛𝑡	𝑜𝑓	𝑷 − 𝑬𝒕 − 𝑷 ∗ 235.32
𝑔
𝑚𝑜𝑙

	𝑬𝒕 − 𝑷	𝒖𝒏𝒊𝒕	

= 0.00405	𝑔	𝑬𝒕 − 𝑷	

3) This represents the mass of a phosphonium monomer Et-P, and therefore can be used 

to calculate the mass percent of P-Et-P in the sample: 
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0.00405	𝑔	𝑬𝒕 − 𝑷
0.103	𝑔	𝑜𝑓	𝑷𝑨𝑨 > 𝑷 − 𝑬𝒕 − 𝑷

∗ 100 = 3.9% 

4) This was completed for PAA≈P-Et-P and PAA<P-Et-P using the same steps 

resulting in the monomer weight percent as follows: 

PAA>P-Et-P 3.9%   PAA≈P-Et-P 6.2%   PAA<P-

Et-P 8.3% 

Note that although the trend of increasing phosphonium polymer content is the same as that 

measured in the SEM-EDX study, the actual numbers are different as the networks did not 

dissolve and the different networks swelled to different extents.  
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Figure 8-61). Previously, it was found that stoichiometric equivalents of carboxylate and 

ammoniums could be incorporated into ionic networks by the simultaneous addition of the 

two polymers.17 That this does not occur with the current system might be attributed to the 

larger size of the phosphonium monomers compared to the previously investigated amine 

monomers.  

 

To understand how the ionic cross-links behaved as a function of the ionic strength of the 

solution, an experiment was performed to determine the effect of NaCl concentration on the 

swelling and structural integrity of the networks. The networks were dried, then immersed in 

0 M, 0.1 M, 0.25 M, and 0.5 M aqueous NaCl solutions. As shown in Figure 5-2, ~200 wt% 

swelling calculated by mass increase was observed in pure water and 0.1 M NaCl for all of 

the networks. At 0.1M NaCl, the structural integrity of the networks was retained for at least 

2 months. At 0.25 M NaCl, PAA≈5.1-P and PAA<5.1-P still underwent ~ 200 wt% 

swelling, whereas ~2-fold higher swelling was observed for PAA>5.1-P. At 0.5 M NaCl, all 

three networks exhibited increased swelling, with the degree of swelling increasing with the 

carboxylate content of the networks. At this concentration, the structural integrity of the 

networks decreased. They were observed qualitatively to exhibit fluid-like behaviour and 

were mechanically very weak. On the basis of these results, a salt concentration of 0.1 M 

NaCl was selected for more detailed experiments on mechanical properties and self-healing. 

This is very similar to the physiological salt concentration, which opens the prospect for 

possible future in vivo applications.   
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Figure 5-2: Swelling in weight % of polymer networks at different NaCl 
concentrations. 

5.2.3 Rheological and mechanical properties 
Rheological measurements of dynamic polymer networks provide information on the 

mechanisms and time scales for network relaxation, and  can help to determine if the 

networks have the mechanical properties required for self-healing behavior. Measurements 

of the elastic (G’) and viscous (G’’) moduli of the networks for frequencies from 0.01 to 100 

rad/s are shown in Figure 5-3. The moduli of the PAA>5.1-P network were similar in 

magnitude, with G’ slightly larger than G’’ at high frequencies. The moduli cross over at a 

frequency wc » 0.03 rad/s, corresponding to a relaxation time of 1/wc ~ 30 s.  The PAA≈5.1-

P network had moduli approximately an order of magnitude higher than those of the 

PAA>5.1-P network, and a crossover frequency lower than the minimum frequency studied,   

implying a relaxation time greater than 100 seconds (Figure 5-3). The moduli for the 

PAA≈5.1-P networks showed  a similar frequency dependence to PAA>5.1-P at frequencies 

less than 0.1 rad/s, but tended to flatten out at higher frequencies as the PAA≈5.1-P network 

entered into a rubbery plateau (Figure 5-3).  
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Figure 5-3: Comparison of the rheology frequency sweep data of PAA/5.1-P networks. 

 

The elastic modulus of the PAA<5.1-P networks was strongly dominant at frequencies up to 

100 rad/s (Figure 5-3), indicating extremely slow chain-scale relaxation. The viscous 

modulus increased with increasing frequency, however, and became greater than the elastic 

modulus at about 200 rad/s, suggesting that relaxation of short chain segments is the 

dominant relaxation process in this network. The relatively constant elastic modulus and low 

viscous modulus is typical of gels, and has been observed for cross-linked networks that 

exhibit no relaxation by reptation.25 This could indicate low mobility of 5.1-P in these 

networks due to its high molar mass and high Tg. In contrast, the networks containing more 

PAA may be more mobile due to the lower molar mass of the PAA.  

 

In agreement with the current results, PAA/PAH networks with a stoichiometric balance of 

charges also gave the stiffest networks. This was attributed to a higher density of cross-

linking compared other compositions.17 The elastic-viscous crossover frequency was lower 

for the stoichiometric PAA/PAH networks than for non-stoichiometric networks, meaning 

that the relaxation time was longer. 17 The behavior observed in our PAA/5.1-P networks is 

different, with the relaxation time increasing as the fraction of PAA decreased.  In general 
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the viscous and elastic moduli of our networks swelled in 0.1 M NaCl  were similar in 

magnitude to those of  networks prepared from PAA and phosphonium dications in the dry 

state.22 This illustrates the importance of highly-multivalent ionic interactions in determining 

the rheological properties of the networks. The fast relaxation of the PAA>5.1-P networks 

suggest that they are good candidates for self-healing, whereas the networks with higher 5.1-

P content may be better suited for other applications such as stimuli-responsive gels for drug 

delivery or degradable polymer networks.26 The moduli of the current materials are 

comparable to those of some soft tissues and organs such as the human aorta.27 

 

To further evaluate the mechanical properties of the PAA/5.1-P networks, tensile testing was 

performed. As shown in Table 5-1 and Figure 5-4, PAA>5.1-P exhibited a high elongation 

at break of 1330%, but underwent plastic deformation and started necking before breakage. 

Consistent with the rheological results, PAA≈5.1-P had the highest Young’s modulus  and 

ultimate tensile strength of the three networks, presumably due to increased cross-linking.17 

However, its elongation at breakage was the smallest of the three materials, with minor 

deformation/necking. PAA<5.1-P had the lowest Young’s modulus and the lowest ultimate 

tensile strength, and exhibited intermediate elongation, with no necking/deformation before 

break. These results are also consistent with the observed rheological behavior of the 

networks.  These phosphonium-based materials have elongations of similar magnitude but 

significantly lower Young’s modulus and ultimate tensile strength than the analogous 

PAA/PAH networks.14   
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Figure 5-4: Tensile properties of PAA/5.1-P networks and a sample showing the dog 
bone structure used in accordance with ASTM D638 14. 

 

Table 5-1: Summary of the tensile properties of PAA/5.1-P networks. 

Network Young’s Modulus 
(KPa) 

Elongation at 
break % 

Ultimate 
tensile stress 

(KPa) 

PAA>5.1-P 15 ± 2 1330 ± 250 33 ± 9 

PAA≈5.1-P 29 ± 5 410 ± 45 43 ± 3 

PAA<5.1-P 5 ± 1 530 ± 110 24 ± 2 

PAA>5.1-P 
(after severing 
and healing) 

5 ± 3 740 ± 160 10 ± 1 

 

5.2.4 Self-healing 
The ability of the networks to self-heal was first studied qualitatively. Networks of ~4 mm 

thickness were damaged by boring a ~0.5 mm diameter hole through them. The networks 

were then incubated in either 0.1 M NaCl or pure water.  As shown in Figure 5-5, the hole in 

the PAA>5.1-P network in 0.1 M NaCl healed completely over 24 h. In contrast, no 

significant healing was observed in pure water. This is consistent with ionic exchange being 

required to achieve dynamic properties in the network. Incomplete healing was observed for 
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PAA<5.1-P and PAA≈5.1-P networks under these conditions (Figure 8-63), and under 

higher salt concentrations the networks lost their structural integrity as noted above. While 

the viscoelastic properties and relaxation time of PAA>5.1-P allow for chain relaxation and 

flow to heal the damaged area, PAA<5.1-P and PAA≈5.1-P networks have insufficient 

fluidity to self-heal on a reasonable time scale. 

 

 

 
Figure 5-5: Digital images of a PAA>5.1-P network damaged by a 0.5 mm diameter 
hole self-healing over 24 hours in 0.1 M NaCl (right-hand column) versus a similar 
network in pure water (left-hand column),  in which no significant healing was 
observed. 

To probe more quantitatively the self-healing capabilities of PAA>5.1-P, a sample of the 

network was completely severed, pressed together manually for 1 min, incubated for 24 h in 

0.1 M NaCl, and then subjected to tensile testing. This test does not probe purely 

autonomous self-healing because external pressure was applied, but it can nevertheless 

provide information on the ability of the network to repair extensive damage across a large 

area. As shown in Figure 5-6 and Table 5-1, the healed networks recovered ~ 55% of their 

initial elongation at break and ~33% of their initial Young’s modulus and ultimate tensile 

strength. Based on previous work with PAA/PAH networks, the ability of PAA>5.1-P 

networks to recover their original tensile properties could likely be enhanced by increasing 

the time during which the severed portions were pressed together or by tuning their chemical 

structures. However, the ability of the current networks to heal under low salt concentrations 
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is a significant advantage, as mending did not occur at 0.15 M for the PAA/PAH system and 

much higher salt concentrations (³ 1 M) were required to achieve significant recovery of 

tensile properties.14  

 

 
Figure 5-6: Tensile  properties of PAA/5.1-P networks prior to and after healing in 0.1 
M NaCl following complete severing of the sample. 

As for the PAA/PAH networks,14 the mechanism of healing is presumed to involve the 

interdiffusion of chains across the cut as NaCl is able to break interpolymer cross-links, 

providing the required mobility. In contrast, in the absence of NaCl, polymer mobility is 

very low, and interchain cross-links remain intact, making healing impossible. The lower 

salt concentrations required for healing in the PAA/5.1-P networks likely results from the 

weaker ionic bonding between the phosphoniums and carboxylates than between the 

ammoniums and carboxylates in the PAA/PAH networks. This in turn may be attributed to 

the more sterically-hindered nature of the quaternary phosphonium compared to the primary 

ammonium and to the lower charge density on the larger phosphonium ion.  

5.3 Conclusions 
New ionic networks based on PAA and polyphosphonium were investigated as self-healing 

materials. While the 5.2-P networks exhibited predominantly fluid-like behavior and very 

poor mechanical properties, 5.1-P networks exhibited viscoelastic behaviour that could be 

Fresh PAA > 5.1-P

Healed PAA > 5.1-P
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tuned according to their method of preparation and consequently the ratio of PAA to 5.1-P 

in the networks. PAA>5.1-P, which was prepared by the addition of 5.1-P to a solution of 

PAA, had an intermediate tensile strength and Young’s modulus and the highest elongation 

at break among the three studied networks, but most importantly exhibited sufficient 

dynamic behavior, with a relaxation time on the order of ~30 s, to be suitable for self-

healing. Self-healing studied in 0.1 M NaCl demonstrated that PAA>5.1-P could heal, 

whereas the PAA≈5.1-P and PAA<5.1-P networks, which had predominantly elastic 

behavior, did not heal well. PAA>5.1-P did not heal in pure water, confirming that the 

presence of salt is necessary for the dynamic exchange of cross-links in the healing 

mechanism. Tensile testing on healed networks showed that they were able to recover a 

significant fraction of their strength, modulus, and elongation, though further improvements 

would be desirable through tuning of the chemical structure of the polymers or optimizing 

the healing conditions. These phosphonium networks exhibit mechanical properties and 

healing behaviour significantly different from the PAA/PAH networks studied previously. 

Most notably, the present materials undergo self-healing at salt concentrations similar to 

those encountered in physiological conditions. This makes phosphonium ionic networks of 

particular interest for biomedical applications. Future work will explore the potential for 

tuning the mechanical properties and healing behaviour of the networks by changing the 

chemical structures of the polymers such as by decreasing the steric bulk around the 

phosphonium using a trimethylphosphonium analogues or by changing the polyanion.  

 

5.4 Experimental 
General materials and procedures 

Solvents were purchased from Caledon Laboratory Chemicals (Georgetown, ON, Canada). 

Deuterated solvents were purchased from Cambridge Isotopes Laboratories (Tewksbury, 

MA, USA). All solvents used for polymerizations were degassed before use by three freeze-

dry-thaw cycles and kept under an N2 atmosphere.  PAA (25 wt% in water, sold as 240 

kg/mol) was purchased from VWR (Mississauga, ON, Canada). Phosphines were donated by 

Solvay-Cytec (Niagara Falls, ON, Canada) and used as received. DSC was performed on a 

DSC Q20 from TA Instruments (Waters, New Castle, DE, USA) at a ramp rate of 10 °C/min 
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under an N2 atmosphere in an aluminum Tzero™ pan using 5-10 mg of sample. TGA was 

completed on a Q600 SDT TA Instrument and analyzed at a ramp rate of 10 °C/min up to 

600 °C using a ceramic pan with 2-4 mg of sample. Nuclear magnetic Resonance 

Spectroscopy (NMR) was performed on a Varian Inova 400 MHz Spectrometer. 1H NMR 

chemical shifts (δ) relative to tetramethylsilane were referenced to residual solvent peaks 

(CDCl3: 7.26 ppm, CD3OD: 3.31 ppm). 31P{1H} NMR was externally referenced to H3PO4 

(δ = 0). SEC of 5.1-P was performed using a Malvern VISCOTEK GPCmax instrument 

equipped with a VISCOTEK VE 3580 RI Detector and two Inert series columns (P101609 

and Q10183) at a constant temperature of 50 °C. The eluent was 0.4 M tetrabutylammonium 

triflate in DMF with a flow rate of 1 mL/min. Calibration was performed using PMMA 

standards. SEC of PAA was performed using a Waters 2695 Separations Module equipped 

with a Waters 2414 refractive index detector, PL Aquagel-OH 8 µm 30, 40, and 50 columns 

and a PL Aquagel-OH guard column, using H2O with 0.1 M NaN3 with a flow rate of 1 

mL/min. Calibration was performed using PEO standards. SEM-EDX was performed using 

a Hitachi S-3400N Variable Pressure Microscope with a Turbomolecular pump. Samples 

were analyzed at an accelerating voltage of 20 kV, and analyzed by EDX analysis using an 

INCA EDAX system and software. Samples were cut into pieces approximately 1 mm x 1 

mm with a thickness of 1 mm and dried overnight in a vacuum oven, then mounted on 

carbon tabs and coated with 5 nm of osmium prior to analysis.   

 

Synthesis of 5.1-P 

5.123 (26.1 g, 96.6 mmol), azobisisobutyronitrile (AIBN) (20 mg,  0.12 mmol) and DMSO 

(130 mL) were combined in a round bottom flask with a stir bar and the flask was sealed 

with a rubber septum and Teflon tape. N2 was bubbled through the solution using a needle 

with stirring at room temperature for 30 min to degass it. The reaction mixture was then 

heated at 80 °C for 16 h. Volatiles were then removed in vacuo at 100 °C and the polymer 

was purified by precipitation from 2-propanol into THF twice, yielding a white solid. Yield 

= 13.6 g, 52%; 1H NMR (400 MHz, D2O, d): 6.99 (br s, 2H, Ar H), 6.33 (br s, 2H, Ar H), 

3.50 (br s, 2H, Ar-CH2P), 1.93 (s, 6H, CH2P), 1.34 (br s, 2H, CH2), 0.86 (s, 9H, CH3); 
31P{1H} NMR (161 MHz, D2O, d): 36.8 (s). Tg = 225 °C; To = 335 °C; SEC: Mn = 240 

kg/mol; Đ = 2.4. 
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Synthesis of 5.2-P 

Tributyl vinylbenzyl phosphonium chloride1 (1.048 g, 2.02 mmol), azobisisobutyronitrile 

(1.0 mg, 6.1 µmol) and CH3CN (7 mL) were combined in a schlenk round bottom with a stir 

bar and a Suba Seal septum. The solution was degassed with a flow of N2 through the 

solution using a needle at 0°C for 30 minutes. The resulting mixture was heated at 80°C for 

16 hours. Volatiles were removed in vacuo, and the resulting solid was dissolved in minimal 

CH2Cl2 (~3 mL), and precipitated by the addition of tetrahydrofuran (50 mL) with vigorous 

stirring. Precipitation was repeated, resulting in a white solid. Yield: 0.956 g 91%. 1H NMR 

(400 MHz, CDCl3, d): 7.35 (broad, Ar-H), 6.29 (broad, Ar-H), 4.37 (broad, Ar-CH2-P), 2.36 

(broad, P-CH2-(CH2)2-CH3), 1.95 (broad, backbone CH), 1.39 (broad, P-CH2-(CH2)2-CH3), 

0.84 (broad, P-(CH2)3-CH3); 31P{1H} NMR (161.82 MHz, CDCl3, d): 32.09; Tg = 165 °C; To 

= 300 °C 

 

Preparation of ionic networks	

The polyphosphonium and PAA were dissolved separately in 0.1 M NaCl (pH 8), at a 

concentrations of 0.1 M in terms of the ions. With vigorous stirring, the solutions were 

combined slowly in a large beaker, adding one solution to the other to produce non-

stoichiometric polymer networks PAA>5.1-P or PAA<5.1-P, or both solutions 

simultaneously into a new beaker to produce the stoichiometric network PAA≈5.1-P. The 

liquid was decanted and the network was then soaked in 0.25 M NaCl for 2 h. The resulting 

swelled solid was manually combined into a sphere and then immersed in 0.25 M NaCl for 2 

h. The polymer network was then pressed into sheets of 1-4 mm thickness, between Teflon 

sheets in a melt press at 50 °C for one hour. The polymer network sheets were then separated 

from the Teflon. Often, the networks became adhesive to the Teflon sheets and were placed 

in a freezer overnight to allow for easier removal. Finally, the networks were submerged in 

0.1 M NaCl overnight before any mechanical testing or healing experiment.  

 

Determination of swelling mass %. 

Freshly pressed sheets were cut into 0.5 cm x 0.5 cm squares (1 mm thickness) and were 

soaked in DI water overnight to ensure removal of all residual NaCl ions. The networks were 

then dried in vacuo overnight. The samples were then place in the appropriate concentration 
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of NaCl solutions for 24 hours. The solutions were decanted, and the remaining solid was 

dried by dabbing with a Kimwipe. Triplicate samples were evaluated. The masses were 

recorded and compared to the dried mass. Swelling % was calculated by the following 

equation: 

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔	𝑚𝑎𝑠𝑠	% = 100	x	(
𝑚𝑎𝑠𝑠	𝑜𝑓	𝑠𝑤𝑒𝑙𝑙𝑒𝑑	𝑛𝑒𝑡𝑤𝑜𝑟𝑘 − 𝑚𝑎𝑠𝑠	𝑜𝑓	𝑑𝑟𝑖𝑒𝑑	𝑛𝑒𝑡𝑤𝑜𝑟𝑘

𝑚𝑎𝑠𝑠	𝑜𝑓	𝑑𝑟𝑖𝑒𝑑	𝑛𝑒𝑡𝑤𝑜𝑟𝑘 ) 

 

Rheology  

Rheological measurements were carried out at 21 °C on an AR1500ex stress-controlled 

rotational rheometer (TA Instruments) with a 2.5 cm diameter parallel-plate tool.  Small-

amplitude oscillatory shear measurements were performed over the frequency range 0.01-

100 rad/s with a stress amplitude of 250 dyne/cm2. Samples were equilibrated in 0.1 M NaCl 

overnight, and cut into disks with diameter 3 cm and thickness ~1 mm,  measured using a 

Vernier caliper.  The gap between the plates of the rheometer tool was initially set equal to 

the measured thickness of the gel sample, then the tool was lowered to decrease the gap by 

20 µm. The sample was then allowed to relax for a few minutes before measurements were 

started. Samples were run in duplicate.  

 

Tensile testing 

Tensile measurements were conducted on an Instron 5943 with serrated callipers using to a 

closing pressure of 10 PSI and a strain speed of 500 mm/min. Sheets of the networks ~1-4 

mm thickness, measured accurately with a caliper, were cut using a dog-bone-shaped cutter 

according to ASTM standard D638-14 Type V. The cut samples were kept in 0.1 M NaCl 

until testing began. Triplicate samples of each network were evaluated. 

 

Healing experiments 

For the puncture tests, networks were punctured with an 18-gauge needle and the material 

was removed to create a 0.5 mm diameter hole. Damaged networks were then soaked in 0.1 

M NaCl or deionized water and imaged using a stereomicroscope at 20x magnification in 

transmission mode at t = 0 h, 1 h, 2 h, 3 h, 6 h, 11 h, and 24 h. For the tensile testing after 

healing, the dog bone shaped network samples were cut in half with a scalpel, manually 
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pressed back together for 1 min, and then incubated in 0.1 M NaCl for 24 h. Tensile testing 

was then performed as described above. The experiment was repeated in triplicate. 
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Chapter 6 

6 A Phosphorus-rich polymer as a homogeneous catalyst 

scavenger 

6.1 Introduction 
Homogeneous catalysis enables many difficult bond transformations and significantly 

reduces the need for stoichiometric reagents and waste. These are highly desirable properties 

for the industrial synthesis of high-value compounds (i.e. pharmaceuticals),1 yet 

homogeneous catalysis is only used in ca. 6-7% of steps in the pharmaceutical industry.2 A 

key contributor to this low number is the challenge in removing spent catalyst (namely the 

metal) from the organic product.3 While the optimal catalytic scenario involves a catalyst 

with very high turnover number (TON), so that metal removal is precluded,4, 5 this is not 

always attainable. The residual metal is problematic in downstream reactions because it can 

promote undesired reactivity.6, 7 Additionally, strict toxicity guidelines for pharmaceutical 

products set very low limits of <10 ppm for Pt group metal contaminants.8 While the heavier 

metals are most often cited for their toxicity, the abundant first-row metals may also have 

cause for concern.9 Typical metal removal methods are a challenge on large scale, which has 

led to the development and commercialization of scavenger materials.10 Many of the 

available scavengers are efficient, appropriate for a broad range of metal complexes and are 

easy to use. The desire for scavenger materials with lower required loadings, short 

incubation times, improved reusability and lower cost continues to motivate research in this 

area.   
 
Recently, phosphorous-rich polymer networks were prepared through a step-growth 

polymerization, involving phosphane-ene reactions of primary bis-phosphines (6.1) and 

terminal diolefins.11, 12 The polymers were soft or rigid in nature depending on the flexibility 

of the monomers. The soft polymer network (6.2) exhibits appreciable swelling in organic 

solvents and are capable of coordinating simple metal salts.12 This suggests the polymer 

networks could act as a ligand for metals of homogeneous catalysts and effectively scavenge 

them from catalytic reaction mixtures. The Lewis basic sites of the polymer networks are 

part of the polymer structure and are present in high concentrations. This is distinct from 
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most scavenger materials that typically contain a Lewis basic functional group that is 

appended to a resin bead (i.e. polystyrene). Herein, we evaluate the efficacy of the 

phosphorous-rich 6.2 as a scavenger for homogeneous catalysts.   

6.2 Results and Discussion 
6.2.1 Metal scavenging with polymers from primary di-phosphine 6.1.  
The soft polymer network 6.2 was prepared following reported procedures.11 All primary 

and secondary phosphine sites were converted to tertiary phosphines by reaction of the 

network with excess 1-hexene. To establish the affinity of metals to the polymer network, 

6.2 was stirred at room temperature for 24 h with excess Wilkinson’s catalyst (W1; Scheme 

6-1). The solution changes colour from dark red to orange and isolation of the solid reveals 

that the polymer has changed from white to orange. Incorporation of WI into the polymer 

product (6.2-Rh) was confirmed by ICP-MS analysis that gave a metal loading of 0.389 

Rh/S (mol/mol). This loading corresponds to nearly one rhodium centre (0.778) per unit of 

diphosphine in the network.  
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Scheme 6-1: Loading the Soft Polymer Network (6.2) with Wilkinson’s catalyst (W1) to 
give 6.2-Rh. 

 

The efficacy of 6.2 toward metal removal from a catalytic reaction was evaluated in, the 

proof-of-principle reaction, hydrogenation of styrene with 1 mol% WI (4747 ppm Rh; 

Scheme 6-2). In the absence of 6.2 hydrogenation is complete within 1.5 h under 1 atm of H2 

at room temperature (Figure 6-1). Pre-treatment of the hydrogenation reaction with 6.2 (16 

mg/µmol Rh) at the outset of reaction, gives only a 20% conversion of styrene over 1.5 h 

(Figure 6-1). Indeed, catalytic turnover is arrested completely within 10 minutes, suggesting 

the catalyst was rapidly and efficiently sequestered from solution. Incubation of 6.2 with the 

reaction for 24 h was followed by a facile filtration step. ICP-MS analysis of the soluble 

organic residues revealed that only 11 ppm of Rh remained, which equals 99.8% rhodium 

removal.  
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Scheme 6-2: Hydrogenation of styrene (6.3) with Wilkinson’s catalyst (W1) and with 
scavenger 6.2 added at the outset of reaction. 

 
Figure 6-1: Consumption of styrene (1) by hydrogenation with WI without additive (x) 
and with 6.2 (16 g/mmol Rh) added at the outset of reaction (◼). Conversion values 
were determined by calibrated GC-FID analysis of reaction aliquots with integration 
relative to an internal standard.  

 

A broadly applicable metal scavenger material should efficiently sequester a range of 

homogeneous catalysts that have diverse structures. The Grubbs olefin metathesis catalyst 

(GI) was selected as a second proof-of-principle system as the catalyst is common, 

commercially available, and olefin metathesis has great synthetic utility in C-C bond 

formation.13-15 This has initiated a number of strategies for catalyst immobilization, 

sequestration and also the synthesis of specialty catalysts that are easily removed by 

extraction or chromatography.16-19 In this study, ring closing metathesis (RCM) of the 

benchmark substrate diethyldiallylmalonate (6.5) was conducted under standard conditions 

with 1 mol% GI in CH2Cl2 at room temperature (Scheme 6-3).20  

 
Scheme 6-3: RCM of 6.5 with GI followed by sequestration of the catalyst with 6.2, 6.7, 
and 6.8. 

 

After 1 h maximum conversion to RCM product 6.6 was achieved (Scheme 6-3). Reaction 

samples were stirred with 6.2 (10 mg 6.2/µmol GI) for a range of incubation times (0.3, 12, 
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24 and 48 h) prior to filtration (Table 6-1, Entries 1-5). Within 20 minutes 30% of the metal 

is removed and by 12 h removal reaches ca. 94%. Prolonged incubation (72 h) gave a 

maximum removal of nearly 99%. A similar trend was found with a lower 6.2 loading of 5 

mg 6.2/µmol GI (Table 1, Entries 6-8), albeit with a slightly lower maximum metal removal 

(ca. 98% after 72 h). The 6.2 scavenger outcompetes solid-supported ligands, such as 

phosphines and isocyanates (Table 1, Entries 9 and 10).21, 22 While the scavenging efficiency 

of 6.2 is lower than the reported protocol involving a silica gel and activated charcoal 

incubation, followed by column chromatography (Entry 11),23 the 6.2 protocol is 

significantly more user friendly. Oxidation of GI with a very large excess of H2O2 followed 

by extraction is convenient and removes >99% of Ru (Entry 12).24 However, the 

incompatibility of the oxidant with many functional groups, is a severe practical limitation. 

Overall, 6.2 is easy to use and it removes a maximum of 98.8% Ru, which is similar to 

known scavengers of GI. 
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Table 6-1: Sequestration of GI from RCM of 6.5.a  

Entry Removal method 
(equiv scavenger) 

GI mol% 
(ppm) 

Incubation time 
(h)b 

Residual Ru (ppm) Ru Removed (%)c Ref 

1 6.2 /filtration (10 
mg/µmol Ru) 

1 (4755) 0.3 3319 30.2 d 

2 6.2 /filtration (10 
mg/µmol Ru) 

1 (4755) 12 307 93.5 d 

3 6.2/filtration (10 
mg/µmol Ru) 

1 (4755) 24 140 97.1 d 

4 6.2/filtration (10 
mg/µmol Ru) 

1 (4755) 48 78 98.4 d 

5 6.2/filtration (10 
mg/µmol Ru) 

1 (4755) 72 59 98.8 d 

6 6.2/filtration  
(5 mg/µmol Ru) 

1 (4755) 24 253 94.7 d 

7 6.2/filtration  
(5 mg/µmol Ru) 

1 (4755) 48 139 97.1 d 

8 6.2/filtration  
(5 mg/µmol Ru) 

1 (4755) 72 111 97.7 d 

9e Resin-bound 
phosphine (5 

equiv) /charcoal 

5 (23775) 17f 1120 95.3 21 

10 SiO2-bound 
isocyanide (60 

equiv) 

2.5 (11888) 0.5 468 95.6 22 

11e SiO2/activated 
carbon  (100 equiv 
wt rel to GI)/SiO2 

10 (47550) 12g 60 99.9 23 

12 H2O2/extraction 
(5000 equiv) 

5 (23775) 0.3 15.10 99.45 24 

a Conditions: 6.5 (106 mM) in CH2Cl2 at 30 °C. b Time scavenger is exposed to the reaction solution prior to filtration.extraction. c %Ru 
removed = [(loading Ru – residual Ru)/(loading Ru)]*100. d This work. e RCM conducted at RT. f Time resin exposed to reaction solution. 
g Time activated carbon is exposed to the reaction solution. 
 

A sample of metal-loaded polymer (6.2-Ru) was prepared by stirring GI with the polymer 

network. Metal loading was confirmed by ICP-MS analysis and solid-state 31P{1H} NMR 

spectroscopy. The latter revealed broad signals in the range of 0-40 ppm that are consistent 

with metal-bound tertiary phosphine sites. A signal for metal-free phosphine is observed (–

32 ppm) and this may reflect the incomplete loading of Ru due to the limited accessibility of 

GI to the interior of the network. Additionally, the thioether moieties are likely also involved 

in metal sequestration and this would go unobserved by 31P{1H} NMR spectroscopy. To 

attempt scavenger regeneration the metal loaded polymer (6.2-Ru) was stirred in neat PEt3 

or TMEDA (N,N,N’,N’-tetramethylethane-1,2-diamine) for 24 h (Table 6-2). At room 

temperature both the phosphine and amine reagents displaced ruthenium, albeit in low 

amounts (ca. 20 and 30%, respectively). Scavenger regeneration at elevated temperature is 
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more effective with a maximum removal of 42.6% achieved in PEt3 at 80 ˚C. Successful 

metal removal supports the hypothesis that metal sequestration involves reversible adduct 

formation between the metal and Lewis basic sites of the polymer network.  

 

Table 6-2: Regeneration of metal free 6.2 from 6.2-Ru.  

Entry Regeneration 
method  

Temp. 

(˚C) 
Residual Ru 

(ppm) 
Ru Removed 

(%)b 

1c Neat PEt3 23 17020 20.4 
2 c Neat TMEDA 23 14286 33.2 

3 c Neat PEt3 80 12274 42.6 

4d Neat TMEDA 80 2575.4 39.1 
a Conditions: 6.2-Ru in neat reagent for 24h. b %Ru removed = [(initial Ru) – (residual Ru)/(initial Ru)]*100. c Initial Ru on 6.2-Ru = 
21393 ppm. d Initial Ru on 6.2-Ru = 4230 ppm. 
 
 
6.2.2 Polymer Network Metal scavengers from PH3 
An alternative to synthesizing 6.1 as the P-H containing monomer, we hypothesized the 

same phosphane-ene chemistry could be produced directly from phosphine gas (PH3(g)) to 

produce polymer networks. Phosphine is a feedstock chemical currently produced on an 

industrial scale making it an ideal reagent for large scale synthesis. PH3 has the same P-H 

bond reactivity as utilized in the preparation 6.2, but with a functionality of three, and 

therefore possessing cross-linking ability. Networks were produced using the phosphane-ene 

polymerization of PH3 and tetraethylene glycol diallyl ether to produce 6.7, and 1,3,5-trially-

1,3,5-triazine-2,4,6-trione (TTT) to produce 6.8 (Figure 6-3). TEGDAE has a diallyl 

functionality and should produce a lower cross-link density compared to the triallyl 

functionality of  TTT. This ultimately manifested in the low glass transitions of 6.7 of -64 

°C, while 6.8 had no observable glass transition between -100 °C and 300 °C (Figure 8-70). 
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Scheme 6-4: Synthesis of PH3 containing networks with TTT (6.8) and TEGDAE (6.7). 

 

By using PH3(g) at 550 kPa, one has little control over the polymerization, and 6.7 resulted in 

a distribution of primary, secondary, and tertiary phosphines (Figure 8-67). The residual P-H 

bonds from the primary and secondary phosphines were further reacted with the addition of 

more TEGDAE and initiator with heating at 65 °C overnight, resulting in a network with a 

primarily tertiary phosphine (Figure 6-2). Interestingly, analysis of the crude reaction of 6.8 

by solid-state 31P{1H} NMR spectroscopy revealed the presence of only tertiary phosphines 

(Figure 6-2). The networks were then tested for Ruthenium (G1) metal scavenging from a 

reaction mixture of a ring closing metathesis reaction (Scheme 6-4), results outlined in Table 

6-3.  
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Figure 6-2: 31P{1H} NMR spectroscopy of 6.7 and 6.8 composing of primarily tertiary 
phosphines. 

 

Table 6-3: Sequestration of GI from RCM of 6.5. Conditions: 6.5 (106 mM) in CH2Cl2 
at 30 °C. b Time scavenger is exposed to the reaction solution prior to 
filtration/extraction. c %Ru removed = [(loading Ru – residual Ru)/(loading Ru)]*100.  

Entry Removal method 

(equiv scavenger) 

GI mol% (ppm) Incubation time 

(h)b 

Residual Ru (ppm) Ru Removed (%)c 

1 6.7 

(10 mg/µmol Ru) 

1 (5878) 24 480 91.8% 

2 6.7 

(10 mg/µmol Ru) 

1 (5878) 48 262 94.7% 

3 6.8 

(10 mg/µmol Ru) 

1 (5335) 24 3122 41.5 

4 6.8 

(10 mg/µmol Ru) 

1 (5335) 48 2582 51.6 

5 6.8b 

(10 mg/µmol Ru) 

1 (5335) 24 294 94.5 

6 6.8b 

(10 mg/µmol Ru) 

1 (5335) 48 208 96.1 

7 6.8b 

(30 mg/µmol Ru) 

1 (3436) 24 263 92.3 

8 6.8b 

(60 mg/µmol Ru) 

1 (3436) 24 215 93.7 
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At a loading of 10 mg/µmol Ru of 6.7 resulted in a 91.8% removal in 24 hours and 94.7% 

removal in 48 hours incubation (Table 6-3, entries 1 and 2), while 6.8 resulted in a 41.5% 

removal in 24 hours and 51.6% removal in 48 hours (Table 6-3, entries 3 and 4). 6.8 

networks were further treated with 1-hexene to convert any remaining 1° and 2° phosphines 

to tertiary phosphines, which will also increase the Lewis basic character, enhancing metal 

binding (6.8b). The results showed an increase in metal scavenging to 94.5% removal in 24 

hours and 96.1% removal in 48 hours for the same loading of polymer at 10 mg/µmol Ru 

(Table 6-3, entries 5 and 6).  

6.3 Conclusions 
The phosphorous-rich polymer networks 6.2, 6.7, and 6.8 effectively scavenges homogenous 

catalysts from reaction mixtures. Hydrogenation and ring closing metathesis were used as 

proof-of-principle reactions where 99.9 and 98.8% Rh (WI) and Ru (GI) were sequestered, 

respectively. Scavenger regeneration by removal of the loaded metal from the polymer 

network is possible, although further work on this will be required. An alternative synthesis 

to create phosphine containing polymers directly from PH3(g) could be an attractive method 

for commercialization because of the use of feedstock chemicals, simple reaction conditions, 

and good scavenging abilities. The facile methodology for polymer network preparation is 

sure to lead to improved formulations and next generation polymers with superior rate of 

scavenging, metal removal efficiency and regeneration protocols.  

6.4 Experimental 
General Procedures, Materials and Instrumentation.  

All reactions were manipulated under N2 using standard Schlenk or glovebox techniques. All 

glassware was oven dried prior to use. RhCl(PPh3)3 and PEt3 (90%) were used as received. 

Styrene (≥99%) and diethyldiallylmalonate (98%) were degassed by purging with N2 and 

stored over 4 Å sieves. TMEDA was dried over CaH and distilled prior to use. 

RuCl2(PCy3)2(=CHPh) (GI) was gifted and purified by successive washings with acetone 

and pentane. 6.2 was prepared according to literature procedures.1 Dry and degassed solvents 

were obtained from an Innovative Technology 400-5 Solvent Purification System and stored 
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over 4 Å molecular sieves (Fluka and activated at 150 ˚C for 12 h) under N2 unless otherwise 

noted. Chloroform-d (99.8%) was obtained from Cambridge Isotope Laboratories, was dried 

with 4 Å molecular sieves and degassed by bubbling with N2.  

All NMR spectra were recorded on either an Inova 600 MHz, Inova 400 MHz, or Mercury 

400 MHz instrument. 1H and 13C spectra acquired were referenced internally against the 

residual solvent signal to TMS at 0 ppm. 31P{1H} spectra were referenced externally to 85% 

phosphoric acid at 0.00 ppm. Solid-state 31P{1H} NMR experiments were performed using a 

Varian Infinity Plus 400 NMR spectrometer (nL (31P = 161.71 MHz) equipped with a Varian 

4 mm triple-resonance HXY magic-angle spinning NMR probe. Chemical shifts were 

referenced with respect to the 31P{1H} NMR peak of H3PO4 (δ(31P) = 0.0 ppm) by setting the 
31P NMR peak of solid ammonium dihydrogen phosphate to +0.81 ppm. The powder 

samples were stored inside a glove box filled with nitrogen gas and packed tightly into 4 mm 

o.d. ZrO2 rotors, then sealed. For the samples having low glass-transition temperature 

samples, the NMR spectra were acquired using a standard one pulse sequence with high-

power 1H TTPM decoupling, 12.0 kHz spinning rate, 50 kHz spectral width, between 140-

160 scans, a 1.8 µs π/4-pulse width, 30 s recycle delay and 20.4 ms acquisition time, and a 

6.25 µs TPPM 1H decoupling pulse with 83 kHz decoupling field. For samples having high 

glass-transition temperature samples, the NMR spectra were acquired using cross-

polarization (CP) with high-power 1H TTPM decoupling, 12.0 kHz spinning rate, 50 kHz 

spectral width, between 164-380 scans, 4.6 µs 1H π/2-pulse width, 1 ms contact time, 15 s 

recycle delay, between 8.5-20.4 ms acquisition time, and a 6.25 µs TPPM 1H decoupling 

pulse with 83 kHz decoupling field. In hydrogenation reactions, styrene and ethylbenzene 

were quantified relative to an internal standard (cyclodecane) and analyzed with an Agilent 

7890A GC-FID with an HP-5 column. Styrene and ethylbenzene were quantified relative to 

an internal standard by GC-FID analysis. Area counts for ethylbenzene were corrected using 

a response factor obtained by calibration of styrene and ethylbenzene over the concentration 

range 1 to 5 mM. A linear response for both species was found in this range. Authentic 

samples of each were used to construct calibration curves. ICP-MS samples were first 

digested in aqua-regia for 2 hours then data was collected on an Agilent 7700 Series ICP-

MS. 
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Preparation of 6.2-Rh  

RhCl(PPh3)3 (WI) (42 mg, 0.0449 mmol) and 6.2 (45 mg) were stirred in CH2Cl2 (20 mL) at 

room temperature for 24 hours. A colour change of the solution from deep red to orange was 

observed. The resulting functionalized polymer (orange) 6.2-Rh was washed with CH2Cl2 (3 

´ 30 mL) and pentane (1 ´ 30 mL). After the final wash 6.2-Rh was suspended in pentane 

and dried in vacuo. Elemental Analysis by ICP-MS (µg g-1): Rh, 71 200; P, 56 600; S, 61 

200. 

 

Synthesis of 6.7 

Tetraethylene glycol diallylether (10.52 g, 39.21 mmol), azobisisobutyronitrile (0.64 g, 3.9 

mmol), and toluene (10 mL) were loaded into an autoclave reactor, purged with N2, and 

charged with 80 PSI PH3 gas. The autoclave was then heated at 80 °C for 2 days and any 

remaining PH3 was flushed from the autoclave and incinerated. All further manipulations 

were completed in a N2 filled glovebox. Additional toluene (10 mL) and 

azobisisobutyronitrile (0.62 g, 3.8 mmol) were added to the reaction mixture, transferred to a 

pressure round bottom with an N2 atmosphere, and heated at 80 °C overnight, resulting in 3° 

phosphine. The polymer network was isolated by centrifugation, washed with toluene (3x10 

mL) and acetonitrile (3x10 mL), isolated by centrifugation between each washing. Volatiles 

were removed in vacuo, giving a yellow gel. Solid-state 31P{1H} NMR (161.71 MHz, δ): -30 

(s). ATR-FTIR (cm-1; ranked intensity): 2861 (2), 1454 (9), 1348 (7), 1292 (8), 1248 (9), 

1104 (1), 1041 (3), 995 (4), 925 (5), 879 (10). To = 342 °C; Tg = -65 °C.  

 

Synthesis of 6.8/6.8b 

1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione (10.02 g, 40.67 mmol), 

azobisisobutyronitrile (0.66 g, 4.0 mmol), and toluene (12 mL) were loaded into an 

autoclave reactor, purged with N2, and charged with 80 PSI of PH3(g). The autoclave was 

then heated at 80 °C for 24 hours and any remaining PH3(g) was flushed from the autoclave 

and incinerated. All further manipulations were completed in a N2 filled glovebox. The solid 

material was isolated by centrifugation, washed with toluene (3x10 mL) and acetonitrile 

(3x10mL) isolated by centrifugation between each washing step. Volatiles were removed in 
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vacuo yielding a white powder. Solid state 31P{1H} NMR(161.71 MHz, δ): -31 (s); ATR-

FTIR (cm-1; ranked intensity): 2956 (8), 2492 (7), 1674 (1), 1453 (2), 1427 (3), 1371 (5), 

1316 (6), 993 (10), 934 (9), 762 (4); To = 359 °C; Tg = not observed.   

 

General Procedure for the Catalytic Hydrogenation of Styrene 

In a glovebox, the following stock solutions were prepared: styrene (104 mg, 1 mmol, 500 

mM) in toluene (2.00 mL); tetradecane (70 mg, 0.25 mmol, 250 mM) in toluene (2.00 mL); 

WI (9.3 mg, 0.01 mmol, 10 mM) in CH2Cl2 (1.00 mL). To a 100 mL Schlenk flask 

containing a stir bar, the catalyst stock solution was added (200 µL), and CH2Cl2 was 

removed in vacuo. Added to the same flask was a portion of the styrene (400 µL) and 

cyclodecane (400 µL) stock solutions. Toluene was added (5.20 mL) to give a final volume 

of 6.00 mL and the flask was sealed with a rubber septum. The final concentrations of the 

reaction mixture were 33.0 mM styrene, 8.3 mM cyclodecane, and 0.33 mM WI (1 mol%). 

The flask was removed from the glovebox and H2 gas was bubbled into solution for 2 

minutes using a needle pierced through the rubber septum of the Schlenk flask. The contents 

were allowed to stir at room temperature and every 10 minutes for 90 minutes, 200 µL 

aliquots were removed and exposed to air to quench. From each aliquot, 150 µL was 

removed and diluted with acetone (850 µL) giving final concentrations of 5 mM for styrene 

and tetradecane and the diluted samples were analyzed by calibrated GC-FID. 

 

General Procedure for the Quenching of the Hydrogenation of Styrene 

The procedure for the catalytic hydrogenation of styrene was followed as outlined above. 

Added to the reaction set-up, prior to addition of WI, was an excess of 6.2 (32 mg, 0.04 

mmol, ca. 1.5 mol P equiv.). 6.2 was present from the outset and 200 µL aliquots taken at 10 

minutes intervals, up to 50 minutes. From each aliquot 150 µL was removed and diluted with 

acetone (850 µL) giving final concentrations of 5 mM for styrene and tetradecane and the 

diluted samples were analyzed by calibrated GC-FID. After the final aliquot for GC-FID 

analysis was taken from the quenched reaction, the mixture was allowed to stir for 24 hours. 

The mixture was then taken up in a syringe and filtered through a syringe filter (Promax 

Syringe Filter, 13 mm, 0.22 µm PTFE) into a preweighed vial. Solvent was removed in 

vacuo leaving a residue. The residue was submitted for ICP-MS analysis. Additionally, a 
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control reaction to which no polymer was added was submitted for ICP-MS analysis, for a 

comparison of the trace metal amounts in each sample. 

 

Scavenging of GI following RCM of Diethyl diallylmalonate 

Diethyl diallylmalonate (488 mg, 2.12 mmol), GI (16.4 mg, 0.02 mmol), and CH2Cl2 (20 

mL) were combined in a Schlenk round bottom in a glovebox with a stir bar. The flask was 

removed from the glovebox and heated to 30 °C in an oil bath for 1 hour under an N2 

atmosphere. The resulting solution was brought back into the glovebox, and divided into 1 

mL portions in small glass vials with a specific amount of 6.2, 6.7, 6.8(b) (1, 5, 10, 30 or 60 

mg) with a stir bar. An additional portion was added to a vial that did not contain 6.2 to act 

as the control. The vials were capped, sealed with Teflon tape and stirred for a specific 

amount of time (20 minutes, 12, 24, 48, and 72 hours) at room temperature. The mixtures 

were filtered through a 0.2 µm syringe filter into a tared vial. The reaction vial was washed 

with 1 mL of CH2Cl2 and filtered through the same filter and combined with the initial 

filtrate. The filtrate solvent was removed in vacuo and the mass recorded. These resulting 

solids were digested with aqua regia (1 mL) and analyzed by ICP-MS for Ru content. The 

Ru content was compared to the control sample that was also filtered, the volatiles were 

removed in vacuo and a mass was measured prior to digestion (aqua regia) and ICP-MS 

analysis.  

 

Preparation of 6.2-Ru and regeneration to remove Ru 

6.2 (400 mg), GI (32.8 mg, 0.04 mmol), and CH2Cl2 (40 mL) were combined with a stir bar 

in a Schlenk round bottom and stirred for 24 hours under an N2 atmosphere. The yellow 

solid was isolated using a Pall Microsep™ Advanced Centrifugal Device with a 10 kg/mol 

molecular weight cut off. The resulting solid was washed with CH2Cl2 and isolated, and this 

was repeated two additional times. The solid was dried in vacuo and divided into 100 mg 

samples into four glass vials (A-D) with stir bars. Samples A-C were subjected to 3 mL of 

neat regeneration conditions: PEt3 at room temperature, PEt3 at 80 °C, and tetramethyl 

ethylene diamine (TMEDA) at room temperature. The solutions were then stirred for 24 

hours at the desired temperature under N2. The solid was allowed to settle, and was isolated 

by filtration with a Microsep™ Centrifugal Device and washed with three portions of 
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CH2Cl2. The solid was then dried in vacuo, and analyzed by ICP-MS and solid-state 31P{1H} 

NMR spectroscopy. The final sample D underwent the same procedure except it was not 

subjected to the regeneration step. This sample was also analyzed by ICP-MS and solid-state 
31P{1H} NMR spectroscopy.  
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Chapter 7 

7 Conclusions and Future work 

7.1 Conclusions 
This thesis detailed the incorporation of phosphorus into materials that imparted 

functionality including inhibition of the growth of bacteria on surfaces, bacterial killing, self-

healing, and metal scavenging. These vastly different applications illustrate the versatility 

and utility of phosphines and phosphonium ions, which are often overlooked as viable 

scaffolds on which to build functional materials. The use of prevalent technologies including 

UV curing and its combination with new functional additives and polymers, is reported, 

increasing the possibility of commercial application that could address current societal 

problems.  

 

Chapters 2, 3, and 4 described work that fills the need for new polymers and materials in 

order to progress the field of antibacterials as well as understanding the relationship between 

molecular structure and antibacterial activity for both surfaces and solution antibacterials. 

The work described in Chapters 2 and 3 provided new and simple approaches to antibacterial 

phosphonium-based coatings that can potentially be applied to surfaces such in high traffic 

areas such as handles, door knobs, elevator buttons, railings, any location where bacteria 

transfer can cause infection (ie. hospitals). The high chemical and thermal stability of 

phosphonium salts may afford advantages over competing approaches based on ammonium 

cations.  

 

Chapter 4 introduced novel sugar-functionalized phosphonium cations and synthetic 

methods to combine these unusual molecules. In the exploration of potential targeted 

antibacterial activities of sugar-functionalized polyphosphonium salts, this work revealed 

surprising antibacterial activity and low hemolytic properties of simple hydroxyl-

functionalized polyphosphonium. This work introduced an alternative possibility that 

antibacterial polymers may not require pendant amphiphilicity for high antibacterial activity, 

and the introduction of hydrophilic groups may be more beneficial as a result of their low 
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hemolytic properties. These materials challenge the current ideology of creating 

polyammonium/polyphosphonium antibacterials, and presents a new direction for this area 

of research.  

 

Smart materials are a growing category that possess unique and dynamic properties that 

mimicking some of nature’s most interesting processes. Self-healing behavior is of 

particularly noteworthy because it represents a progression towards self-sustainable 

materials. In Chapter 5, it was demonstrated that poly(acrylic acid)/polyphosphonium ionic 

networks could self-heal when the rheological properties were such that the viscous and 

elastic modulus were equally contributing to how the material behaved. These properties 

could be tuned according to the method of preparation of the networks, and consequently the 

ratio of the two polymers. In comparison with previously reported ammonium-based self-

healing networks, which required high (> 1.0 M) NaCl concentrations for healing, these 

networks could self-heal in relatively low (0.1 M) NaCl concentrations. This aspect may be 

critical in the application of these materials in medical devices that are implanted into the 

body, representing a significant advance in the field. This work represents the first 

introduction of phosphorus into the field of self-healing smart materials, and opens the door 

to expansion of phosphonium-based smart materials.  

 

Metal removal is relevant to many industries such as waste water, pharmaceuticals, and 

electronics. The work described in Chapter 6 involved the first attempt to address residual 

metal contamination by utilizing phosphane-ene chemistry. The phosphane-ene reaction was 

used to create polymer networks with available Lewis basic phosphine functionalities and 

proved to be efficient metal scavengers. In particular, high levels of metal scavenging (> 

95%) were achieved with materials made directly from PH3(g), a feedstock chemical 

produced on large scales. It was possible to regenerate the scavengers, although further work 

needs to be completed to increase the efficiency of this process. These polymer networks 

provide an alternative method with little work up, high efficiency, and simplistic production.  
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7.2 Future work 
7.2.1 Antibacterial surfaces with accessible zwitterions 
A major problem with polyelectrolyte based antibacterial materials is the biofouling that can 

occur over time by exchange of the counter-anion with negatively charged proteins or other 

biomacromolecules, rendering the materials inactive. An alternative approach is proposed to 

enable the release of any fouling anions by switching to a zwitterionic species. Switchable 

zwitterionic surfaces have been reported utilizing light induced esterification,1 and acid-base 

mediated ring opening reactions to produce a carboxy betaine (Figure 7-1).2 Alternatively, 

pendant thiols on a phosphonium centre could be employed to act as antibacterials  at neutral 

pH as the nonzwitterion, and zwitterionic at basic pH, accessing the antifouling surface 

(Figure 7-1).  

 

 
Figure 7-1: Left: Switchable antibacterial-antifouling surface based on acid catalyzed 
ring opening to produce carboxy betaine; Right: Accessible antibacterial-antifouling 
phosphonium using a phosphonium-thiolate zwitterion.  

 

7.2.2 Solution based antibacterial agents 
Understanding the structure-antibacterial relationship of hydrophilic derivatives of 

polyelectrolytes would be an impactful contribution to the field. Hydrophilic antibacterial 

polymers may be beneficial due to their low hemolytic activity. The introduction of other 

sugars to understand what roles they play in the activity and if higher activity could be 

accessed by other sugar substituents would be a valuable continuation of the present work 

(Figure 7-2, 7.1).  Derivatives with tri-sugar-substituted phosphines (Figure 7-2, 7.2) could 
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also give an indication if the sugar substituents have an effect on targeting the cell 

membrane, or if it is in fact the hydrophilicity that is increasing the activity (4.8).  

 

 

 
Figure 7-2: Proposed sugar containing phosphonium monomers containing different 
sugars including b-D-mannose and a/b-D-galactose, and b-D-glucose to determine the 
effect of the anomeric conformation; 7.2 represents a tri-sugar-substituted 
phosphonium monomer.  

 

7.2.3 Smart Materials 
7.2.3.1 Modulated small molecule release 

The networks presented in Chapter 5 possess dynamic cross-links that are responsive to the 

environmental NaCl concentration. Others have used similar networks to achieve prolonged 

release of additives, which can be modulated by the NaCl concentration.3 As some of the 

networks presented in Chapter 5 do not have self-healing capabilities but do possess NaCl 

dynamic cross-links, these networks could be used as stimuli responsive modulated drug 

release networks (Figure 7-3). 
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Figure 7-3: Ionically cross-linked networks for small molecule release. 

 

7.2.3.2 Self-healing UV cured networks 

The creation of UV curable coatings or materials that have the ability to mend damage 

would be attractive compared to the current methods of preparing self-healing networks 

(precipitation and/or centrifugation). Polyelectrolyte addition into the formulation is not 

effective because the material gels before curing, creating insoluble complexes that phase 

separate from the UV curable formulation. Ideally, the ionic components would be evenly 

distributed throughout the polymer network, and additional cross-linking would occur due to 

ionic interaction. However, polyelectrolyte addition may not be needed for the incorporation 

of ionic cross-linking in the network. Instead a polymerizable anion-cation pair can 

potentially be used to create the additional crosslinking, with an additive that could be 

soluble in formulations (Figure 7-4).   
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Figure 7-4: Proposed UV curable polymer network possessing ionic cross-linking for 
self-healing. 

 

7.2.4 Phosphane-ene metal scavengers 
The efficiencies of the metal scavengers presented in Chapter 6 were very high, but the 

ability to regenerate the scavenger in a metal free form for multiple scavenging runs was 

limited. Ideally, the phosphine polymer with scavenged metal could be regenerated with a 

simple treatment and washing protocol. Future work in this section should center around 

optimizing the regeneration protocol by investigating different regeneration reagents 

including ethylene diamine tetraacetate, t-butoxide, N-heterocyclic carbones, or smaller 

phosphines such as triethyl phosphine.  
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Appendix 

8 Appendix 

8.1 American Chemical Society’s Policy on Theses and 

Dissertations  

If your university requires you to obtain permission, you must use the RightsLink permission 
system. See RightsLink instructions at http://pubs.acs.org/page/copyright/permissions.html.  

This is regarding request for permission to include your paper(s) or portions of text from your 
paper(s) in your thesis. Permission is now automatically granted; please pay special attention to the 
implications paragraph below. The Copyright Subcommittee of the Joint Board/Council Committees 
on Publications approved the following:  

Copyright permission for published and submitted material from theses and dissertations 
ACS extends blanket permission to students to include in their theses and dissertations their own 
articles, or portions thereof, that have been published in ACS journals or submitted to ACS journals 
for publication, provided that the ACS copyright credit line is noted on the appropriate page(s).  

Publishing implications of electronic publication of theses and dissertation material 
Students and their mentors should be aware that posting of theses and dissertation material on the 
Web prior to submission of material from that thesis or dissertation to an ACS journal may affect 
publication in that journal. Whether Web posting is considered prior publication may be evaluated on 
a case-by-case basis by the journal’s editor. If an ACS journal editor considers Web posting to be 
“prior publication”, the paper will not be accepted for publication in that journal. If you intend to 
submit your unpublished paper to ACS for publication, check with the appropriate editor prior to 
posting your manuscript electronically.  

Reuse/Republication of the Entire Work in Theses or Collections: Authors may reuse all or part of 
the Submitted, Accepted or Published Work in a thesis or dissertation that the author writes and is 
required to submit to satisfy the criteria of degree-granting institutions. Such reuse is permitted 
subject to the ACS’ “Ethical Guidelines to Publication of Chemical Research” 
(http://pubs.acs.org/page/policy/ethics/index.html); the author should secure written confirmation 
(via letter or email) from the respective ACS journal editor(s) to avoid potential conflicts with journal 
prior publication*/embargo policies. Appropriate citation of the Published Work must be made. If the 
thesis or dissertation to be published is in electronic format, a direct link to the Published Work must 
also be included using the ACS Articles on Request author-directed link − see 
http://pubs.acs.org/page/policy/articlesonrequest/index.html  

* Prior publication policies of ACS journals are posted on the ACS website at  

http://pubs.acs.org/page/policy/prior/index.html  
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8.2 Supplementary Information for Chapter 2 
Table 8-1: Results of surface adhesion testing by ASTM D3359 – 09e2. *The test was 
repeated 5 times on the same surface without any loss of adhesion. 

Formulation; curing atmosphere; substrate % squares removed Cross hatch adhesion classification 

2.2-95wt%, 2.3-5wt%; Air; PET 0%* 5B - 0% removed 

2.1-47.5wt%, 2.2-47.5wt%, 2.3-5%; N2; PET 0%* 5B - 0% removed 

2.1-47.5wt%, 2.2-47.5wt%, 2.3-5%; Air; PET 0%* 5B - 0% removed 

2.2-95wt%, 2.3-5wt%; N2; glass 87% 0B - >65% removed 

2.2-95wt%, 2.3-5wt%; Air; glass 100% 0B - >65% removed 

2.1-47.5wt%, 2.2-47.5wt%, 2.3-5%; N2; glass 88% 0B - >65% removed 

2.1-47.5wt%, 2.2-47.5wt%, 2.3-5%; Air; glass 100% 0B - >65% removed 

 
Table 8-2: Properties of free standing films prepared from 47.5 wt% of 2.1, 47.5 wt% 
2.2, and 5 wt% 2.3. 

Cure % (ATR-FTIR) 

before washing 

Cure % (ATR-FTIR) after 

washing 

Gel content 

91 ± 5% 90 ± 4 % 83 ± 1% 
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Figure 8-1: AFM images and corresponding height profiles of a) a 47.5 wt% 2.1 coating 
cured under N2 and b) a 47.5 wt% 2.1 coating cured under air. These images show that 
upon application of a diamond tip surface profiler with a force of 0.5 mN, the etching 
could not be distinguished from the background surface roughness in the case of the 
surface cured under N2, whereas a 10 nm groove was etched in the surface cured under 
air. These images also show the low roughness of the initial films. 

 

Figure 8-2: Example ATR-FTIR spectra of a 47.5 wt% 2.1 formulation (blue), cured 
film (red), and cured and washed film (black), showing the decrease in the intensity of 
the peak at 810 cm-1 corresponding to C=C, in comparison to the internal standard 
C=O peak at 1720 cm-1. 
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Figure 8-3: UV-Vis spectra of surface washings (47.5 wt% 2.1, cured under N2, PET 
substrate) after different time periods, confirming that a 12 hours incubation in water 
is more than sufficient to remove all leachable molecules. (Note: washings were 
discarded after each time point, so the lack of detectable molecules after 5 hours 
suggests that all leachable molecules had already been removed from the surface). 

 

 

 

Figure 8-4: Antibacterial testing results for a coating containing 47.5 wt% of 2.1 and 
cured under N2. The image shows an agar plate with absence of bacterial growth where 
the phosphonium surfaces were placed, following 24 h incubation with E. coli. 
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Figure 8-5: a) and b): clean silicon wafer control and c) phosphonium surface following 
LIVE/DEADⓇ analysis. The surfaces were incubated with S. aureus for 24 h. a) shows 
live bacteria stained in green; b) shows dead bacteria stained in red; c) is an overlay of 
red and green fluorescence images showing an absence of live or dead bacteria.   

 

 

 

Figure 8-6: In vitro cytotoxicity of a) benzyldimethyl hexadecyl ammonium chloride 
and b) phosphonium monomer 2.1 as measured by the MTT assay following a 24 h 
incubation with C2C12 mouse myoblast cells. Data represent the mean and standard 
deviation of six replicates per concentration (N = 6). 

8.2.1 References 
1) Guterman, R.; Hesari, M.; Ragogna, P.; Workentin, M. Langmuir 2013, 29, 6460–

6466. 

2) Murata, H.; Koepsel, R. R.; Matyjaszewski, K.; Russell, I. J. Biomaterials 2007, 28, 

4870–4879. 

3) Gaydos, J. M.; Harrington, B. J. Antimicrob. Agents Chemother. 1982, 21, 516–518. 
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8.3 Supplementary Information for Chapter 3 

 
Figure 8-7: 1H NMR spectrum of 3.1 (400 MHz, D2O). 

 
Figure 8-8: 1H NMR spectrum of 3.2 (400 MHz, CDCl3). 
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Figure 8-9: 1H NMR spectrum of 3.3 (400 MHz, CDCl3). 

 

 
Figure 8-10: 31P{1H} NMR spectrum of 3.1-P-10k (162 MHz, D2O ). 
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Figure 8-11: 1H NMR spectrum of 3.1-P-10k (400 MHz, D2O ). 

 
Figure 8-12: 31P{1H} NMR spectrum of 3.1-P-40k (162 MHz, D2O ). 
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Figure 8-13: 1H NMR spectrum of 3.1-P-40k (400 MHz, D2O). 

 

Figure 8-14: 31P{1H} NMR spectrum of 3.2-P-10k (161 MHz, CDCl3). 
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Figure 8-15: 1H NMR spectrum of 3.2-P-10k (400 MHz, CDCl3). 

 

 

Figure 8-16:  31P{1H} NMR spectrum of 3.2-P-40k (162 MHz, CDCl3). 
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Figure 8-17: 1H NMR spectrum of 3.2-P-40k (400 MHz, CDCl3). 

 

 

 

Figure 8-18: 31P{1H} NMR spectrum of 3.3-P-10k (162 MHz, CDCl3). 
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Figure 8-19: 1H NMR spectrum of 3.3-P-10k (400 MHz, CDCl3). 

 

 
Figure 8-20: 31P{1H} NMR spectrum of 3.3-P-40k (162 MHz, CDCl3). 
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Figure 8-21: 1H NMR spectrum of 3.3-P-40k (400 MHz, CDCl3). 

 

 
Figure 8-22: DSC curves for 3.1-P-40k, 3.2-P-40k, and 3.3-P-40k (obtained from the 
second heating cycle). 
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Figure 8-23: DSC curves for 3.1-P-10k, 3.2-P-10k, and 3.3-P-10k (second heating cycle).  

 
Figure 8-24: a) Digital photo of the UV-curing belt system b) Digital photograph 
showing two glass slides with spacers of 170 µm thickness on each side and the SIPN in 
between. 
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Figure 8-25: Example ATR-FTIR spectra of a 3.1-P-10k 10wt% formulation and the 
corresponding cured (unwashed) SIPN, showing the decrease in the intensity of the 
peak at 810 cm-1 corresponding to C=C, in comparison to the internal standard C=O 
peak at 1720 cm-1. 

 
Figure 8-26: DSC curves for all SIPNs 3.1-P-10k/40k, 3.2-P-10k/40k, and 3.3-P-10k/40k 
at 10 wt% (second heating cycle). 
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Figure 8-27: Surface phosphorus weight % analyzed by SEM-EDX on freshly prepared 
surfaces and aged samples (8 months). 250 µm surfaces were sputter coated with 5 nm 
of osmium. Samples were imaged at 20kV at a magnification of 4500 at a working 
distance of 10 µm. 

 
Figure 8-28: Representative example of the UV-vis spectra of the washings of an SIPN. 
This confirms that no further polymers or monomers were eluted from the SIPN after 
the 3rd washing. This was important to ensure that the anti-bacterial efficacy of the 
SIPNs arose from the activity of the surfaces themselves as opposed to leachable 
polyphosphonium. This particular SIPN was 3.2-P-10k (10 wt%) and the washing 
solvent was CH3CN. All other SIPNs exhibited the same behavior.  
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Table 8-3: Raw data (bacterial colony counts) from dynamic contact antibacterial test 
(based on ASTM E2149 13a) against S. aureus (ATCC 6538). In this test 2.0 mg of 
SIPN was incubated with 100 µL of 106 CFU/mL (105 CFUs total) in 0.3 mM KH2PO4. 
After dilution to 1.0 mL (104 CFUs/mL), 100 µL (103 CFUs total) were plated.  

  S. aureus       

Specimen CFUs counted Mean % Reduction 

Std Dev 

(% std dev) 

Control 958     

 Control 879 918.50     

          

3.1-P-10k (10 wt%) 0       

3.1-P-10k (10 wt%) 0     0.00 

3.1-P-10k (10 wt%) 0 0.00 100.00 0.00 

          

3.1-P-40k (10 wt%) 0       

3.1-P-40k (10 wt%) 0     0.00 

3.1-P-40k (10 wt%) 0 0.00 100.00 0.00 

          

3.2-P-10k (10 wt%) 0       

3.2-P-10k (10 wt%) 0     0.00 

3.2-P-10k (10 wt%) 0 0.00 100.00 0.00 

          

3.2-P-40k (10 wt%) 0       

3.2-P-40k (10 wt%) 0     0.00 

3.2-P-40k (10 wt%) 0 0.00 100.00 0.00 

          

3.3-P-10k (10 wt%) 380       

3.3-P-10k (10 wt%) 461     62.08 

3.3-P-10k (10 wt%) 502 447.67 51.26 (6.76) 

          

3.3-P-40k (10 wt%) 975       

3.3-P-40k (10 wt%) 881     47.51 

3.3-P-40k (10 wt%) 916 924.00 -0.60 (5.17) 
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Table 8-4: Raw data (bacterial colony counts) from dynamic contact antibacterial test 
(based on ASTM E2149 13a) against E. coli (ATCC 29425). In this test 2.0 mg of SIPN 
was incubated with 100 µL of 105 CFU/mL (104 CFUs total) in 0.3 mM KH2PO4. After 
dilution to 1.0 mL (103 CFUs/mL), 100 µL (100 CFUs total) were plated.  

  E. coli       

Specimen CFUs counted Mean % Reduction 

Std Dev 

(% std dev) 

Control 99       

Control 80 89.50     

          

3.1-P-10k (10 wt%) 8       

3.1-P-10k (10 wt%) 15     5.57 

3.1-P-10k (10 wt%) 4 9.00 89.94 (6.22) 

          

3.1-P-40k (10 wt%) 30       

3.1-P-40k (10 wt%) 34     13.43 

3.1-P-40k (10 wt%) 9 24.33 72.81 (15.00) 

          

3.2-P-10k (10 wt%) 1       

3.2-P-10k (10 wt%) 2     1.00 

3.2-P-10k (10 wt%) 0 1.00 98.88 (1.12) 

          

3.2-P-40k (10 wt%) 9       

3.2-P-40k (10 wt%) 1     4.93 

3.2-P-40k (10 wt%) 0 3.33 96.28 (5.51) 

          

3.3-P-10k (10 wt%) 0       

3.3-P-10k (10 wt%) 2     1.15 

3.3-P-10k (10 wt%) 0 0.67 99.26 (1.29) 

          

3.3-P-40k (10 wt%) 95       

3.3-P-40k (10 wt%) 85     28.73 

3.3-P-40k (10 wt%) 139 106.33 -18.81 (32.10) 
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Figure 8-29: Zone of inhibition test against S. aureus using polyphosphonium SIPNs. 
The SIPNs were cut into squares and placed face down on TSB Agar plates that were 
scratch plated to create lawns of bacteria. A) 3.1-P-10k (10wt%), 3.2-P-10k (10wt%),  
3.3-P-10k (10wt%); B) 3.1-P-40k (10wt%), 3.2-P-40k (10wt%), 3.3-P-40k (10wt%).  No 
zones of inhibition were observed for any samples, suggesting that the SIPNs do not 
leach biocide. 

8.3.1 References 
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8.4 Supplementary Information for Chapter 4 

 
Figure 8-30: 1H NMR 4.3 (600 MHz, CDCl3) 

 
Figure 8-31: 31P{1H} NMR 4.3 (161 MHz, CDCl3) 
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Figure 8-32:13C{1H} NMR 4.3 (600 MHz, CDCl3) 

 
Figure 8-33:1H NMR 4.4 (600 MHz, CDCl3) 
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Figure 8-34: 31P{1H} NMR 4.4 (161 MHz, CDCl3) 

 
Figure 8-35: 13C{1H} NMR 4.4 (150 MHz, CDCl3) 
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Figure 8-36:1H NMR 4.5 (600 MHz, D2O) 

 
Figure 8-37:31P {1H} NMR 4.5 (161 MHz, CDCl3) 
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Figure 8-38: 1H NMR 4.6 (600 MHz, CDCl3) 

 
Figure 8-39: 31P{1H} NMR 4.6 (161 MHz, CDCl3) 
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Figure 8-40:1H NMR 4.7 (400 MHz, D2O) 

 
Figure 8-41:31P{1H} NMR 4.7 (161 MHz, D2O) 
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Figure 8-42:13C{1H} NMR 4.7 (100 MHz, D2O) 

 
Figure 8-43: 1H NMR 4.8 (600 MHz, D2O) 
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Figure 8-44:31P{1H} NMR 4.8 (161 MHz, D2O) 

 
Figure 8-45:1H NMR 4.3-d (600 MHz, D2O) 
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Figure 8-46:1H NMR 4.4-d (600 MHz, D2O) 
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Figure 8-47: MIC value for 4.3-d and 4.4-d against E. coli and S. aureus. 

 
Figure 8-48: MIC values for 4.7 against E. coli  and S. aureus. 
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8.5 Supplementary Information for Chapter 5 

 
Figure 8-49: 1H NMR spectrum of 5.1-P (400 MHz, D2O). 

 
Figure 8-50: 1H NMR spectrum of 5.2-P (400 MHz, CDCl3). 

 

 

-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.5
ppm

9
.0
0

1
.7
5

6
.1
0

1
.5
0

1
.5
3

1
.9
2

0
.8
6
1

1
.3
3
8

1
.9
3
6

3
.5
0
1

6
.3
3
7

6
.4
6
0

6
.9
9
5

H 2
O
	

2-
pr
op

an
ol
	

2-
pr
op

an
ol
	



www.manaraa.com

 

 

 

178 

178 

 

 
Figure 8-51: 31P NMR spectrum of 5.1-P (400 MHz, D2O). 

 
Figure 8-52: 31P NMR spectrum of 5.2-P (400 MHz, D2O). 
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Figure 8-53: Thermogravimetric analysis of 5.1-P. 

 

 
Figure 8-54: Thermogravimetric analysis of 5.2-P. 
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Figure 8-55: DSC thermogram of 5.1-P. 

 

 
Figure 8-56: DSC thermogram of 5.2-P. 
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Figure 8-57: SEC trace of 5.1-P using 0.4 M tetrabutylammonium triflate in DMF as 
the eluent. 

 
Figure 8-58: SEC trace of the commercial PAA used in the network formation. A 
bimodal distribution was noted with a larger fraction having an Mn of 80 kg/mol and Ð 
= 1.05 and a smaller fraction with an Mn of 2 kg/mol and Ð = 1.62. 
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Figure 8-59: Thermogravimetric analysis of PAA≈5.1-P. 

 
Figure 8-60: DSC thermogram of PAA≈5.1-P. 
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Procedure for the calculation of phosphorus content using SEM-EDX.  

Samples of PAA>5.1-P, PAA»5.1-P, and PAA<5.1-P networks were equilibrated 

thoroughly in pure water to remove salts, and then dried overnight in a vacuum oven at 25 

°C. The resulting networks were mounted on carbon tabs and coated with 5 nm of osmium. 

SEM-EDX analysis was completed to determine carbon and phosphorus atomic %, in 

triplicate.  

For each sample, the measured atomic % of phosphorus relative to carbon could be 

converted to a carboxylate:phosphonium monomer ratio knowing that the phosphonium 

monomer contains 15 C and 1 P atom, while the carboxylate monomer contains 3 C atoms. 

For example, the expected atomic phosphorus % relative to carbon for different ratios is 

summarized in the following Table:  

Stoichiometry of 

carboxylate:phosphonium 

monomers 

Total C and P atoms in 

the given ratio of 

monomers 

Atomic % of P relative to C 

1:3 51 5.88 

1:2 35 5.71 

1:1 19 5.26 

2:1 22 4.54 

3:1 25 4.00 

4:1 28 3.57 

 

 

 

Calculation of the ratio can be performed as illustrated for PAA≈5.1-P: 

4.6	𝑎𝑡𝑜𝑚𝑖𝑐	%	𝑃 =
1	𝑃	𝑎𝑡𝑜𝑚

𝑥	𝑡𝑜𝑡𝑎𝑙	𝑎𝑡𝑜𝑚𝑠 100% 

x =
100
4.6 = 21.8	𝑡𝑜𝑡𝑎𝑙	𝑎𝑡𝑜𝑚𝑠	𝑖𝑛	𝑡ℎ𝑒	𝑟𝑎𝑡𝑖𝑜	𝑜𝑓	𝑚𝑜𝑛𝑜𝑚𝑒𝑟𝑠 

 

 

For one P atom in the ion pair, we have 16 total atoms attributable to the phosphonium 

monomer (1 P atom and 15 C atoms).  
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21.8 − 16 = 5.8	𝑎𝑡𝑜𝑚𝑠	𝑎𝑡𝑡𝑟𝑖𝑏𝑢𝑡𝑎𝑏𝑙𝑒	𝑡𝑜	𝑡ℎ𝑒	𝑐𝑎𝑟𝑏𝑜𝑥𝑦𝑙𝑎𝑡𝑒	𝑚𝑜𝑛𝑜𝑚𝑒𝑟 

5.8	𝑎𝑡𝑜𝑚𝑠
3	𝐶	𝑎𝑡𝑜𝑚𝑠	𝑝𝑒𝑟	𝑐𝑎𝑟𝑏𝑜𝑥𝑦𝑙𝑎𝑡𝑒	𝑚𝑜𝑛𝑜𝑒𝑚𝑟 = 1.9 

Therefore the ratio of carboxylate:phosphonium ions in the PAA≈5.1-P network is 1.9:1 

The same procedure was used to calculate the ionic ratios for the other networks. 

 

Determination of relative phosphorus content by 31P{1H} NMR spectroscopy 

To compare the relative concentrations of phosphorus within the networks, an internal 

standard of triethylphosphine oxide (Et3P=O) in brine was used (this solution is referred to 

as the internal standard brine solution; ISBS). The ISBS containing 0.175 M Et3P=O was 

used to swell a known amount of dried polymer in an NMR tube overnight. The residual 

Et3P=O brine solution was decanted from the NMR tube, and the mass of ISBS that had 

swelled the network was determined as the difference between the mass of the NMR tube 

containing the swelled network and the mass of the NMR tube containing the dried polymer 

network. The following assumptions were made: 

4) The different networks do not swell to the same extent, so we must determine the 

amount of ISBS within the network to determine the relative ratio of internal 

standard to the polymer network. 

5) The Et3P=O diffuses into the polymer networks in a uniform fashion, and the 

concentration of Et3P=O  remains the same within the network and in solution.  i.e. 

has come to equilibrium. 

6) The density of the brine solution containing Et3P=O is 1359 g/L (the known density 

of brine). 
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31P{1H} NMR spectroscopy was then performed with a relaxation delay of 10 seconds with 

256 scans to achieve good signal-to-noise. The integration of the peak at ~65 ppm from the 

Et3P=O in the ISBS was set to 1. The polymer network (e.g. P-Et-P) peak at 35 ppm was 

integrated relative to the Et3P=O.  

 

The resulting integrations cannot be taken directly as the relative ratio of phosphorus in the 

samples because the amount of PEt3P=O that diffuses into the network is a function of 

swellability. This relative concentration was then calculated below. The example given is for 

the PAA>P-Et-P sample: 

5) The amount of Et3P=O in the swelled network was calculated based on the mass of 

ISBS that had been incorporated:  

0.152𝑔	𝑰𝑺𝑩𝑺
1359 K

L
	𝑏𝑟𝑖𝑛𝑒

𝑥	1000
𝑚𝐿
𝐿
= 	0.112	𝑚𝐿	𝑜𝑓	𝑰𝑺𝑩𝑺	 

0.1118	𝑚𝐿	𝑜𝑓	𝑰𝑺𝑩𝑺	𝑥	0.175
𝑚𝑚𝑜𝑙
𝑚𝐿

𝑬𝒕𝟑𝑷𝑶 = 0.0195	𝑚𝑚𝑜𝑙	𝑬𝒕𝟑𝑷𝑶 

6) The relative integration of the polymer network peak at 35 ppm was then used to 

calculate the moles of phosphonium cation in the network: 

1.95𝑥10_`	𝑚𝑜𝑙	𝑬𝒕𝟑𝑷𝑶 ∗ 0.88	𝑖𝑛𝑡	𝑜𝑓	𝑷 − 𝑬𝒕 − 𝑷 ∗ 235.32
𝑔
𝑚𝑜𝑙

	𝑬𝒕 − 𝑷	𝒖𝒏𝒊𝒕	

= 0.00405	𝑔	𝑬𝒕 − 𝑷	

7) This represents the mass of a phosphonium monomer Et-P, and therefore can be used 

to calculate the mass percent of P-Et-P in the sample: 

0.00405	𝑔	𝑬𝒕 − 𝑷
0.103	𝑔	𝑜𝑓	𝑷𝑨𝑨 > 𝑷 − 𝑬𝒕 − 𝑷

∗ 100 = 3.9% 

8) This was completed for PAA≈P-Et-P and PAA<P-Et-P using the same steps 

resulting in the monomer weight percent as follows: 
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PAA>P-Et-P 3.9%   PAA≈P-Et-P 6.2%   PAA<P-

Et-P 8.3% 

Note that although the trend of increasing phosphonium polymer content is the same as that 

measured in the SEM-EDX study, the actual numbers are different as the networks did not 

dissolve and the different networks swelled to different extents.  

 

Figure 8-61: 31P NMR spectra (saturated NaCl in D2O, 400 MHz) PAA>5.1-P, 
PAA=5.1-P, and PAA<5.1-P with 0.174 M triethylphosphine oxide as an internal 
standard (65 ppm). 
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Figure 8-62: Triplicate tensile testing runs for a) PAA>5.1-P (black) b) PAA=5.1-P 
(blue), and c) PAA<5.1-P (red) at a strain rate of 500 mm/min. 

 
Figure 8-63: Self-healing of PAA=5.1-P and PAA<5.1-P following puncture with an 18 
gauge needle to produce a 0.5 mm diameter hole. 
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8.6 Supplementary Information for Chapter 6 
 

 

 
Figure 8-64: SS-31P{1H} NMR spectrum (161.71 MHz) of 6.2 acquired with a standard 
one pulse sequence. The signal a d = –32 corresponds to tertiary phosphine sites, the 
broad signals at d = ca. 50 are consistent with phosphine oxide sites. 
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Figure 8-65: SS-31P{1H} NMR spectrum (161.71 MHz) of 6.2-Ru acquired with a 
standard one pulse sequence. The signal a d = –32 corresponds to tertiary phosphine 
sites, the broad signals at d = ca. 50 are consistent with phosphine oxide sites. 

 
Figure 8-66: SS-31P{1H} NMR spectrum (161.71 MHz) of 6.2-Ru acquired with a cross 
polarization pulse sequence. The signal at d = –32 corresponds to tertiary phosphine 
sites, the broad signals at d = ca. 50 are consistent with phosphine oxide sites. The 
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broad signals in the range of 0–40 ppm are consistent with Ru-phosphine adduct 
formation. 

 
Figure 8-67: Solid state 31P{1H} NMR (161 MHz) of crude reaction mixture directly 
from autoclave of 6.7. Peaks d = -138.5 correspond to 1° phosphine; d = -68.7 
corresponds to 2° phosphine; d = -28.0 corresponds to 3° phosphine. 
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Figure 8-68: Solid state 31P{1H} NMR (161.71 MHz) of 6.7 after post polymerization 
reaction to push the polymer network to majority 3° phosphines. d = -32 corresponds to 
3° phosphines; d = -70 corresponds to 2° phosphines.  

 

 
Figure 8-69: SS 31P{1H} NMR (161 MHz) of 6.8 with a d = -30.7 corresponding to 3° 
phosphines.  
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Figure 8-70: DSC thermograms for 6.7 (Tg = -65 °C) and 6.8 (no Tg).  

 

8.6.1 References 
1) Guterman, R.; Rabiee Kenaree, A.; Gilroy, J.B.; Gillies, E.R.; Ragogna, P.J. Chem. 

Mater., 2015, 27, 1412-1419. 
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