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ABSTRACT

The attachment and proliferation of antibiotic resistant, biofilm-forming bacteria to oft-
handled material surfaces has emerged as a growing concern, particularly in the biomedical,
healthcare and food packaging industries. The development of both biocide-releasing and tethered,
immobilized biocide surface coatings has risen to meet this demand. While these surface coatings
have demonstrated excellent antimicrobial efficacy, there are few examples of antimicrobial
surfaces with long-term durability and efficacy. To that end, UV-curable phosphoniums bearing
benzophenone anchors were synthesized with a variety of alkyl, aryl, and fluoroalkyl functional
groups at phosphorus to probe their efficacy as thermally stable antimicrobial additives in plastics
or as surface coatings. The surface topology and characteristics of these materials were studied to
gain insight into the mechanism of antimicrobial activity of these materials. Additionally, general
design principals for tailoring phosphoniums to function as both additives during injection molding
processes and as UV-curable coatings are described, and evaluation against both Gram-negative
and Gram-positive bacteria in both applications were carried out. Crucially, polypropylene (PP)
materials containing phosphonium with a perfluoroalkyl substituent maintained the ability to kill
biofilm-forming bacteria even after being subject to abrasion processes, demonstrating the

potential to serve as a long-term antimicrobial material.
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1 INTRODUCTION
1.1  Microbial Threats

The attachment and proliferation of antibiotic resistant, biofilm-forming bacteria to oft-
handled material surfaces has resulted in increased occurrence of healthcare-associated infections
(HCAIs), placing a heavy burden on our healthcare system.X Patients with HCAIs incur longer
hospital stays, and result in costs to the healthcare system estimated at $10 billion USD per annum
in the United States alone.® The incidence of these HCAIs and their associated costs have risen in
part due to the emergence of antibiotic resistant bacterial strains, brought on by the over-
prescription of antibiotics and overuse of common disinfectants at sub-lethal concentrations.® In
response to sub-inhibitory doses of antibiotics, both Gram-negative and Gram-positive bacteria
can produce biofilms (Figure 1): these multi-microbial colonies existing in a matrix of
exopolysaccharide (EPS) help foster antibiotic resistance. When compared to planktonic cells,
biofilm-ensconced bacteria are 100 to 1000 times less susceptible to antibiotics.” ! Within the
biofilm, bacteria have shown remarkable persistence when challenged with antibiotics. This may

be due to poor penetration of the active agent, adaptive stress responses expressed by some cells,

Introduction of secondary
@Adh@g:om by a colonizers and growth of
the biofilm community.
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Figure 1.1 General representation of biofilm growth and maturation on a material surface.
Biofilm formation is illustrated by (A) initial adhesion by primary colonizing cells, (B) cell
division, (C) subsequent secretion of EPS matrix, and (D) maturation of the biofilm with inclusion
of secondary microbial species. Upon maturation, portions of the biofilm can detach and colonize
other surface area (Adapted from ref.!4).



and accelerated horizontal gene transfer of resistant genes.'>** The resistance to conventional
antibiotics and antibacterial agents afforded to microbial threats by biofilms has necessitated a new

approach to combat HCAlIs.
1.2 Antimicrobial Solutions

A drug discovery void in the development of conventional antibiotics to combat
antimicrobial resistance has led researchers to seek out alternative approaches. Coating touch-
surfaces with an effective antimicrobial agent has emerged as an attractive solution to deterring
biofilm formation and thus the proliferation of antibiotic resistant bacteria (Figure 1.1).1>° This
approach has largely focused on deterring microbial attachment, thus preventing biofilm formation
(Figure 1.1A). The application of antimicrobial coatings to surfaces, including metals, textiles, and
plastics has become ubiquitous as a research approach due to ease of application, lower costs, and
antibacterial efficacy,?®2! although the long term efficacy and real-world applicability of these
coatings has proven challenging. Antimicrobial surface coatings function as either antifouling or

bactericidal agents. Antifouling agents are non-lethal and repel microbes through ionic or

[ Antibiofouling Surfaces (repelling) Bactericidal Surfaces (killing) l
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Figure 1.2 Antimicrobial modes of action. Illustrated examples of antimicrobial surfaces and
various mechanisms of antimicrobial activity (adapted from ref.18).



hydrophobic forces that reduce microbial ability to adhere and proliferate on surfaces (Figure
1.2A-C). Bactericidal surfaces kill microbes either by releasing a biocide that interferes with the
microbe’s metabolism upon intake (Figure 1.2D), or via a surface-mediated disruption of the
microbial membrane (Figure 1.2E).%2 Earlier iterations of antimicrobial surfaces used the biocide-
release mechanism to deter biofilm formation, but these techniques were proven to be short-term
solutions that can cause cumulative toxicity and encourage microbial resistance.?*?* Inorganic
nanoparticles have been employed commercially in fabrics as effective antimicrobial agents,
although their frequent use has raised concern about bioaccumulation and toxicity in aquatic
environments.?>’ The quaternary ammonium compound (QAC), a class of chemicals containing

cationic nitrogen, has proven to be an effective antimicrobial, and some of the simplest derivatives
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Figure 1.3 Literature and commercial examples of quaternary ammonium compounds.
Compounds include (A) the trimethoxysilane QAC (SiQAC),*® (B) a UV-curable small molecule
with a C18 chain,'” (C) cellulose polymer functionalized with flexible oligomeric spacer,3 (D) a
random acrylate-based copolymer with varying degrees of quaternization,® (E) benzalkonium
chloride (BAC), commonly used in household and industrial disinfectants, and (F) a imidazolium
oligomer with reported activity against antibiotic resistant bacterial strains in solution.



have seen widespread use as the active component in disinfectant solutions (Figure 1.3).28 This
motif has been extended into polymeric QACs (polyQACSs) (Figure 1.3B,C), which have been
thoroughly researched and highlighted in recent reviews.?®3 QACs in their small molecule and
macromolecular form have been among the most promising class of antimicrobials, as they have
shown broad spectrum antimicrobial activity against challenging, antibiotic resistant and biofilm-

forming strains.t"3:-3%
1.2.1  Surface-Immobilized Antimicrobials

The development of ammonium-based antimicrobials as surface-immobilized coatings has been
crucial to the advancement of antimicrobial surfaces. In the late 1960s, the Dow Corning
corporation discovered a trimethoxysilane-based QAC originally designed for control of algal
growth had also demonstrated impressive antibacterial effects. Studies on their activity and binding
to glass and cellulose through a sol-gel condensation method were published in 1972.%¢ This initial
report established a new paradigm in antibiofilm technologies and chemistries, as most current
research efforts to combat the spread of biofilms and antibiotic resistant bacteria involve either
using well-defined attachment chemistries to tether novel biocides to surfaces, or developing novel
surface attachment chemistries for proven antimicrobials. In some cases, it has been demonstrated
that a surface with a strong affinity for the active antimicrobial can facilitate physisorption of the
compound though favourable electrostatic or hydrophobic forces. Park et al. showed hydrophobic
polycations could be physically deposited onto a similarly hydrophobic polyethylene surface and
retain antimicrobial properties without leaching.>” Covalent attachment (chemisorption) to a
surface has less substrate-specificity, and as such it is required for many antimicrobial-surface
motifs to ensure surface confinement and non-leaching.®® QACs can be immobilized to surfaces

either as small, monolayer-forming molecules, or as polymers.



1.2.1.1 “Grafting To” and “Grafting From” Material Surfaces

Graft polymerization is used to functionalize both surfaces and the polymers themselves
for antimicrobial application. This approach includes “grafting from,” where initiating sites on the
substrates polymerize the monomer,® and the “grafting to” approach, where pre-prepared polymer
chains react with the substrate surface.*’ The “grafting from” approach uses initiating sites on the
material surface. The most widely used “grafting from” techniques involve in situ controlled

radical polymerization (CRP), namely surface-initiated atom transfer radical polymerization

Pre-synthesized
® I
polymer
e o Polymer brush

Monomer
® OF Reactive
. ® Reactive
@ end-group
Initiator surface group

Reactive layer
Substrate

“Grafting-from” “Grafting-to”

Figure 1.4. Grafting methodologies. Schematic rendering of the grafting-from approach (left),
where monomers are grown from initiation sites at the surface, and the grafting-to approach (right),
where pre-synthesized polymers are attached via reaction of an end group with reactive surface
groups (adapted from ref.*%).

(ATRP), and reversible addition-fragmentation chain transfer (RAFT). These techniques are two-
step processes, generally involving the attachment of an ATRP or RAFT initiator to the surface
followed by addition of the monomer, resulting in growth of a so-called polymer brush (Figure
1.4).*! “Grafting to” surfaces is a powerful method as it allows for a more robust range of
attachment chemistries: reactive end groups can be tailored to their targeted substrate, and installed
as groups on telechelic polymers through facile synthetic methodologies. While this approach is
especially effective for monolayers, steric hinderance can lead to lower grafting densities when
extended to polymer brushes.*> Matyjaszewski et al. reported the synthesis of a block copolymer

comprised of a poly 2-(dimethylamino)ethyl methacrylate (polyDMAEMA) block, and a poly(3-



(trimethoxysilyl)propyl methacrylate) (polyTMSPMA) anchoring block.*® The block copolymers
were grafted to glass slides using the sol-gel method (Figure 1.5A). The polymer coating was then
quaternized post-graft with ethyl bromide to yield the QAC functionality. The coated surfaces had
predictably lower charge densities and thus lower antimicrobial activity when compared to
surfaces prepared using the same polymer via a “grafting from” method. However, after
controlling for the density of QAC produced via the “grafting to” and “grafting from” methods,
surfaces produced by the “grafting to” method actually showed enhanced biocidal activity,
suggesting the local density of biocidal centres plays a role in antimicrobial activity.** A two-step

“grafting to” method was reported by Su and coworkers, where reactive surface groups are
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Figure 1.5. “Grafting to” surfaces. Examples of antimicrobials grafting onto (A) glass slides
using a sol-gel method,*® (B) silicone rubber after plasma pre-treatment and autoclaving,* and (C)
plastics after UV curing.!’
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generated via plasma treatment of the silicone surface (Figure 1.5B).* The silicone substrates were
then dip-coated in a solution containing an allyl-terminated polyethylene glycol-
polyhexamethylene guanidine (APEG-PHMG) block copolymer, and the pieces were autoclaved
to facilitate reaction of the surface with the olefinic moieties on the polymer.** The Foucher group
and the Locklin groups have both independently reported benzophenone-containing small
molecule QACs that could be grafted to several plastic substrates via a UV-curing step.t”® Upon
irradiation of UV light, an electron from the carbonyl group in benzophenone subunit undergoes a
n-m* transition to form a biradical triplet state. The electron deficient oxygen abstracts hydrogen
from the substrate, forming a surface radical that recombines with the carbon radical on the
benzophenone to form a covalent C-C bond (Figure 1.5C).%® This attachment strategy is widely
applicable in industry due to the straightforward nature of the UV-curing step. The surfaces
prepared by Porosa and coworkers were measured by Atomic Force Microscopy (AFM) to have a
thickness of ca. 366 + 144 nm, corresponding to ~80 molecules in height and substantial surface
roughness.!” These surfaces were bactericidal against Pseudomonas aeruginosa (PAO1), Listeria

monocytogenes (Scott A), and Arthrobacter sp. (1AI-3).

1.3 Antimicrobial Additives for Materials

While a dominant commercial strategy in the 20" century, using antimicrobial additives in
materials to fabricate antifouling and bactericidal materials has been largely eschewed in favour
of applying surface coatings due to environmental concerns.*” On the other hand, the application
of antimicrobials as additives remains a powerful approach as costs can be lower in comparison to
some expensive surface modification techniques. Biocides well dispersed throughout a substrate

can give rise to materials that can retain antimicrobial properties despite weathering and abrasion.*®



The development of legitimately robust, yet effective antimicrobial coatings has not yet been
realized commercially. To capitalize on these benefits, there has been recent interest in the
development of safer biocidal additives, in particular non-leaching additives that are still
immobilized to the material matrix, with the potential to maintain long-term efficacy. Harney and
coworkers incorporated QACs containing various ratios of oxyethylene and n-alkyl chain length
into polyurethane materials, and found that longer n-alkyl chains led to increased migration of the
QAC to the polyurethane-air interface, as well as enhanced antimicrobial activity against Gram-
negative and Gram-positive species (Figure 1.6A).*® No evidence of leaching from the

polyurethane films was found after 7 d submerged in aqueous solution.
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Figure 1.6. Non-leaching additives. Antimicrobials employed as non-leaching additives in
plastics and resins, including (A) a small molecule, self surface enriching QAC for polyurethane
films,*® (B) carboxylic acid functionalized oxidized polyaniline polymers compression molded
into styrenic films,* and (C) a dendritic polymer with antimicrobial anisole functionalities used
as an additive in cellulose films.>°

Recently, Robertson and coworkers reported antimicrobial compression molded styrene
ethylene butylene styrene (SEBS) films with 3 % (w/w) loadings of a carboxylic acid

functionalized oxidized polyaniline (fPANI) (Figure 1.6B). These surfaces were able to reduce the



number of viable Escherichia coli (E. coli) by ca. log 2 colony forming units (CFUs), however,
under the same conditions reduction of Staphylococcus aureus (S. aureus) was not achieved.*®
Efforts by Arza et al. to prepare a non-leaching antimicrobial additive led to the design of a
hyperbranched dendrimer with anisole moieties (Figure 1.6C).>° When added to cellulose film, the
dendrimers exhibited inhibition of several Gram-positive strains, and were more active against
Gram-negative strains. UV-Vis analysis did not find any leaching of the dendrimer into aqueous

solutions after 5 days.>
1.4 Mechanism of Antimicrobial Action

The mechanism of antimicrobial activity of cationic antimicrobials has been studied
extensively, as the elucidation of the mode of action could lead to more focused and effective
efforts in combatting antibiotic resistant bacteria. In solution, factors such as alkyl chain length,
molecular weight, and number of positive charges all play a role in determining the effectiveness
of cationic antimicrobials.>* Solution-based cationic antimicrobials kill bacteria by destroying the
bacterial cell walls and membranes via a two-step mechanism: cationics are attracted to the net-
negatively charged membrane and diffuse to the inner cellular membrane, where they form ion
pairs with the negatively charged phospholipids.®>? Once installed in the cell membrane, the
nonpolar region of the antimicrobial begins to denature membrane proteins and as the
antimicrobials attached to the membrane begin to reach a critical concentration, the cell begins to
lose function and the ability to repair membrane damage.>® The membrane concentration of
cationic compound increases to the point where the phospholipids contained in the membrane are
solubilized by the amphiphilic antimicrobial, and begin to leave as vesicles, irreversibly destroying
the cell.®® This mechanism has been well studied, and as such there have been reports detailing the

manner in which bacteria can acquire resistance to solution-based cationic surfactant-type



molecules.>*® The mechanism of action for surface immobilized cationic antimicrobials has also
been well studied, although a unified model of Kkilling has not been established, and the precise
nature of antimicrobial activity by tethered cationics is still debated in the literature. There are two

dominant theories: the “polymeric spacer effect” and the “phospholipid sponge effect.”
1.41  The Polymeric Spacer Effect

The polymeric spacer effect, first put forth by Klibanov in 2001, represents the first attempt
to describe the killing action of antimicrobial surfaces (Figure 1.7A).%® N-alkylated poly(4-
vinylpyridine) (PVP) was grafted onto glass slides, and the surfaces were tested against S. aureus
and PAO1. Polymers with n-hexyl chains were the most effective when challenged with the
bacteria (Figure 1.7B), and the authors proposed that the alkyl chains decorating the

vinylpyridinium polymer were responsible for balancing the hydrophobic-hydrophilic interactions
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Figure 1.7. Evidence for the polymeric spacer effect. (A) depiction of the polymeric spacer
effect, and (B) evidence of a requirement for alkyl chain length (adapted from refs.18),

between the QAC and the membrane, facilitating polymer chain insertion.®® Crucially, it was
observed that molecular weight (M) corresponded to activity against bacteria species: 60 kDa
PVP grafts killed 62 + 8% of bacteria inoculated on surface, while the larger Mn =160 kDa polymer

gave reductions up to 97%. Interestingly, when the polymeric QACs were in solution, they did
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not display any efficacy against the bacterial species, suggesting a mode of action unique to the

surface-bound antimicrobials.
1.4.2  The Phospholipid Sponge Effect

While the polymer spacer effect describes the action of long cationic polymer brushes
against bacteria, there are several examples of surfaces with other structural motifs that kill bacteria
upon contact.®” In 2011, Li et al. described the synthesis of a hydrogel comprised of a QAC-
chitosan-graft-PEG methacrylate. It was reported that larger pore sizes and higher degrees of
quaternization (i.e. higher surface charge) led to better antimicrobial activity.®® To rationalize this
phenomenon, Bieser and Tiller proposed in 2011 that strong electrostatic interactions between the
positively charged substrate and the anionic phospholipid were responsible for the observed

activity of these highly charged “porous” surfaces (Figure 1.8A).%°

Bacterial cell membranes contain polar groups with functionalities that are either
zwitterionic, as is the case with phosphatidylcholine, or negatively charged, such as
phosphatidylglycerol and phosphatidyserine.?® The phospholipid sponge effect mechanism
suggests strong electrostatic interactions between the positively charged substrate and the anionic
phospholipid results in a diffusion of the phospholipid components of the cell membrane to the
polycationic polymeric surface.®® In the report describing the membrane-suctioning hydrogel, Li
and coworkers reported computer simulations showing on a nanosecond timescale the diffusion of
these lipopolysaccharides (LPS) into a sufficiently porous and charged membrane (Figure 1.8B).%
Additional evidence for this mechanism was provided by Busscher et al., when the interaction
between Staphylococcus epidermis (S. epidermis) and a hyperbranched polyurea-polyethylene
imine (PU-PEI) coating on glass was measured by AFM to have adhesive forces of approximately

100 nN, a 100-fold increase over control surfaces.’? Recently, Gao and coworkers provided
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Figure 1.8. The phospholipid sponge effect. (A) A schematic of the phospholipid sponge effect
in action. Negatively charged phospholipids are drawn to the highly cationic surface, creating
holes and facilitating leakage of cell components. (B) Computer simulation of LPS leaving the
cell membrane as molecular aggregates (reproduced with permission from refs.%861),

evidence for this mechanism, with grafted UV-curable benzophenone-containing PEI and PVP
polymers to plastic substrates.®® Crosslinking density of the coatings was controlled by UV-curing
time, with longer cure times producing more densely crosslinked coatings. The more “loosely”
crosslinked coatings were significantly more active against S. aureus and E. coli., adhering to the
basic proposed tenets of the lipid sponge effect: larger pore size is required for the “suctioning” of

phospholipids from the cell membrane, and to allow a higher density of “accessible” charge.*%

1.5 Phosphonium-Containing Antimicrobials
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Figure 1.9. Phosphonium-containing polymers. Select examples of phosphoniums reported by
Kanazawa et al. include (A) styrenic polymers with pendant trialkyl phosphonium groups,®® (B)
polymers with phosphonium in the polymer backbone,” (C) polyester-based materials that release
phosphonium counterions as biocides,’? and (D) trimethoxysilane functionalized phosphoniums
that can bind to cellulose fibres.”

Most research efforts have involved the development of QACs as either solution-based

disinfectants or surface-immobilized coatings, while less attention has been paid to their
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phosphorous-containing congeners, the quaternary phosphonium compound (QPC). These
materials contain formally positively charged phosphorus atoms, which have been reported to have
greater thermal stability,®* low cytotoxicity,% and excellent antimicrobial selectivity.%® The dearth
in literature examples of phosphonium antimicrobials is likely due to challenges associated with
their synthesis, especially relative to the commercially available and air stable tertiary amine
precursors used in QACs. Precursors to QPCs are typically air sensitive, electron-rich phosphine
species,®” and due to their reactivity, wide libraries of precursors to phosphoniums are either
prohibitively expensive, or not readily available. Despite these challenges, the promise and novelty
of these phosphonium-containing antimicrobials has led to some significant breakthroughs in the
field of antimicrobial and polymer chemistry. Kanazawa and coworkers presented the first
examples of phosphonium-containing polymers for use as antimicrobials in a series of reports
(Figure 1.9),%"* demonstrating the wide breadth of applicability and versatility of these groups.
Styrenic polymers with pendant n-trioctyl phosphonium groups were tested against E. coli and S.

aureus were bactericidal in solution at low concentrations (10 pg/mL) after just 30 min.%

The first example of a surface immobilized phosphonium antimicrobial was reported in
1982 by Speier and Malek while working at Dow Corning.” Along with several QAC-type
compounds, a triphenyl(3-(trimethoxysilyl)propyl)phosphonium iodide was drop cast from water
onto cellulosic substrates, and showed full reductions of viable E. coli and S. aureus cells. In 2002,
Kenawy reported a poly(glycidyl methacrylate-co-2-hydroxyethyl methacrylate) random
copolymer that was functionalized with tributyl- and triphenylphosphonium reagents (Figure
1.10A).7® The phosphonium-containing copolymers were not immobilized to any substrate, but
rather deposited as powders on nutrient agar and inoculated with bacteria. This does not

approximate a surface-immobilized biocide but represents a departure from some solution-based
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tests. When tested against both Gram-positive and Gram-negative species, it was found that the
tributylphosphonium-containing polymer outperformed both the triphenyl derivative and the
ammonium-containing analogue, positioning these trialkyl phosphonium functionalities as

powerful antimicrobial agents.’®

Seddon and coworkers synthesized several variants of phosphorus-based ionic liquids
(ILs), salts that exist as liquids at room temperature (Figure 1.10B).”” The phosphonium-ILs (PILs)
consisted of a quaternary phosphonium group, three n-hexyl alkyl substituents, and an alkyl group
of varied length. The anion of the PILs were also varied along with the alkyl chain length. These
were challenged with a tube dilution test (a solution-based antimicrobial test method’®), and PILs
of each alkyl chain length demonstrated excellent antimicrobial efficacy. While counterion effects
were not observed for nitrogen-based imidazolium ILs,”® the counterion showed an effect on
bactericidal, as well as electrostatic activity of the PIL. In the case of [(CeH13)sP*(C14H29)][PF6]
derivative there was a complete lack of antimicrobial activity against either Gram-positive or

Gram-negative strains. Furthermore, in the case of imidazolium based ILs, shorter chain
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Phosphonium-functionalized  Phosphonium-based ionic Polymerizable fluoroalkyl
methacrylate copolymer liquid (PIL) antimicrobials Fluorinated PlLs phosphoniums
Kenawy et al., J. Polym. Sei. Seddon et al., Green Tindale & Ragogna, Guterman et al.,J. Polym. Sci.
Part A Polym. Chem. 2002 Chem. 2005 Chem. Commun. 2009 Part A Polym. Chem. 2013
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Figure 1.10. Phosphonium polyelectrolytes and ionic liquids. Developments in phosphonium-
based molecules since initial the Kanazawa reports include (A) an antimicrobial phosphonium
functionalized methacrylate copolymer,’® (B) the first report of antimicrobial phosphonium-based
ionic liquids (P1Ls),”” (C) highly fluorinated PILs,?° and (D) fluorinated PILs with polymerizable
functionality.®*

14



substituents (n < 5) were unable to kill bacteria and fungi, highlighting another key difference
between ammonium and phosphoniums in solution, where the shorter chain PILs were

bactericidal.”""®

Work carried out by Tindale and Ragogna introduced several fluorinated PILs (Figure
1.10C) derived from the simplest phosphine, phosphine gas (PH3).2° These salts were developed
to act as media for superhydrophobic and antibiofouling surfaces. The Ragogna group further
advanced this principle in 2013 with the development of fluorinated PILs with photopolymerizable
groups (Figure 1.10D) and cast polymeric films with excellent thermal stability from these

monomers.%* The antimicrobial activity of these films were not tested.

In 2015, Ragogna and Gillies reported a series of acrylate-based non-adhering UV-curable
coatings where the phosphonium was a component in a photocurable resin (Figure 1.11A).8! A
liquid phosphonium with an acrylate substituent was deposited on a silicon wafer along with two

other liquid components: a crosslinking agent (tricyclodecanedimethanol diacrylate), and an
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UV Irradiation

UV-cured 4
SIPN

Figure 1.11. UV-cured polyphosphonium networks. The network was comprised of: (A) a
phosphonium acrylate monomer, a crosslinker, and an initiator, and was UV cured to a silicon
wafer. When a LIVE/DEAD™ assay was performed, (B) a control surface showed no significant
kill, while (C) the coated surface showed no bacterial adhesion to the surface (Adapted from ref.81)
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initiator (2-hydroxy-2-methyl-1-phenylpropanone) (Figure 1.11A). After UV-curing under an
atmosphere of nitrogen (N2), the resins were cured into networks and their antibacterial efficacy
challenged by depositing ca. 107 colony forming units/cm? (CFUs cm™) of S. aureus and E. coli
on the cured networks, and assessing their efficacy using a LIVE/DEAD™ assay. If bacteria are
dead, the propidium iodide component in the LIVE/DEAD™ stain will permeate the destroyed
membranes and fluoresce red under a fluorescence microscope, while live cells will uptake the dye
SYTO 9, which fluoresces green.®* The control surface (Figure 1.11B) showed live bacteria and
no significant reduction viable cells, while the surfaces with the polyphosphonium network cured
under N2 showed no adhered bacteria, demonstrating phosphoniums networks could be effective
antimicrobials. It should be noted that the LIVE/DEAD ™ assay is not a quantitative method, which

is typically required for robust testing of antimicrobial properties.

Ragogna and Gillies extended the concept of non-adhered coatings to styrenic
phosphonium-containing polymers at various molecular weights.®® Polyphosphoniums were
synthesized through reversible addition-fragmentation chain-transfer (RAFT) polymerization,
yielding polyphosphoniums of various molecular weights. These trialkyl groups at the
phosphonium were also varied, with ethyl, n-butyl, and n-octy!l derivatives all synthesized (Figure

1.12). The polyphosphoniums were then mixed with a tetraethylene glycol diacrylate (TEGDA)
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R=Et, n-Bu,n-Oct  Z = CyHg, C1oH25

Figure 1.12. Semi-interpenetrating polymer networks. A semi-interpenetrating polymer
network (SIPN) consisting of crosslinked TEGDA networks and a phosphonium-containing
styrenic polymer prepared by Cuthbert and coworkers.®
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crosslinker, and a photoinitiator, 2,2-dimethoxy-2-phenylacetophenone (DMPA, Amax = 325 nm),
and cast as films using either methanol (MeOH) or N,N-dimethylformamide (DMF). Once cast,
the films were irradiated with UV light to form semi-interpenetrating polymer networks (SIPNs)
(Figure 1.12). It was hypothesized that the polyphosphonium network was either physically
entwined with the TEGDA network, or that UV-initiated fragmentation of the terminal RAFT
agent could result in covalent linkage to the TEGDA monomers and thus the resulting polymers.®®
There was no observable phase separation of the polyphosphonium from the TEGDA network.
The SIPNs were ground into powders and tested against Gram-negative (E. coli) and Gram-
positive (S. aureus) bacteria in solution, and with one exception, the networks inhibited >90% of
bacterial growth. Networks comprised of the polymer (M, = 40 kDa) containing tri(n-octyl)
phosphonium groups were not bactericidal; this was attributed to charge burial of the

antimicrobially active phosphonium within the network.®®

Recently, Ragogna and Gillies demonstrated surprising antibacterial activity from

trishydroxypropyl-polyphosphoniums, which were more active than trialkyl-polyphosphoniums

s
HOOC>| : : : HOOC>| : : : HooC n :
OH OH
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CeH1a™ c.H,, Ca”ﬁ HO\/\/@ HO\/\/®
‘ HO HO
(A) (B) (©) (D)

@ = mannose sugar

Figure 1.13. Phosphoniums tested for selectivity against bacteria. Phosphoniums examined for
antimicrobial efficacy and hemolytic potential include (A) the tri(n-hexyl)phosphonium polymer,
(B) a mannose sugar functionalized phosphonium polymer, (C) a tris(hydroxypropyl)-
phosphonium containing polymer, and (D) the tris(3-hydroxypropyl)(4-vinylbenzyl)phosphonium
chloride monomer.%
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and a sugar-functionalized polyphosphonium synthesized in the same report. (Figure 1.13A).%
Crucially, the hydroxyl polyphosphoniums exhibited the greatest selectivity for bacteria over red
blood cells, with very low toxicity compared to other antibacterials. When the tris(3-
hydroxypropyl)(4-vinylbenzyl)phosphonium chloride (Figure 1.13D) monomer was subjected to
the same bacterial and hemolysis assays, the opposite behaviour was observed: the monomer was
hemolytic and had low activity against the bacteria. This suggests the polymeric form was crucial
for the observed selectivity.®® Despite these advances in polyphosphonium coatings, there is a
scarcity of tethered, robust phosphonium coatings represented in the literature. Abrasion
resistance, coating hardness, and chemical resistance testing is yet unknown for phosphonium

systems.

1.6 Chemistry of Quaternary Phosphonium Groups

One likely reason phosphonium-based antimicrobials are less prevalent than their
ammonium-based counterparts is the relative stability of intermediates and precursors to the stable
phosphonium products. Phosphine gas, PH3, is a flammable and highly toxic reagent that can ignite
spontaneously at 150 °C and decomposes in air to give phosphoric acid.®? Despite this, it has the
potential to be an incredibly useful synthon for the production of primary, secondary, and tertiary
phosphines.5* Tertiary phosphines, the immediate precursors to phosphonium salts, are typically
sensitive to oxidation in ambient conditions and require handling in inert atmospheres, or
alternative preparatory procedures.®? Compounding this, most precursors to tertiary phosphines
are even more susceptible to oxidation.®” There has been significant interest in the development of
facile synthetic routes to tertiary phosphines as a result of their usefulness in coordination

chemistry and catalysis,®% as well as emerging interest in their use in materials science.®” In
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accordance with the scope of this thesis, only synthesis involving the formation of carbon-

phosphorus (C-P) bonds will be discussed herein.
1.6.1  Synthesis of Tertiary Phosphine Precursors

The formation of C(sp®)-P bonds is well established, and one of the simplest routes involves
the reaction of organometallic synthons such as Grignard reagents or alkyllithiums with
halophosphines (Scheme 1.1A).2° This transformation involves stoichiometric amounts of the
organometallic reagent for the preparation of trialkylphosphines.®® While seemingly

straightforward, the use of these reagents has limitations: the formation of a carbanion precludes

3(RMgBr)
(A) PCl;, ———> PR,
- 3MgBrClI
2('Pr,NH) ‘ ArMgBr _ 2HCI
(8) PCl; —————» CI-P(N(Pr,), ——— Ar-P(N(Pr,), ——— Ar-PCl,
- N(Pr,)Cl, - MgBrc| - 2(HN('Pry)Cl)

R = alkyl, Ar=aryl
Scheme 1.1 Grignard reagents in the preparation of P-C bonds. Schematic for the preparation
of (A) trialkylphosphines from phosphorus(l11) chloride (PCls) using a Grignard reagent, and (B)
triarylphosphines from PClz using Grignard reagents and diisopropylamino protecting groups to
direct the metalating reagent.®®

the use of Grignard or alkyllithium reagents for phosphine substrates with electrophilic functional
groups (i.e. carboxylic acids).®+% Moreover, in the case of bulkier arylphosphines, a
straightforward stoichiometric reaction of the Grignard does not efficiently yield the
triarylphosphine, and a stepwise, synthetic route with poor atom-economy involving protection
with bulky amines and deprotection with hydrochloric acid (HCI) must be employed (Scheme

1_18).89,93—95
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Another, more atom-economical method of C-P bond formation is the hydrophosphination
reaction. Hydrophosphination involves the reaction of a phosphorus-hydrogen (P-H) bond and a
carbon-carbon (C-C) double bond (Scheme 1.2).°6 A versatile reaction with broad scope of
applicability, hydrophosphination can proceed under thermal conditions (Scheme 1.2B),%"% by
base catalysis (Scheme 1.2B),%° acid catalysis (Scheme 1.2C),'® and by radical initiation (Scheme
1.2D)*! typically give anti-Markovnikov products. In 2012, Alonso and coworkers reported an
example of solvent and catalyst-free hydrophosphination of several olefins with
diphenylphosphine.?? Crucially, although the reaction proceeded quickly with heating (1 h, 70
°C), the authors found the hydrophosphination was facile at room temperature after 7 h. Alsono et
al. proposed in a subsequent report'% that the mechanism for this transformation was not a radical

pathway after addition of common radical traps (cumene, TEMPO) did not inhibit reactivity, and

“ @ \© xja;\so\nc g_\_N ® @ \© x;:;\'c g_\—:“

Mann and Millar, J. Chem. Soc. 1952

. >= H (>_) H PNF
(C) 3equivPH, —————» + A (D) >r \|< J— )4

MeSO;H, 60 °C AIBN, 80 °C 7& -

Hoff and Hill, J. Org. Chem. 1961 Rauhut et al., J. Org. Chem. 1961 k

Rauhut et al., J. Am. Chem. Soc. 1959

Scheme 1.2. Early advances in hydrophosphination. The initial reports of P-H addition to
olefins include (A) thermally initiated hydrophosphination of diphenylphosphine and
acrylonitrile,%” (B) base-catalyzed hydrophosphination of diphenylphosphine and acrylonitrile in
the presence of KOH, (C) acid-catalyzed hydrophosphination of phosphine gas and isobutene in
the presence of methanesulfonic acid, and (D) the radical initiation of di-tertbutylphosphine and
1,3-butadiene in the presence of azobisisobutyronitrile (AIBN).

products derived from the radical traps were not observed. A concerted hydrophosphination
mechanism where the P-H bond is added to the alkene through a four-membered ring intermediate
was also excluded as the observed solvent-free hydrophosphination gave anti products and

hydroboration gives the syn isomer.!® The authors proposed an ionic pathway involving two
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different phosphine molecules, citing known examples of phosphines acting as nucleophilic

catalysts in alkene additions. %

The Ragogna group has also developed facile synthesis of tertiary phosphines in service of
developing phosphonium materials. Starting from PHgs, fluoroalkyl phosphines were synthesized
using AIBN as a radical initiator for the hydrophosphination (Scheme 1.3).%* This result provided

a simple route to expanding the library of tertiary phosphines available for phosphonium synthesis.

c®  cF,
Cl C,F
~ ¢ 9\/\&)/(
3 equiv & C F, C,F 74
H; . e ~TC4Fs » \/\Can
AIBN, 70°C,5h DMF, 120°C,3 h
80 psi C.F,
=

Scheme 1.3. Hydrophosphination of fluoroalkenes. Phosphine gas is reacted with stoichiometric
fluoroalkene to yield the trisubstituted tertiary fluoroalkyl phosphine. This can be further reacted
with 4-vinylbenzyl chloride to yield the phosphonium salt.®*

1.6.2  Synthesis of Phosphoniums

The facile synthesis of phosphonium salts is analogous to the synthesis of their ammonium
counterparts, QACs. QACs are synthesized via the Menshutkin quaternization reaction, which
involves alkylation of a tertiary amine to yield the desired QAC (Scheme 1.4A).1% The reaction
occurs between two neutral molecules, where the tertiary amine undergoes nucleophilic attack on
an electrophilic alkyl halide, displacing the halide and forming an ion pair. The reaction proceeds

through an Sn2 pathway, and as such, reactant concentration, nucleophilicity of the amine, solvent,

Ry x® R,
K R.T. - reflux ;
R,—Y: + X-Ry - - O g
! polar aprotic solvent/neat Ry y ™3
R, R,
Y =N,
X=Cl,BrI

Scheme 1.4. Quaternization of amines and phosphines. General conditions for the Menshutkin
quaternization of tertiary amines and Menshutkin-like quaternization of tertiary phosphines.
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and temperature and pressure all affect the kinetics of the reaction.'® In particular, solvent choice
has been demonstrated to have significant effect on reaction rate, with highly polar solvents
stabilizing both the charged transition state and the ionic final product, giving higher yields with
shorter reaction times.®” The quaternization of phosphoniums is “Menshutkin-like,” proceeding
through an Sn2 pathway where nucleophilic tertiary phosphines attack the electrophilic sp® carbon

of an alkyl halide (Scheme 1.4B).108
1.7 Detection of Phosphonium on Surfaces

Once phosphoniums are coated and firmly attached onto surfaces, it becomes important to quantify
that coating, particularly with respect to accessible phosphonium. One effective, qualitative
method is the use of bromophenol blue (BPB) anionic dye to stain the surface. The anionic dye,
purple in aqueous solution, turns blue when it forms an ion pair complex with a quaternary -onium
functionality.l® As a result, it is an effective qualitative method for quick visualization of
phosphoniums tethered to a substrate: the colourless substrate is stained blue upon complexation

with the BPB dye (Figure 1.14).Y7
M

) Br ® 1o Br
' O\H; R3 Na> ©
- &)

Figure 1.14. BPB staining of coated surfaces. A coated substrate is submerged in an aqueous
solution containing bromophenol blue (40-400 ppm), where the dye undergoes anionic exchange
with the phosphonium, staining the surface blue.
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In 2007, Murata and coworkers utilized a different anionic dye, fluorescein, to quantify
accessible surface charge.*® Coated surfaces were placed in a test tube containing 1 % (w/v) of
fluorescein sodium salt overnight on an orbital shaker, to adsorb the dye to the surface. After
exhaustive rinsing with water, the pieces were then placed into a 0.1% cetyltrimethylammonium
bromide (CTAB) solution containing 10% phosphate buffered saline (PBS) and sonicated to
desorb the dye from the substrate. UV-Vis measurements (Amax = 501 nm) were then taken to

quantify the concentration of desorbed fluorescein dye (e = 77 000 M-*cm?),110

1.8 Testing Methods for Antimicrobial Efficacy

In the literature, there are two methods commonly applied to examine the antimicrobial
efficacy of surfaces: ASTM E2149 (dynamic shake flask assay)!'! and 1SO 22196 (cover slip
test).!!? The dynamic shake flask assay (DSF) involves submerging a coated surface in a bacterial
inoculum, and inducing contact with the surface by shaking the flask. This method simulates
bacterial contact with an antimicrobial surface in an aqueous environment (solid-liquid interface),
but does not accurately simulate bacterial and biofilm growth on “dry” surfaces.*'! The cover slip
test involves the deposition of a droplet containing a known quantity of bacteria on an
antimicrobial surface, which is then covered with a glass cover slip to ensure intimate contact with
the surface.!*® This method is advantageous in that it assesses killing at a solid-air interface,
however it fails to account for the real-world phenomenon of desiccation. In 2016, Campos and
coworkers demonstrated that the application of different testing methods for antimicrobial surfaces
could yield different results, suggesting a need for a standardized test.*** The large drop inoculum
(LDI) method, a modification of ISO 22196, was first reported by the Wolfaardt lab where after

the droplet is deposited, it is allowed to dry on the surface, after which unbound cells are removed
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and enumerated.'** This method accounts for desiccation, which is a stressor believed to incite

biofilm formation.1

1.9 Research Objectives

Despite some notable recent advances in the synthesis, coating and characterization of
antimicrobial phosphoniums, there is little to no precedent for phosphonium materials that
maintain antimicrobial activity over extended periods of time. The aims of this thesis are to explore
the straightforward synthesis of a new class of phosphoniums capable of UV-curing to plastic
materials, and to explore the use of these phosphoniums as additives in plastics. The phosphoniums
will be synthesized with a variety of alkyl, aryl, and fluoroalkyl functional groups at phosphorus

to probe their efficacy as thermally stable antimicrobial additives in plastics or as surface coatings.

To gain insight into the mechanism of antimicrobial activity of these materials, the surface
topology and characteristics of these materials will also be evaluated. Additionally, this thesis aims
to establish general design principals for tailoring phosphoniums to function as both additives
during injection molding processes and as UV-curable coating. It is hypothesized that the
incorporation of fluoroalkyl groups at the phosphonium will lead to improved migration to the
solid-air interface. Finally, the evaluation of these coatings and materials against both Gram-
negative and Gram-positive bacteria in both applications with a variety of plastics will be carried
out. Finally, the capacity for these materials to maintain the ability to Kill biofilm-forming bacteria
even after being subjected to abrasion processes will be assessed, establishing whether they are

suitable as long-term antimicrobial solutions.
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2 RESULTS AND DISCUSSION

2.1 Synthesis of Quaternary Phosphonium Antimicrobials
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Figure 2.1 Target UV-curable phosphoniums. The proposed phosphonium materials for use as
antimicrobial materials.

To establish trends and structure property relationships relating to antimicrobial efficacy,
five novel, UV-curable phosphonium-containing compounds were synthesized (Figure 2.1). These

phosphoniums represent varying degrees of hydrophobicity and oleophobicity.
2.1.1  Preparation of Benzophenone Anchor Precursor (i)

Incorporated into the proposed phosphonium compounds is a UV-active benzophenone
functionality: this allows the molecules to be surface-cured to various substrates. A key
intermediate can be prepared from the Williamson-ether reaction of alkyl halides with 4-

hydroxybenzophenone. According to literature procedures, the synthesis of the linker molecule 4-

o} o
4 eq Br/v\Bl'
OH TBAB, K,CO,;, H,0 0 "Br
reflux, 3 h i, 90 %

Scheme 2.1. Synthesis of 4-(3-bromopropoxy)benzophenone (i). In this work, i is synthesized
via an efficient phase transfer catalyst route.
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(3-bromopropoxy)benzophenone (i) typically results in poor yields due to the formation of a
benzophenone dimer, 4-((3-bromopropoxy)benzoylphenoxy)benzophenone.’®  Additionally,
published procedures involve the use of organic solvents and long reaction times, making them
less suitable for scale-up due to environmental and cost concerns.!*>1€ |t is therefore desirable to
use an alternative procedure for the synthesis of i. Previous work in the Foucher group led to the
preparation of i using a phase transfer catalyst (PTC) (Scheme 2.2).1*" Phase transfer catalysis is
synthetically advantageous, as it allows for the transfer of a molecule or ion between two reaction
phases.!'® Importantly, utilizes an aqueous solvent system, often with the use of a QAC as the
catalyst.!'® Landini et al. first described a general mechanism for phase transfer catalysis in
1977.11° With respect to the formation of i, the mechanism proceeds as per Scheme 2.2. In the
aqueous phase, the PTC undergoes ion exchange to form a complex with the base, shuttling the

base into the organic phase, where it is free to deprotonate the orangosoluble 4-

®N(n-Bu]4 8 — o” o

Aqueous Phase ” 1

Organic Phase |L

o ® ®
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Br /\/\?r
2o

Scheme 2.2. Mechanism of phase transfer catalysis for the formation of i.
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hydroxybenzophenone. Therefore, a requirement of any PTC is high organophilicty.}1%12% The
PTC conjugate base complex is free to attack the electrophilic reagents present in the organic phase
and form the ether. Stirring 4-hydroxybenzophenone in water with 1,3-dibromopropane, K>COg3,
and 0.5 mol % tetra(n-butyl)ammonium bromide (TBAB) as a PTC for 3 h at 110 °C afforded the

product i in high yield (90 %) (Scheme 2.1).

2.1.2  Synthesis of Quaternary Phosphoniums with Methyl, n-Butyl, and Phenyl
Substituents

o]
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Figure 2.2. Phosphoniums prepared from commercially available tertiary phosphines.

The quaternization of tertiary phosphines is similar to the Menschutkin quaternization of
amines: a nucleophilic tertiary phosphine attacks an electrophilic carbon, leading to alkylation at
the phosphorus. This reaction proceeds in Sn2 fashion, and as such the concentration of reactants,
temperature, quality of the leaving group, and polarity of the solvent all play a role in the rate of
the reaction. Three UV-curable phosphoniums that could be synthesized in one step from readily
available tertiary phosphine starting materials were envisioned: 4-
(propoxybenzophenone)trimethylphosphonium bromide (1) 4-(propoxybenzophenone)tri(n-
butyl)phosphonium bromide (2), and 4-(propoxybenzophenone)triphenylphosphonium bromide

(3) (Figure 2.2).
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2.1.2.1 Synthesis of (4-propoxybenzophenone)trimethylphosphonium bromide (1)

N
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O/\/\Br MeCN, 80°C,48 h 0/\/\ -

i 1,99 %

Scheme 2.3. Synthetic route to 1.

Phosphonium compound 1 was synthesized from the reaction of i and trimethylphosphine
(PMes3) in acetonitrile (MeCN) (Scheme 2.8). The PMejs starting material was purchased asa 1 M
solution in toluene; as such, neat conditions were not attempted for the reaction. The reaction
mixture was heated to 80 °C under an atmosphere of N2 (g) in a sealed tube for 48 h, cooled to R.

T., and was triturated from cold ether (Et20), yielding the phosphonium product as a white powder

80 70 60 50 40 30 20 10 0 -10 -20 -30 -40 -50 -60 -70
f1 (pom)
Figure 2.3. 3'P {{H} NMR (CDCIlzs) of 1. The signal is the only visible one in the spectrum and

appears significantly upfield of the PMej3 starting material.

in a2 99.1% yield. The longer reaction time necessary for complete conversion to the phosphonium
is likely a result of both a non-ideal solvent mixture for quaternization reactions and a more dilute
mixture.'?* Proton-decoupled P NMR spectroscopy (3P {*H} NMR) (CDCls) showed a new

phosphorus environment at & = 27.8 ppm (Figure 2.3) a significant downfield shift from the PMe3
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starting material (6 =-62 ppm). The downfield shift is expected of alkylated phosphoniums, as the

electron poor phosphonium is more deshielded relative to the electron-rich trialkyl phosphine.

2.1.2.2 Synthesis of (4-propoxybenzophenone)tri(n-butyl)phosphonium bromide (2)

P NN
0 H\ o)
: e
0-~"g; MeCN,100°C, 48 h 0/\/\@
i 2,83 % j\

Scheme 2.4. Synthetic route to 2.

Phosphonium 2 was synthesized via quaternization of the commercially available tri(n-
butyl)phosphine P(n-Bu)z with i in MeCN (Scheme 2.9). The reaction proceeded in similar fashion
to the synthesis of 1, at 100 °C for 48 h furnishing the product in an 83 % vyield as a greasy, off-
white coloured solid after trituration from cold Et,0. 3'P {*H} NMR (CDCls) analysis of the solid
showed a major signal at & = 33.6 ppm, and a low intensity signal at 6 = 37.3 ppm (Figure 2.8).
The larger peak was attributed to the phosphonium product 2 after high resolution mass

spectrometry (HRMS) (Figure B 2). The signal with low relative intensity (1:0.03) is likely a small

o g4
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—T 777 77T T 7T
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Figure 2.4. 3P {*H} NMR (CDCIl3) of 2. The signal at & = 33.6 ppm corresponds to the
phosphonium environment, while the signal upfield at 5 = 37.3 ppm likely corresponds to oxidized
starting material.
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amount of oxidized P(n-Bu)s starting material, as the P(V) phosphine oxide (PO) which is expected
to appear downfield due to a higher oxidation state. The oxide was removed by additional washing
with Et,0. Analysis by 'H NMR (CDCls) further established the purity of the product (Figure 2.9).
Assignments were made with the aid of 2D NMR spectroscopy (CDCI3). The integration of the
area under the signals totalled 43 (with proton environment H8 as a standard), while the molecule

has 42 protons; this discrepancy is consistent with the signal at § = 37.3 ppm in the *'P {*H} NMR
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Figure 2.5. 'H NMR (CDCIs) spectrum of 2.

spectrum of 2 integrating with a ratio of 1:0.03. The benzophenone moiety appears in the aromatic
region with signals appearing in the same relative intensity and chemical shift as the starting
material i.1?> The *H environment at & = 4.26 ppm was labelled as H10, due to the electron
withdrawing nature of the benzoylphenoxy group. The H environment labelled H12 shifted
upfield relative to the same proton on the starting material (Figure A 1), from 6 = 3.62 ppm to 6 =
2.77-2.88 ppm, providing more evidence of phosphonium formation. The *H environments at § =
2.77-2.88, 2.45-2.52, 2.18-2.29, and 1.51-1.65 (labelled H12, H13, H11, and H14 + H15) all
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experienced signal broadening and as such were labelled multiplets. This broadening is likely the
result of coupling with the spin active phosphonium, as well as the presence of butyl isomers: the
starting P(n-Bu)z was 95 % pure, with isomers comprising the remainder of the material.
Attribution of the overlapping signals at § = 1.51-1.65 ppm to the chemically similar H
environments labelled H14 and H15 was supported by the integration for ca. 12 protons. Lastly,

the triplet at 5 = 1.00 ppm was attributed to the *H environment H16.

2.1.2.3 Synthesis of (4-propoxybenzophenone)triphenylphosphonium bromide (3)
(o]

O/\/\Br neat, 140 °C, 24 h “
i 3,89 % \,/{/\©

Scheme 2.5. Synthetic route to 3.

Phosphonium compound 3 was synthesized by reaction of triphenylphosphine (PPhs) and
i at 140 °C (Scheme 2.10). The neat reaction maximizes the concentration of reactants, favouring
product formation in the reaction equilibrium. Additionally, exclusion of a solvent allowed for
higher reaction temperatures. A higher reaction temperature is necessary, as the melting point of
the phosphonium product was measured to be 191 °C, and a reaction temperature lower than 120
°C resulted in unreacted starting material becoming trapped in the solid matrix of the product,

lowering reaction yield (72 %, 24 h). After 24 h stirring at 140 °C, the mixture was cooled and
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Figure 2.6. 3'P {{H} NMR (CDCIs) of 3.
dissolved in MeCN, then triturated from cold Et20, yielding the product as an off-white coloured
powder in an 89 % yield. An inert atmosphere of N2 (g) was used during the reaction to ensure

minimal oxidation of the PPhs starting material at high temperatures.
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Figure 2.7. 'TH NMR (CDCIs) spectrum of 3.
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31p {'H} NMR (CDCls) analysis on the product (Figure 2.6) confirmed a new phosphorus
environment was formed, with a signal appearing at 6 = 24.7 ppm, a significant downfield shift
from PPhs starting material. *H NMR (CDCls) of the phosphonium product (Figure 2.12) showed
a significant downfield shift to & = 4.09-4.22 from & = 3.62 ppm for the H environment
neighboring the phosphonium (H12) relative to the starting material i, indicating formation of a
new bond to the PPhs. The aromatic proton environments on the triphenylphosphonium (H14, H15,
H16) moiety overlapped with the aromatic signals from the benzophenone moiety, making

individual assignments difficult.

2.1.3  Synthesis and Characterization of Tertiary Fluorinated Phosphine Precursors

Of the molecules synthesized, two required preparation of tertiary phosphine precursors,
diphenyl((perfluorohexyl(ethyl)phosphine (iv), and ((dimethyl(perfluorohexylethyl)silyl)o-

tolyl)diphenylphosphine (vii) (Figure 2.8), for 4 and 5, respectively.
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Figure 2.8. Tertiary phosphine precursors to phosphoniums 4 and 5.
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2.1.3.1 Preparation of diphenyl(perfluorohexylethyl)phosphine (iv)

Cl
FFF FFF 1l©/\© FFF FF F
ASASANE A~

FFFF gl 1) Et;0,0°C, 2h FFEFFE F I
2)40°C,4h
iv, 17.8 %

H
' 1) n-BuLi (1.6 M), THF, 0 °C, 5 min Q RFRFRS
o (0 e mnocesmn (A O00 s L
F FFFF F
L 2) Br/\)MF, 18h,R.T.
FFFF F N

____________ FFFFFF . ’\WFF
() ©/ \© AIBN (4 mol %), THF, 70 °C, 16 h FEEFE B F
i
iv

Scheme 2.6. Synthetic routes to diphenyl(perfluorohexylethyl)phosphine (iv). Proposed routes
to yield iv include (A) alkylation of P-chlorodiphenylphosphine with a Grignard reagent, (B)
lithiation of diphenylphosphine (ii) and addition to (perfluorohexylethyl)bromide, and (C)
hydrophosphination of perfluorohexylethylene.

(A) BrMg + MgBrCl

The first route attempted was via alkylation of P-chlorodiphenylphosphine (Ph2PCI) by a

prepared Grignard reagent (Scheme 2.6A). In dry EtO, (perfluorohexylethyl)bromide was

26 66
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Figure 2.9. 3P {{H} NMR (CsDs) of the product mixture resulting from the alkylation of
Ph2PCI.
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refluxed with a large excess of ground Mg (s) to produce the Grignard reagent, which was then
added to a solution of PhoPCI over ice. The resulting product was isolated after workup in a low
yield (18 %) and analyzed by 3'P{*H} NMR (CeDs) (Figure 2.9). The spectrum shows a small
amount of the oxidized product (26.7 ppm), the desired phosphine (-16.4 ppm) and a quantity of
Ph2PH, likely a product of the reduction of Ph,PCI by the Mg metal. 3P{*H} and *H NMR (CsDs)
analysis of the crude product before purification showed the major product of the reaction was
diphenylphosphine oxide (Ph2P(O)H), suggesting the desired reaction of the Grignard reagent and

Ph2PCI was not occurring efficiently.

Another attempted route to yield the desired phosphine was the lithiation of Ph.PH
(Scheme 2.6B), which was reported in 2018 to undergo nucleophilic addition to perfluoroalkyl
bromides.'?® Despite the literature reporting that this reaction proceeded to the tertiary phosphine
product at room temperature, the reaction mixture instantly turned black with no evidence of
product formation observed by NMR spectroscopy. The reaction was attempted at -78 °C for 8 h,
however, upon warming to R.T. during the workup, the solution turned black and no product was

formed. Reaction at -40 °C gave a similar result.

The hydrophosphination of perfluorohexylethylene (Scheme 2.6C) is the most atom
economical route to the desired precursor, and as such, was the focus of the synthetic efforts to
yield this product. The Ph,PH starting material is commercially available but is costly, and thus

was prepared according to a literature procedure!?* from the reduction of PPhs with metallic Li

; 1) Li (s), THF, 24 h H

[

shsk N ege

ii, 91 %
Scheme 2.7. Preparation of diphenylphosphine (ii). The reduction of triphenylphosphine in the
presence of lithium metal under argon, followed by protonation by HCI yields ii (adapted from
ref.124).
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and subsequent protonation by 3 M HCI (Scheme 2.7). Vacuum distillation furnished the product

il in good yield (91 %).

The reaction of ii with alkenes to produce tertiary phosphines has been reported to proceed
without the use of any solvent or initiator,'® but the lack of miscibility between
perfluorohexylethylene and diphenylphosphine ii precluded solvent-free conditions. AIBN was

used as the radical initiator at low loading (4 mol %) and was sequentially added every 2 h for 8

o
O FFFF F_
N

@ FFFFFF
iii

--26.53

B T T T e T B e S e S

1 (ppm)
Figure 2.10. 3P {IH} NMR (CsDs) spectrum of the isolated product (iii) of the
hydrophosphination reaction.

h. Stirring overnight with heating under an atmosphere of Ar (g) did not yield the desired product,
instead proceeding to the oxidized, non-nucleophilic P(V) anti-Markovnikov addition product iii
(Scheme 2.8). Susceptibility to oxidation in air has been observed for fluoroalkyl phosphines with
(CH2)x spacers,*?® and dominant oxidation products of hydrophosphination reactions have been

observed for simple alkene systems, with the source of oxygen not identified.'® The oxide iii was
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Scheme 2.8. Oxidation product of hydrophosphination. The product of the hydrophosphination
of alkenes (A) 1-octene,'® and (B) perfluorohexylethylene by ii.

isolated after sublimation (140 °C, 5 mmHg), and 3P {*H} NMR (CsDs) analysis revealed a new
peak at 6 =26.5 ppm (Figure 2.10). Despite several attempts, the P(I11) species iv was not obtained
from this reaction, with oxidation occurring each time. The oxidation likely occurs after the P-H
addition to the alkene takes place, as formation of the anti-Markovnikov phosphine product is
observed, while the Ph,P(O)H peak (5 = 18.0 ppm) is much less prominent in 3P {H} NMR

spectra of the crude mixture.

Reduction of iii could be achieved by reflux with a large excess (11.6 eq) of trichlorosilane
(HSICl3) in toluene (Scheme 2.9). This reaction yielded the desired air sensitive product iv in
moderate yield (70 %) after a basic workup to neutralize the excess HSIiCls, and purification by

sublimation (60 °C, 5 mmHg). *!P {*H} NMR (CsDs) analysis confirmed the formation of a new

F FF FF F
O3 S e e QLS
F Toluene, 100°C, 13 h FreE e F
’ s F
FFFFFF - HOSICl,
iiii iv, 70 %

Scheme 2.9. Reduction of oxidized phosphine species iii. The reduction of iii with excess
HSICls to yield iv.
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Figure 2.11. *'P {{H} NMR (CesDs) spectrum of iv.

phosphorus environment, with a signal at 6 = -16. 5 ppm dominating the spectrum (Figure 2.11).
A generalized mechanism for this reduction has been proposed from density functional theory
(DFT) analysis.'?® In the proposed mechanism (Figure 2.12), the silane coordinates to the oxide,

and a four-membered ring transition state is formed as the hydride coordinates to the electron poor
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Figure 2.12. Proposed mechanism for the reduction of phosphine oxides to P(I11) species by
HSiCls. The mechanism was proposed from DFT after calculating the lowest energy (local
minima) transition states for the reactants.?
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phosphonium. The formation of this ring is the rate determining step in the reaction (27.1 kcal mol
1), and the formation of a phosphorane intermediate where the oxygen is apical and the hydride
equatorial is an energetically downhill process.'?® The extrusion of the phosphine is proposed to
occur through a three membered ring transition state with a low activation barrier (3.3 kcal mol™),

producing both the target phosphine and a trichlorosilanol byproduct.*?®

2.1.3.2 Preparation of ((dimethyl(perfluorohexylethyl)silyl)o-tolyl)diphenylphosphine (vii)

[ 1 [ 1 Li
A) @\ __Mgis) Ph, n-BuLi, TMEDA

-
o

Et,0, 1h, reflux Q\ Et,0, 0 °C, ON 0°C,2h
Br MgBr

vV, 75 %
H-SiMe
; ) FFFF F
F FF F F Rh(PPhy);Cl (0.6 mol %) -Sli :
(B) ~ F i I F
FFFFFF C¢Dg, reflux, 2 h FEFFEEF
vi, 90 %
Li VoGRS L
]
| FFFF F F hexanes \/WF
) N FFFFFF

* IWF 0°CRT.
FrFFFF Lot it 50 %

Scheme 2.10. Synthetic route to ((dimethyl(perfluorohexylethyl)silyl)o-tolyl)diphenyl-
phosphine (vii). (A) The alkylation of PhoPCI by a prepared Grignard reagent, and subsequent
lateral lithiation, (B) the hydrosilylation of perfluorohexylethylene in the presence of Wilkinson’s
catalyst, (C) and reaction of each synthon at 0 °C to yield vii.

The tertiary phosphine ((dimethyl(perfluorohexylethyl)silyl)o-tolyl)diphenylphosphine
(vii) was prepared by the reaction of two synthons, (2-(diphenylphosphine)benzyl)lithium, and
chlorodimethyl(ethyl(perfluorohexylethyl))silane (vi). Diphenyl(o-tolyl)phosphine (v)  was
synthesized according to an adapted literature procedure via alkylation of PhoPCI by a prepared
Grignard reagent,*?” and hydrosilylation of perfluorohexylethylene in the presence of Wilkinson’s
catalyst furnished vi in good yield (Scheme 2.10A,B).1?8 The precursor was prepared via lateral

lithiation of v with n-butyllithium (n-BuLi) in the presence of TMEDA, and subsequent
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Figure 2.13. 3P {!H} NMR (CsDs) signals from a ((dimethyl(perfluorohexylethyl)silyl)o-
tolyl)diphenylphosphine reaction mixture. 3P {*H} NMR analysis was performed on (A) the
reaction of lithiated v and vi after workup, (B) the starting material v, and (C) the desired product
vii after sublimation. Diphenyl(o-tolyl)phosphine sublimed out as white crystals.

addition of the vi at 0 °C (Scheme 2.10C). 3P {*H} NMR (CsDs) analysis of the resulting product
after an aqueous workup showed two unique phosphorus environments at 6 = -13.25 ppm and -
13.38 ppm (Figure 2.13A) with the downfield signal at & = -13.25 ppm corresponding to the shift
for starting material v in Ce¢Ds (Figure 2.13B), suggesting the lithiation was not efficient at the o-
methyl position. Despite several attempts, the reaction did not fully proceed to the desired silyl
phosphine. However, separation of the reaction mixture was achieved by sublimation under
reduced pressure (Figure 2.13C) (120 °C, 5 mmHg) affording the product vii as an orange oil in a

50 % yield. The purity was confirmed by HRMS (Figure B 7).
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2.1.4  Synthesis of Quaternary Phosphonium Antimicrobials with Fluoroalkyl
Substituents

2.1.4.1 Synthesis of (4-propoxybenzophenone)diphenyl(perfluorohexyl)ethyl)phosphonium
bromide (4)

/\/CBF13

Sy S O DR

neat, 120 °C, 24 h

r FFFF FF
i 4,84%

Scheme 2.11. Synthetic route to 4.

The synthesis of phosphonium 4 followed the quaternization protocol used for 3, with the
prepared starting material iv stirred with the anchor group i at 120 °C for 24 h. After cooling to
R.T., the solidified product was dissolved in MeCN, and subsequent trituration from cold Et,O

gave 4 in an 84% yield (Scheme 2.11).

The loss of electron density about the phosphorus upon alkylation was reflected in the 3P

{*H} NMR (CDCls) spectrum by a downfield shift to § = 29.8 ppm (Figure 2.14) from the signal

SR

-29.81

ﬂ“
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Figure 2.14. 3P {{H} NMR (CDCIs) spectrum of 4.
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at & = -16.5 ppm for the phosphine starting material iv. No amount of PO species iii, which
produces a signal in the spectrum at & = 26.5 ppm, was detected. *H NMR analysis (CDCls) of the
product (Figure 2.15) showed an upfield shift for *H environment H12 to § = 3.95 ppm from & =

3.62 ppm for the starting material i, further confirming formation of the product.
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Figure 2.15. 'H NMR (CDCIs) spectrum of 4.

2.1.5  Synthesis of (3-(4-benzoylphenoxy)propyl)(2-((dimethyl(perfluorohexyl)ethyl)
silyl)methyl)phenyl)diphenylphosphonium bromide (5)

@ ESI/\/CGFH
0 /A ]
| I | vii Bre
O O O’\/\Br MeCN, 110 °C, 24 h O O 0/‘\/\@)‘@
. Ph ~_-CeF i3

N
I 5,58 % Ph
/N

Scheme 2.12. Synthetic route to 5.
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The synthesis of 5 followed the quaternization procedure used for phosphoniums 1 and 2.
The tertiary phosphine vii was dissolved in dry MeCN and added to a stirring solution of i under
Ar (9), and refluxed for 24 h. After cooling to R.T., the product was triturated from cold Et>0 to
furnish the product as a sticky off-white solid in a 58 % yield (Scheme 2.12). The lower yield
(relative to 4) is potentially due to the added bulk of the perfluoroalkyl silane coupled to the o-
tolyl group of the phosphine starting material, which may hinder the rate of formation. 3P {*H}
NMR (CDClIs) analysis of the material (Figure 2.16) showed a new 3P environment at § = 24.5
ppm; a signal at -13.8 ppm was indicative of the starting material v in CDCls3, shifted upfield
relative to that same resonance in CsDe (6 = -13.3 ppm, Figure 2.13B). The presence of some

starting material after washing with cold Et,O suggests incomplete reaction of vii. Another signal,
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Figure 2.16. 3'P {{H} NMR (CDCIs) spectrum of 5.

at 6 = 31.4 ppm, was attributed to oxidized starting material vii. A signal in this region was
observed in the 3P {*H} NMR (CsDs) spectrum for vii (Figure A 42). Qualitative observation has
suggested that the starting material oxidizes slowly in the presence of air, and the elevated
temperature used for the reaction may be allowing small amounts of oxygen present in the mixture

to consume the starting material. *H NMR (CDCls) analysis of the material showed that while new
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Figure 2.18. *H NMR (CDClzs) spectral windows for 5 and i. (A) The so-called alkyl region of

5, and (B) the alkyl region for i.

IH environments were present, the total integration gave 54 protons, 9 protons more than expected

for the material (Figure 2.17). Signals from the Et.O solvent used for washing were also evident

in the spectrum. In addition, resonances at 6 = 4.18, 3.60, and 2.34 ppm were attributed to starting

material i (Figure 2.18B). In the *H NMR (CDClIs) spectrum for 5, the relative peak intensity for

the signals corresponding to i and the signals labelled H10, H11, and H12 are 1:1 (Figure 2.18A),

suggesting a roughly 1:1 mixture of the starting material i and the product 5 in the sample. This
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supports the hypothesis that vii is less reactive in comparison to iv. Longer reaction times and neat

conditions may be necessary to yield the desired product in larger quantities.

2.2 UV-Initiated Grafting of Phosphoniums to Plastic Substrates

2.2.1  Detection of Available Phosphonium Charge on Coated Plastic Substrates

The incorporation of the UV-active benzophenone functionality allows for this class of
phosphoniums to be applied both as UV-immobilized surface-active additives, and as non-
leaching, tethered coatings. Immobilized phosphonium-containing coatings on polymer plastic
substrates were prepared by dissolving phosphoniums 1, 2, 3, or 4 at 1% (w/v) in a solution of
95% EtOH. The solutions were spray coated onto plastic and cured using UVA (~360 nm) light
with a measured dosage strength of 0.16 W/cm? for 1 min. These parameters were established after
spray coating triphenyl phosphonium 3 on polystyrene (PS) plastic coupons using UV light to cure

the coating to the surface. Dosage strength was controlled by cure time. A light blue coloration at

C I 5 min

: \___/4

Figure 2.19. Optimizing curing conditions. Pieces were cured for (A) 30 s (5.85 J cm?), (B) 1
min (10.53 J cm™), and (C) 5 min (30.44 J cm™). Coating quality was visualized by staining with
BPB.
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the plastic surface after rinsing off unbound BPB was indicative of covalently tethered
phosphonium, as the anionic dye can undergo counterion exchange with the phosphonium salt to
form a blue complex. After two spray coating and curing cycles, coatings comprised of 3 were
exhaustively washed with water and submerged in a 40 ppm BPB solution for 10 min. The pieces
were removed and rinsed with water, and stain results were analyzed qualitatively (Figure 2.19).
Cure times of 30 s, 1 min, and 5 min were tested, corresponding to dosage strengths of 5.85 J cm’
2,10.53 J cm, and 30.44 J cm™ respectively. Coatings of 3 cured for 1 and 5 min had similar
results in terms of coloration by the BPB stain. This suggests that after 1 min, ca. 10 J cm™ was
suitable to activate all available benzophenone moieties, as 5 mins of cure time resulted in a three-
fold increase in dosage (ca. 30 J cm) but no noticeable difference in curing quality. Thus, 1 min

cure times were used throughout this work.

To quantify the amount of phosphonium present in the coating, charge density measurements
were performed on the coated PS substrates.!”®5110 Pieces with 4 cm? of coated surface were
submerged in 1% (w/v) aqueous fluorescein solutions. As is the case for the BPB stain test, it is
assumed that the relation of dye molecules to phosphonium molecules is 1:1, and that the dye
molecules undergo counterion exchange and form complexes at the surface with available
phosphoniums. After being submerged overnight in the solution, the coated pieces were rinsed
with water until the rinse solution was clear, and then sonicated for 20 min in 9 mL of CTAB and
1 mL of 0.1 M PBS to liberate bound fluorescein into solution. UV-Vis was performed on the
solutions at A = 501 nm to quantify the number of fluorescein molecules in solution, and thus the
number of phosphonium charges available on the coated substrate. Surface charge density results
(Table 2.1) were calculated using the Beer-Lambert law with a path length of 1 cm and an

extinction coefficient (es01) of 77 000 M cm™ (Equation 1,2).
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(1) CFluorescein(mOl L_l) = A501 / €501 (M_l Cm_l) X L (Cm)

CFluorescein (mol L_l) XV (L) XN
A (cm?)

2 [P*]=

Table 2.1. Charge density and #c measurements for UV-cured phosphonium coatings

Material Surface charge density? ([P*] cm?) 0c? (deg)

PS control N/A 922+1.0
PS coated with 1 (1.60 + 0.03) x 101 71.9+5.1
PS coated with 2 (3.89 £ 0.5) x 10® 36.4+11.0
PS coated with 3 (2.90 £ 0.2) x 10% 63.5+5.8
PS coated with 4 (2.95 + 0.05) x 10% 68.0+ 2.0

aSurface charge and 6c measurements for each sample were performed in triplicate.

Analysis of the surface charge results indicated each of the phosphonium-based coatings
on the PS substrate had a measured surface charge density on the order of 10*° [P*] cm, within
the same magnitude of charge densities measured for analogous small molecule ammonium-based
coatings.*%'?2 Charge measurements for coatings comprising 2 and 3 were within the charge
density threshold (3.89 x 10%° and 2.90 x 10 [P*] cm, respectively) proposed by both Murata
and Kugler as necessary for antimicrobial efficacy against biofilm forming bacteria.*1%1%°
Interestingly, despite deploying identical coating and curing conditions to other phosphonium
small molecules, the surface charge measurement for PMes analogue 1 was 1.60 x 10 [P*] cm™?,
outside of the established range. PS coated with 4 possessed significant surface charge density
(2.95 x 10'° [P*] cm?), indicating phosphonium charges were still accessible despite the
incorporation of a large fluoroalkyl group. Advancing water contact angle (6c) measurements were
performed on the coated pieces to further probe the relationship between the structure of the
phosphonium small molecules coated on the substrate and their macroscopic properties as coatings

(Table 2.1).
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Contact angle measurements for each treated surface trend with charge density results
(Table 2.1). The relatively low density of accessible charge and high 6c of 1 is surprising, as
networks formed upon UV-curing the PMes derivative 1 could be expected to exhibit similar or

higher hydrophilicity than networks with n-butyl (2) and phenyl (3) structures that have larger

hydrophobic cross sections, as has been observed in similar systems. It is proposed that the methyl

Figure 2.20. Water contact angle images for coated PS plastics. 6c images for PS plastics coated
and with UV cured coatings of (A) 1, (B) 2, (C) 3, and (D) 4.

groups decorating the phosphonium small molecule may limit the grafting capabilities and thus
the charge density of surfaces. It follows that alkyl substituent length is a necessity not just for the
increased hydrophobicity imparted by the chains, but also for the availability of sites for hydrogen
abstraction and thus supramolecular network growth by the UV-grafting antimicrobial molecule.
More dramatic decreases in 6c were observed for PS coated with 2 and 3, in correlation with their
higher surface charge densities, exhibiting 6c of 36.4 + 11.0° and 63.5 + 5.8° respectively. Coatings
of fluoroalkyl-containing phosphonium 4 had slightly increased hydrophobicity relative to known
phosphonium and ammonium coatings,®®1° however, the coating maintained a hydrophilic contact
angle (6c = 68.0 + 2.0°). The incorporation of a fluoroalkyl group about the charged phosphonium
did not significantly alter the hydrophilicity of the coating, a property thought to be a factor in
mechanism of kill for antimicrobial coatings.**>!3! With respect to one another, nonpolar n-butyl
(2) and phenyl (3) substituents can be expected to have similar effects on coating hydrophilicity.

Thus, the increased hydrophilicity imparted by coatings of 2 may be a consequence of a higher
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degree of surface roughness formed by these coatings, as roughness is known to increase the

wettability of surfaces if they are fabricated with hydrophilic materials.*3>-1%

2.2.2  Determination of Coating Microstructure

The effect on surface topography of the observed properties of the phosphonium coatings
was examined using atomic force microscopy (AFM) (Figure 2.21). Polycarbonate (PC) plastic
was used as a model substrate due to the material’s relative smoothness when compared to the PS

samples available, allowing for greater clarity in accessing the coating properties.
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Figure 2.21. AFM images of phosphonium coatings. A) Untreated PC plastic; B) PC coated
with 2; C) PC treated with 3, and D) PC treated with 4.
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Table 2.2. Thickness and roughness of phosphonium-containing coatings on PC.

Material Thickness (nm)?2 RMS roughness (nm)
PC control N/A 2.58

PC coated with 2 47.45+11.34 55.5

PC coated with 3 94.64 + 38.38 321

PC coated with 4 105.8 £ 13.52 355

aThickness measurements were taken at three points along the separation line of the half-coated
sample.

Previous studies have shown that the antimicrobial activity of UV-curable benzophenone-
anchored coatings is independent of the plastic substrate.” Coating height and roughness data is
tabulated in Table 2.2. Plastic substrates coated with 2 had an average coating thickness of 47.45
nm (= 11.34 nm) with a root mean square (RMS) roughness value of 55.50 nm, a 42% increase
over the roughness value measured for UV-cured spray coatings of 3. Despite identical spray
coating parameters, substrates coated with 3 had nearly double the average thickness (94.64 +
38.38 nm) compared to 2, suggesting the morphology of the coating is highly dependent on the
phosphonium “tail” groups. Increased roughness may also be linked to the higher surface charge
measurements observed for coatings of 2; surface area accessible to the AFM instrument can be
thought of analogous to surface area accessible to the fluorescein dye, as both tests probe the
surface at the molecular level. The thicker, but smoother, coatings of 3 may have fewer

phosphonium molecules accessible to the fluorescein dye due to lower roughness.

Surfaces coated with 4 had an average thickness (105. 83 + 13.52 nm) and roughness value
similar (35.45 nm) to 3. Interestingly, both coatings possessed pore-like microstructures (Figure
2.21C, D) with the indentations ranging in size between 290 and 180 nm in diameter and depths
between 80 and 44 nm. This is a unique observation in the literature for small molecule-based
coatings. The similarities between the two coatings indicate that the introduction of the fluoroalkyl
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moiety about phosphonium 4 does not yield significant differences in coating thickness and
roughness, and suggests that the phenyl substituents are dominant in governing these properties
for the UV-cured coatings prepared. The roughness values align with the observed differences in
Oc, with the rougher surface of 2 also displaying a lower contact angle compared to the relatively

smoother surfaces comprising coatings of 3 and 4.
2.3 Antimicrobial Efficacy of UV-Cured Phosphonium Coatings

To establish the antimicrobial efficacy of the novel small molecule phosphonium-based
coatings, treated plastic pieces were subjected to the large drop inoculum (LDI) test method
previously reported by Ronan et al.*® This method has been shown to be critical for determining
how antimicrobial coatings function in simulated solid-air interface environments that more
closely resemble the real-world phenomenon of desiccation, to which biofilm-forming bacteria are
commonly subjected.t”1?2135 A Jarge droplet with a known quantity of viable bacterial cells was
deposited on the test surfaces, allowing for desiccation of the cells on the test surface, providing
biofilm-forming conditions at the solid/air interface.!3 To guarantee all inoculated cells enter into
contact with the test surface, the samples with the droplet are subjected to a standardized 3 or 24
h drying period. The cells are then recovered, serially diluted, plated out onto tryptic soy agar, and
enumerated to assess the extent of cell survival and thus antimicrobial efficacy of the test surfaces.
Arthrobacter sp. (IAI-3) and E. coli (ATCC strain 11229) were chosen as representative Gram-
positive and Gram-negative bacterial strains. Arthrobacter sp. was used as a representative

member of the indoor airborne flora continuously deposited on surfaces; they have been shown to
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be vital for the survival and proliferation of multi-bacterial biofilms as a result of their high

tolerance for dessication.*3>13
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Figure 2.22. Average cell survivability of: A) Arthrobacter sp. (1Al-3) and B) E. coli (ATCC
strain 11229) against (from left) uncoated PS, (PMe3s) 1, (P(n-Bu)s) 2, (PPh3) 3, and (PCsF13) 4.
All testing was performed in triplicate. The measurement at 0 h was the initial bacterial load placed
on the sample.

Polystyrene plastic coated with 1 exhibited no antimicrobial activity against Gram-positive
or Gram-negative bacteria. This result further supports evidence for a charge density threshold, as
these coatings had lower quantity of accessible charge as well as a lower contact angle (Table 2.1).
Coatings consisting of phosphoniums 2, 3, and 4 each exhibited full reductions of viable Gram-
positive Arthrobacter sp. (Figure 2.22A) and Gram-negative E. coli cells (Figure 2.22B) and after
3 and 24 h contact with the surface, respectively. A 24 h time point was used for the E. coli species
due to their intolerance to desiccation in the laminar flow hood, an apparatus used to prevent
contamination from other microbial species. The inoculated plastics were kept covered, increasing

drying times. Despite these efforts, cell survivability for E. coli on control surfaces was reduced

when compared to the inoculum.

These coatings possess significant densities of charged phosphonium, and as such, efficacy

against both bacterial cell membrane types is predicted by the phospholipid sponge theory, which
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requires surface charge density to incite deterioration of the membrane.%® From these results, no
threshold for the roughness and thickness of these phosphonium coatings at which antimicrobial

efficacy begins to diminish was established, with all coatings exhibiting full kill of both strains.

2.4 Co-Extrusion of Phosphonium-Containing Polypropylene

Figure 2.23. Co-extrusion of phosphonium-containing plastics. A schematic representation of
the experimental concept for the co-extrusion of PP with phosphoniums 1, 2, 3, and 4 to yield
plastics with antimicrobial-enriched surfaces.

While standard antimicrobial coatings are susceptible to abrasion and deactivation by
bacterial debris, ™’ it was hypothesized that the incorporation of phosphoniums 2, 3, and 4 into the
bulk polypropylene (PP) plastic would provide subsurface concentration of active antimicrobial
tethered to the substrate, endowing the materials with antimicrobial longevity. Due to a lack of
observed antimicrobial activity from LDI testing on 1, further experiments using the molecule
were not pursued. The antimicrobials were fabricated by co-extrusion of the phosphoniums with
PP. Of interest was the relative ability of each phosphonium to self-concentrate at the solid-air
interface, effectively forming a concentration gradient of the active antimicrobial at the surface

(Figure 2.23).
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Phosphoniums 2, 3, and 4 were dissolved at 1 % (w/w) in minimal EtOH, and PP beads were
added to the solution. Rotary evaporation of the solvent gave an even coating of the phosphoniums
on the plastic. Initial attempts to fabricate plastics with immobilized antimicrobials used a post-

extrusion UV-cure step to covalently link the benzophenone-containing phosphonium to the plastic

Figure 2.24. Molded polypropylene “dogbones.” Two examples of molded PP pieces,
containing (A) virgin polypropylene beads, (B) pre-UV cured PP with 1.5 (w/w) % 3 (PP-3). The
off-white coloration is evident with PP-3.

polymer network. Despite this, when placed in an aqueous solution, a small concentration of
phosphonium was visible in the solution by UV-leachate analysis. Thus, after the coating step, a
pre-extrusion UV-cure process was introduced to ensure immobilization of the phosphoniums to
the plastic bead surface. Extrusion of these pre-cured beads at 220 °C into a mold pre-heated to
100 °C vyielded the tributylphosphonium-containing plastic PP-2, triphenylphosphonium-
containing PP-3, and perfluoroalkylphosphonium-containing PP-4 as off-white coloured
“dogbone” pieces. (Figure 2.24) The discoloration was due to the amber or off-white coloring of

the added phosphonium in the melt, and not due to UV or heat exposure.
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2.4.1  Surface Properties of Polypropylene Co-Extruded with Phosphonium
Antimicrobials

The effect of incorporating each phosphonium at 1% (w/w) was quantified by 6c (Table
2.3). Relative to virgin molded PP pieces, pieces containing phosphoniums 2-4 exhibited more
modest decreases in Oc (Table 2.3), indicating that while present at the plastic-air interface, there
was a lower density of accessible phosphonium charge at the extruded plastic surface in
comparison to the UV-cured surface coatings, as the distribution of phosphonium small molecules
were likely subsurface or in the bulk thermoplastic scaffold. A larger difference was observed in
PP-2 (Figure 2.25), consistent with the éc results for the UV-cured coatings on the PS substrates
(Table 2.1). Fluoroalkyl phosphonium-containing PP-4 had the most significant decrease in 6c
relative to the control, a strong indicator that the surfaces containing this phosphonium had a larger

active concentration of positively charge P, thus lowering the contact angle.

Table 2.3. 6c for injection molded PP dogbones.

Material? 0c? (deg)

Molded PP control (PP) 96.7£3.1
Molded PP co-extruded with 2 (PP-2) 82.4+3.7
Molded PP co-extruded with 3 (PP-3) 90.7+£5.6
Molded PP co-extruded with 4 (PP-4) 78.8+5.0

aPhosphonium compounds incorporated in non-control samples at 1 % (w/w). °6c measurements
for each sample were performed in triplicate.

PP-4:78.8 +5.0

Figure 2.25. 8c images for the molded phosphonium-containing PP pieces. (A) Control molded
PP, (B) PP molded with 2, (C) PP molded with 3, and (D) PP molded with 4. Values below the
images are averages (in °) of triplicate measurements for that substrate.

' - - . /'. 2 .
PP: 96.7+14 PP-2:82.4 +3.7 PP-3:90.7 £ 5.6
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AFM analysis was carried out on the molded plastics to examine whether incorporation of
the phosphonium antimicrobial resulted in changes to the surface microstructure. A control molded
sample (Figure 2.26A) and PP-2 (Figure 2.26B) were selected for analysis to obtain representative
structural data on the phosphonium containing plastics. The phosphonium-containing surface did

not have significant structural differences on the micron scale, as both extruded surfaces had much
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Figure 2.26. AFM images of molded PP pieces. (A) Virgin molded PP, and (B) PP-2.

larger peaks and valleys than the coated PC substrates (Figure 2.21). Roughness values were also
much higher, while the PP-2 plastic had a substantial increase in roughness (91.24 nm) relative to
the control surface (63.24 nm). Due to the nature of the extrusion process and the removal of the

piece from the stainless-steel mold, higher roughness values could be expected.
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2.4.2  Evaluation of Phosphonium Content in Co-Extruded Polypropylene

A key aim of this work is to develop plastic materials with a concentration of active
phosphonium antimicrobial in the bulk, so when abrasion occurs, a new antimicrobial surface will
be generated, rather than deactivating existing ones. X-ray photoelectron spectroscopy (XPS) was
employed to probe the phosphonium content at and below the surface of materials co-extruded
with phosphoniums 2 and 4, providing a representative depth profile of phosphonium content
within the molded plastic. For PP-2, small slices (surface, 100 um, 300 um, and 500 pum) of the

material were taken, and XPS measurements were carried out at each depth (Figure 2.27).
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Figure 2.27. XPS analysis of PP-2. The spectrum highlights the P 2p peak corresponding to the
phosphorus atom present in the phosphonium 2.

At the plastic-air interface there was a prominent peak at a binding energy of 132.9 eV,
corresponding to the P 2p peak found in similar cationic phosphonium systems.!*® Elemental
analysis via XPS (Table 2.4) for PP-2 showed 1.31 % P at the surface, corresponding closely with
the ratio of P in the chemical composition of 2 (1.37 %), and indicating these co-extruded materials

had significant accessible phosphonium charge. Of interest was the subsurface concentration of
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Table 2.4. Elemental analysis of PP-2 by XPS at different depths.

Depth (um) | 0 (Surface) 100 300 500
Element Atomic %
C 81.43 99.02 98.69 97.87
@) 12.55 0.82 1.03 1.70
P 1.31 0.15 0.18 0.26
Ca 0.73 0.00 0.00 0.00
N 0.60 0.00 0.09 0.16
Si 2.39 0.00 0.00 0.00
Br 0.99 0.00 0.00 0.00

phosphonium in the molded pieces, as an active layer of phosphonium tethered to the thermoplastic
scaffold can allow access to long-term antimicrobial plastics. Elemental analysis of the
characteristic P 2p signal was obtained from XPS measurements taken 100 um from the surface
of PP-2, and showed a dramatic decrease in phosphorus to 0.15 %. The low loading of
phosphonium at this depth indicates tributylphosphonium 2 preferentially migrates to the plastic-
air interface rather than remain in the bulk plastic. Further analysis at 300 pum and 500 pum showed
similar phosphorus content (0.18 % and 0.26 %, respectively), thus with respect to depth, a
consistent gradient was not observed for the material. Slices for the depth profile analysis were

taken at different locations horizontally across the molded plastic piece (Figure 2.28), and the
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observed differences in atomic P % across the sample between the 300 and 500 um slices may be

a result of non-uniformity in phosphorus content laterally across the sample.

Figure 2.28. Schematic of XPS depth profiling experiment. Molded PP pieces were abraded
with a microtome to create “steps” and XPS analysis was performed on each step height.

Due to the lack of an observed concentration gradient in PP-2, XPS analysis measurements
for P % in PP-4 were taken at shallower step heights (surface, 5 pm, 10 um, 20 pm and 50 pm).
A control sample was also prepared and analyzed. Peak analysis was done on the P 2p signal in
each XPS spectrum (Figure 2.29). The peak intensity was sustained from the surface to the 5 um
step height, while at 10 um there was a significant drop off. At 20 um however, an increased

response was observed; providing further evidence for non-uniformity across the sample.
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Figure 2.29. XPS peak analysis on molded plastics. Analysis was performed on (A) control
extruded PP and (B) PP-4, at step heights of 0, 5, 10, 20, and 50 pum.
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Table 2.5 Elemental analysis of PP-4 by XPS at different depths.

Depth (um) | 0 (Surface) 5 10 20 50
Element Atomic %
C 71.01 75.82 97.3 82.21 98.79
O 7.63 6.53 1.54 3.79 0.47
F 16.95 14.09 0.44 11.63 0.33
P 2.01 1.83 0.32 1.16 0.12
N 0.47 041 0.31 0.27 0.19
S 0.07 0.00 0.09 0.00 0.00
Si 0.71 0.32 0.05 0.18 0.07
Br 1.55 1.01 0.04 0.77 0.03

Elemental analysis performed on the XPS data (Table 2.5) showed significant P present at
the surface (2.01%), a significant increase over the amounts present at the surface of PP-2, and a
atomic % of P greater than than a single molecule of 4 (1.22%). This suggests the quantities of
phosphonium 4 migrating to the surface is greater than one molecule per area unit surveyed in the
XPS scan. A large quantity of F (16.95% atomic composition) at the surface was also indicative
of surface migration of 4. Crucially, the subsurface levels of P at 5 um were also substantial (1.83
%), with a decrease of only 0.18 % compared to the surface. Phosphonium content was diminished
greatly at 10 um, but at 20 um the atomic % of P was nearly equal to the ratio of P in the molecule,

representing a quantity similar to that of a monolayer.'3:140
2.5 Antimicrobial Efficacy of Polypropylene Co-Extruded with Phosphonium

A significant challenge to the plastics co-extruded with the phosphonium antimicrobials is

having a sufficient concentration of the active phosphonium at the surface-air interface to
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effectively kill bacteria. As mentioned above, XPS analysis of PP-2 and PP-4 showed the bound
phosphoniums could self-segregate to the plastic-air interface. The LDI test method was
performed for PP-2, PP-3 and PP-4 against Arthrobacter sp. and E. coli (ATCC 11229). After
extrusion and exhaustive washing of the surface with distilled water, the molded pieces were

subjected to the test, with one side of the piece consistently used throughout the test.
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Figure 2.30. Antimicrobial efficacy of co-extruded plastics. The antimicrobial activity was
measured for PP-2, PP-3, and PP-4 against (A) Arthrobacter sp., and (B) E. coli using the LDI
test method.

Despite possessing higher contact angles relative to their UV-cured coating counterparts,
all phosphonium-containing molded pieces exhibited full log reductions of Gram-positive
Arthrobacter sp. (Figure 2.30A) and Gram-negative E. coli (Figure 2.30B) after 3 and 24 h,
respectively. In this instance of PP-2, these results indicate a surface P content of 1.31 % (as
measured by XPS, Table 2.5) is a high enough concentration of phosphonium to render that surface
bactericidal. The E. coli subjected to control PP samples extruded without phosphonium did
experience some die off after 24 h; this reduction is likely due to desiccation-related cell death, a

phenomenon observed for E. coli used during the LDI protocol.!?? The antimicrobial activity of

the co-extruded plastics also indicates that the phosphonium molecules did not decompose to yield
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inactive molecular components at the high temperatures necessary for injection molding (180-220

°C).
2.6 Abrasion Resistance of Plastics Co-Extruded with Antimicrobial Phosphonium

The efficacy of these materials against the representative strains of Gram-negative and
Gram-positive bacteria lead us to probe the antimicrobial capability of these materials after being
subject to abrasive processes. The ability to withstand abrasion and retain antimicrobial efficacy
is critical for any potential long-term antimicrobial material. Abrasion testing on antimicrobial
coatings and materials has been limited, 4142 and when applied, criteria for resistance to abrasion
are varied. Locklin and coworkers reported high abrasion resistance for UV-cured benzophenone-

containing antimicrobial coatings,* however their testing deviated from the internationally

Figure 2.31. Abraded plastics. The abraded surfaces of (A) control PP, (B) PP-2, and (C) PP-4
after 100 solvent double rubs.

recognized ASTM D5402 solvent double rub test,**® and a surface demonstrating antimicrobial
activity after 15 rubbing cycles were performed was deemed “highly” abrasion-resistant.*® In
addition, the post-abrasion evaluation of antimicrobial efficacy often rely on indirect

measurements of antimicrobial potential such as surface charge, or anionic dye stain assays.*

In this work, ASTM D5402 solvent double rub test was used to assess the capability of co-

extruded plastics to maintain antimicrobial activity after abrasion (Figure 2.31). Water was chosen
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as the solvent due to its ubiquity in cleaning solutions. Of interest was whether the subsurface
concentration of phosphonium observed in the XPS experiments could translate to bactericidal
concentrations after abrasion. PP-2 and PP-4 were initially selected as candidates to compare the
XPS results with the abrasion and antimicrobial efficacy testing. PP-2 and PP-4 fabricated with a
1 % (w/w) concentration of the active phosphonium were subjected to the LDI test under standard

conditions (no abrasion). Only Gram-positive Arthrobacter sp. was initially tested.
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Figure 2.32. Antimicrobial efficacy of 1 % (w/w) PP-2 and PP-4 after abrasion. The LDI
procedure was performed on the materials after (A) no abrasion (B) 50 cycles of the solvent double
rub, and (C) 100 cycles of the solvent double rub.

When subjected to the LDI test without abrasion, PP-2 reduced the number of viable cells
by an average of log 4.67 CFU (Figure 2.32A). While a significant reduction, there was not
complete Kill of Arthrobacter sp., potentially due to suboptimal loading of phosphonium. PP-4
killed all of the bacteria (Figure 2.32A), resulting in a full log reduction relative to the 5.90 CFU
of Arthrobacter sp. growing on the control surface. After the test, the pieces were washed
exhaustively with saline solution, then distilled water, and lastly sterilized using UV light. Once
dry, the pieces were rubbed with a piece of cotton saturated in water for 50 cycles using a pressure
resulting in a reading between 1.0 and 1.6 kg on a top loading balance on which the rubs were

performed.
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Testing after the 50 cycles of abrasion (Figure 2.32B) showed that PP-2 samples had an
average reduction of log 3.04 CFU, suggesting they were significantly less active against the
Arthrobacter sp. relative to the unabraded sample, while PP-4 maintained its ability to fully
prevent the survival of viable cell colonies. XPS analysis of PP-4 showed that the material had a
greater proportion of P at the surface in comparison to PP-2, and that increase seems to be related
to increased ability to maintain antibacterial properties after abrasion. After the cleaning and
abrasion process was repeated for another 50 cycles (Figure 2.32C), both PP-2 and PP-4 had
reduced viability as antimicrobial surfaces; PP-2 showed no significant reduction of the bacteria
deposited on the surface, while PP-4 killed an average of log 2.01 CFU. This may represent the
limit of antimicrobial efficacy for surface with 1% loading of phosphonium antimicrobials, as XPS
analysis of PP-2 and PP-4 showed significant decreases in P % at depths of 50 and 100 um,
respectively. Importantly, the average cell survival on the control PP samples tested remained high
each time; indicating the pieces undergoing solvent double rub procedure had no effect on the
survivability of cells inoculated on the surface. To extend the durability of these materials, samples
of PP-2, PP-3, and PP-4 were prepared at loadings of 1.5 % (w/w) of the active phosphonium.
These materials had similar visual properties to the pieces co-extruded with 1 % (w/w)
phosphonium and were subjected to the LDI test against both Gram-positive Arthrobacter sp. and
Gram-negative E. coli (Figure 2.33). All of the surfaces co-extruded with phosphonium
antimicrobials exhibited full log reductions of viable bacteria for both species (Figure 2.33A,C),
indicating that at the higher loadings, the phosphonium molecules were still concentrating at the
surface. After cleaning, the pieces were subjected to 100 solvent double rubs, and re-tested against
both bacterial strains. For plastics tested against Arthrobacter sp., there was large deviation in

killing abilities for the triplicate samples of PP-2 and PP-3 (Figure 2.33B). After 100 solvent rubs,
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Figure 2.33. Antimicrobial testing of 1.5 % (w/w) PP-2, PP-3 and PP-4. The average cell
survivability (log CFU) on PP-2, PP-3, and PP-4 of A) Arthrobacter sp. without abrasion, B)
Arthrobacter sp. after 100 cycles of solvent rub abrasion, C) E. coli without abrasion, and D) E.
coli on the PP pieces after 100 cycles of solvent rub abrasion.

two out of three PP-2 samples tested did not reduce the cell viability, while one sample killed all
bacteria deposited on the surface. This same phenomenon was observed for PP-3. The lack of
homogeneity in P % laterally across the sample observed by XPS may explain this result: the
samples may have a greater concentration of phosphonium at other points on the surface that were
not abraded or inoculated with the bacteria. PP-4 was effective in maintaining complete
antimicrobial efficacy after 100 rubs (Figure 2.33B), far surpassing the durability and abrasion

resistance of other antimicrobial surfaces reported in the literature.*5141.142

Plastics tested against E. coli were successful in inhibiting all bacterial cell growth initially
and were subjected to the solvent double rub test for 100 cycles. Results of this test had much less

deviation between triplicates, and abraded PP-2 exhibited low average reductions of log 0.81 CFU,
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while abraded PP-3 killed all the Gram-negative species inoculated onto the surface (Figure
2.33D). The reduced efficacy of PP-2 after the abrasive cycles suggests that even at higher
loadings, the observed decrease in P % for PP-2 relative to PP-4 still holds. Abraded PP-4 pieces
exhibited full log reductions relative to the control (Figure 2.33 D), and as such the materials
exhibit broad spectrum antimicrobial efficacy even after abrasion. The efficacy of PP-3 relative to
PP-2 suggests that the aryl moiety structures contribute to the kill of the Gram-negative species;
this difference has not been reported or commented on in literature reports of antimicrobial

phosphonium surfaces.

2.7 Co-Extrusion of Phosphonium-Containing Polystyrene

Al B C

Figure 2.34. PS co-extruded with phosphoniums 2 and 3. Subjected to the BPB dye assay were
(A) a control extruded PS piece, (B) PS-2, and (C) PS-3. The extruded dogbones were significantly
smaller than PP-based pieces.

To expand the scope of application for extrudable phosphoniums, preliminary studies were
performed using a different plastic. Phosphoniums 2 and 3 were co-extruded with PS pellets (PS-
2, PS-3), using the same pre-coating and curing procedure employed for the PP pieces. The nature
of the materials that resulted suggested that PS was not an ideal candidate for this process; the
pieces that resulted were brittle, and often the extrusion of the plastic did not fill the mold, resulting
in “half-dogbones” (Figure 2.34). This is likely due to the mold temperature being below the melt

temperature for the plastic. A mold with controllable temperature settings may allow for these
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materials to be more viable. Due to time and cost restraints, phosphonium 4 was not tested in this

material.

Despite these challenges, PS materials containing 1% (w/w) 2 and 3 were fabricated.
Preliminary visualization of PS-2 and PS-3 using a qualitative BPB stain assay (Figure 2.34B,C)
showed evidence of available phosphonium charge at the surface. Analysis by 6c revealed drops
in Oc relative to the control plastic (Table 2.6). Water droplets on virgin molded PS gave contact

angles similar to those measured in (92.2° £ 1.0, Table 2.1), although the deviation in &c between

Table 2.6 éc for injection molded PS dogbones.

Material? 0c? (deg)

Molded PS control (PS) 87.8+5.1
Molded PS co-extruded with 2 (PS-2) 741+21
Molded PS co-extruded with 3 (PS-3) 80.5+£0.5

aPhosphonium compounds incorporated in non-control samples at 1 % (w/w). 6c measurements
for each sample were performed in triplicate.

triplicate extruded samples were larger (87.8 + 5.1); likely a result of the induced roughness due
to the molding process. Drops in 0c for PS-2 and PS-3 showed a similar trend to the PP samples
(Figure 2.35), with average decreases for PS-2 (13.7°) and PS-3 (7.3°) similar to those decreases
observed for PP-2 (14.3°) and PP-3 (6.0°). This suggests similar concentrations of phosphonium

are present at the surface of PS-2 and PS-3 in comparison to their PP counterparts.

PS8/ 8+51 PS-2:741+24 PS-3:80.5+0.5

Figure 2.35. 6c images for PS co-extruded with phosphonium. Water droplets on (A) virgin
molded PS, (B) PS-2, and (C) PS-3. Values below the images are averages (in °) of triplicate
measurements for that substrate.
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2.7.1  Antimicrobial Efficacy of Polystyrene Co-Extruded with Phosphonium
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Figure 2.36. Antimicrobial activity of coextruded PS against E. coli. The antimicrobial activity
of control samples, PS-2, and PS-3.

The activity of PS-2 and PS-3 against E. coli (ATCC 11229) was evaluated using the LDI
method. Due to time and availability constraints, E. coli was chosen over Arthrobacter sp. The
bacteria showed above average growth on the control when compared to E. coli ATCC 11229
survival on other surfaces tested in this work, while PS-2 showed a full log reduction of the
inoculated bacteria (Figure 2.36). On the other hand, PS-3 had modest log reductions (average
reduction of log 1.94 CFUs). This may be a result of the three phenyl moieties present in 3, which
are potentially more miscible in the styrenic bulk polymer compared to alkyl or fluoroalkyl
groups.** As such, the rate of migration to the plastic-air interface for the phosphonium may be

reduced for PS-3, affording a less antimicrobially active surface.
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3 CONCLUSIONS

3.1 Conclusion and Summary

In this work, five novel phosphonium compounds were synthesized to assess the antimicrobial
efficacy of UV-curable small molecule phosphonium against Gram-negative and Gram-positive
bacteria. Phosphoniums 1-4 were applied as UV-curable spray coatings, and their properties as
coatings were examined via several surface and material characterization techniques.
Phosphoniums 2-4 were used as additives in melt extrusion processing of PP and PS. The
properties of these materials were quantified, and the antimicrobial efficacy was tested. Each
phosphonium was able to kill both Gram-negative and Gram-positive bacteria, and PP samples

with 4 maintained their killing capacity after abrasion.

Phosphoniums 1-3 were synthesized using commercially available and accessible tertiary
phosphines using Menshutkin-like quaternization procedures in high yield. Two novel tertiary
phosphine species were synthesized, and further reacted to furnish phosphoniums 4 and 5. The
reaction of precursors i and vii to yield 5 did not proceed efficiently relative to other
quaternizations in this work, and this was attributed to poorer nucleophilicity for the bulkier vii.

Consequently, the synthetically impure 5 was not used in further testing.

Coatings comprised of 1, 2, 3, and 4 were prepared after UV-curing spray coated solutions of
the phosphoniums on PS coupons. P* content of coatings 1-4 were analyzed by 6c, surface charge
density analysis calculated from UV-Vis values, and 2-4 were probed by AFM to determine
coating thickness and surface roughness. Coatings of phosphonium 1 did not show evidence of

significant phosphonium charge.
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LDI testing, which can simulate real-world desiccation conditions, against E. coli (ATCC
strain 11229) and Arthrobacter sp. (IAI-3) was employed to test antimicrobial efficacy of the
coatings. Phosphoniums 2-4 showed full log reductions of the inoculated bacteria, while 1 did not
significantly reduce either bacterial strain to which it was subjected. This was attributed to the lack

of charge density measured on the coatings.

Phosphinium 2-4 were shown to be suitable additives in injection molding processes. The
phosphoniums were UV-cured to PP beads and subsequently extruded into a dogbone mold to give
plastics PP-2, PP-3, and PP-4. The P* content of resulting pieces was analyzed by 6c and XPS.
XPS analysis was able to quantify the P content of PP-2 and PP-4 at both the surface (1.31 and
2.01 %, respectively) and throughout the material. PP-4 showed a significant concentration of P

up to a depth of 20 um. AFM analysis on PP-2 revealed a rougher surface than virgin PP pieces.

Antimicrobial testing against E. coli (ATCC 11229) and Arthrobacter sp. (IAI-3) using the
LDI protocol showed PP-2, PP-3, and PP-4 all exhibit full log reductions of both strains,
confirming the phosphoniums are effective antimicrobials when used as additives in the injection
molding process. Abrading the surfaces of PP-2, PP-3, and PP-4 for 100 solvent double-rub cycles
showed a loss in antimicrobial activity for plastics impregnated with 1 % (w/w) phosphonium. A
loading of 1.5 % (w/w) allowed PP-4 to maintain full log reductions of Gram-positive and Gram-
negative species after 100 abrasion cycles, while PP-2 and PP-3 had reduced efficacies. This
positions 4 as an effective antimicrobial that can be used as both a coating and an additive; when

used as the latter, long-lasting abrasion-resistant antimicrobial surfaces can be generated.

Lastly, preliminary work demonstrating the compatibility of the phosphoniums with other
plastic was carried out. Incorporated at 1% (w/w) into PS were phosphoniums 2 and 3, yielding

PS-2 and PS-3. These materials were examined using 6c, and subjected to the LDI using E. coli
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(ATCC 11229). PS-3 exhibited modest antimicrobial activity, while PS-2 showed a full log
reduction of the inoculated E. coli. The reduced efficacy of PS-3 was attributed to slower rate of
migration of the phosphonium additive to the surface-air interface in the PS plastic relative to PP-

2.
3.2 Future Work

This work was able to produce antimicrobial materials with the ability to retain antimicrobial
properties after abrasion. Of the five phosphoniums synthesized to realize this goal, only four were
tested in any capacity. Phosphonium 5 was formed, but analysis of the tH NMR (CDClIs) spectrum
showed the reaction was incomplete after a 24 h reflux. Further attempts to obtain this product in

good yield and purity could utilize longer reaction times, more concentrated reactants, and higher

E /\/C6F13

o o

temperatures (Scheme 3.1).

/\/C6F13

Scheme 3.1. Preparation of 5 using alternate reaction conditions.

Another advancement of the synthetic work done would be the oxidation-free P-H addition
of PhoPH across (perfluorohexyl)ethylene (Scheme 3.2). In this work, the reaction of the two
starting materials in the presence of 4 mol % AIBN yielded only the oxidized adduct; further efforts
to have this reaction cleanly yield the desired phosphine iv should be explored. Silanizing

glassware to remove any free hydroxyl groups, using higher vacuum to remove oxygen from the
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glass, and perhaps using different reaction apparatus entirely may be necessary to preclude the

formation of the oxide, iii.

F
FFRF F_
H WF FFF FF F
FFFFFF %F
_________________________ -
©/ \© AIBN, THF, A/ UV FFFF FT
iv

Scheme 3.2. Proposed oxidation-free synthesis of iv.

Additionally, this work established differences in the properties of coatings and co-
extruded plastics with 2, 3, and 4. A significant amount of insight on the differences between alkyl,
aryl, and perfluoroalkyl groups as they pertain to use in these materials, however three materials
is likely insufficient to establish a trend. Due to the success of 4 in antimicrobial and abrasion

trials, architectures with varying degrees of fluorinated groups should be explored (Figure 3.1).

o © 0 © 5F13
O/\/\ A~_-CsF iz 0/\/\ /\,Csts “ /\,05F13
C5F13 csFm

Figure 3.1. Proposed phosphoniums with varying amounts of fluoroalkyl substituents.

Additionally, this work has introduced a new class of small molecule phosphoniums with
antimicrobial efficacy. Due to the prevalence of QAC-containing antimicrobial polymers in the
literature, it is logical to extend the phosphonium motif into polymeric form (Figure 3.2). The
phosphoniums can be tailored to include polymerizable groups, and block copolymers of these

phosphoniums can be synthesized and grafted to various substrates.
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Figure 3.2. Proposed phosphonium-containing polymers. (A) A monomer with a polymerizable
group, (B) a homopolymer, and (C) a block copolymer containing a small portion of a UV-curable
benzophenone block.

The preliminary testing of 2 and 3 in PS is promising, and a full gamut of testing, including:
the incorporation of 4 into PS, AFM analysis on the pieces relative to a control, XPS analysis at
different depths on the extruded materials, LDI testing with Gram-positive bacteria, and abrasion
testing should be carried out. If these results are promising, co-extrusion with other plastics,
especially those relevant to 3D printing and additive manufacturing processes, such as PLA, should

be tested.
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4 EXPERIMENTAL METHODS

4.1 General Methodology

4.1.1  General Synthetic Methods

All syntheses, unless otherwise stated, were carried using standard Schlenk and glovebox
protocols. Unless otherwise noted, solvents were purified via a solvent purification system (SPS).
PS coupons were cut from weigh boats (cat. 89106-754) supplied by VWR International, and PS
and PP beads used in extrusion were donated by Electro-Pack Inc. All reagents were purchased
from commercial sources and used as received unless otherwise noted. (Perfluorohexyl)ethylene
was purchased from Oakwood chemicals and degassed via a freeze-pump-thaw (FPT) method (4
cycles). Sodium hydroxide (NaOH, 1 M), 10 % aqueous ammonium chloride (NH4Cl), and 3 M
hydrochloric acid (HCI) were sparged with N2 (g) for 1 h before use. Acetonitrile (MeCN) was
dried over 4 A molecular sieves for 48 h prior to use. The concentration of n-butyllithium
purchased from Sigma Aldrich was determined to be 1.4 M in hexanes via titration of
diphenylacetic acid in anhydrous THF under N2. 2,2'-Azobis(2-methylpropionitrile) (AIBN) was

recrystallized 2 x from MeOH.

Column chromatography was carried out on silica gel (Silica Gel 60, 40-63 um, EMD).
Reactions and chromatographic purifications were monitored by thin layer chromatography
(TLC). Silica-coated aluminum plates (Alugram Sil G/UV254, Macherey-Nagel) were used for

TLC tests. Plates were visualized by UV light or KMnO4 staining and heated with a heat gun.
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4.1.2  Characterization of Compounds

Nuclear magnetic resonance (NMR) experiments were carried out on a 400 MHz Bruker
Avance Il Spectrometer using CDCls or CsDs. *H NMR (400 MHz) and 3C {*H} NMR (100.6
MHz) spectra were referenced to the residual proton and central carbon peak of the solvent. 3P
{*H}, F {*H}, and 2°Si {*H} spectra were referenced to external standards 85 % H3POs (5 (31P)
=0.00 ppm), CFCl3 (8 (*°F) = 0.00 ppm) and TMS (8 (*°Si) = 0.00 ppm), respectively. All chemical
shifts are given in & (ppm) relative to the solvent and assigned to atoms on basis of available 2D
spectra for each compound. High resolution mass spectrometry (HRMS) for novel small molecules
was carried out using electrospray ionization time of flight (ESI-TOF) and Direct Analysis in Real
Time (DART) at the Advanced Instrumentation for Molecular Structure (AIMS) laboratory at the

University of Toronto.
4.1.3  Coated Sample Preparation

Coating of plastic test samples, which consisted of 6.25 cm? + 1 cm? coupons of each plastic
material, was performed via an ESS AD — LG electrospray apparatus set to 125 kPa that applied
the compound uniformly over the test surfaces. UV curing of phosphonium-coated PS and
antimicrobial phosphonium-containing plastics was performed using a Novacure spot curing
system, supplied from a mercury-arc discharge lamp, at a peak intensity of 5000 mW into a
reflective curing chamber 6.5 cm from the light guide source giving a 0.164 W/cm?2 intensity giving

an approximate 10 J cm total dose as measured using an EIT UV Power Puck 2.
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4.1.4  Co-extrusion of Phosphonium Containing Plastics

Antimicrobial plastics were extruded into a stainless-steel mold using a hand press thermal
extruder donated by Electro-Pack Inc., with the die temperature set to 220 °C and the mold heated
in a vacuum oven at 110 °C. Plastic beads were placed in a 500 mL round bottom flask (RBF) and
1 or 1.5 % (w/w) of the active phosphonium was added. EtOH was added to dissolve the compound
and the solvent was removed via rotary evaporation, adsorbing the phosphonium to the beads.
Once dry, the coated beads were then cured using the Novacure spot curing system under the same

parameters utilized for the coated networks.
415  Surface Characterization of Antimicrobial Materials

Advancing water contact angle 6c images of treated and untreated surfaces were taken using
a Teli CCD camera equipped with a macro lens attached perpendicular to the sample surface. The
camera was connected to a monitor using a Sony CMA-D camera adapter. Contact angle
measurements were performed using SCA20 contact angle software by Data Physics Corporation.
Contact angle experiments performed in accordance with ASTM D7334, and images and
measurements were taken 30 s after placing the water droplet on the surface. Atomic force
microscopy (AFM) using an Anasys nanolR2 equipped with Contact Mode NIR2 Probes
(Resonance frequency 13 + 4 kHz, Spring constant 0.07 - 0.4 N m™) was performed at the Ontario
Centre for Characterization of Advanced Materials (OCCAM). PC samples were prepared by
putting a piece of 3M Scotch® Tape on one half of the sample, coating and curing the sample, and
subsequently removing the tape to create a coated and uncoated side. AFM data was processed
using Gwyddion 2.48. The preparation of samples for XPS experiments and the XPS experiments

themselves were performed at OCCAM.
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4.1.6  Antimicrobial Testing using the Large Drop Inoculum Method

Bacterial test species were grown overnight in 10 mL of 3 g L * tryptic soy broth (EMD
Millipore) at 30 °C within a shaking incubator, and cultures were washed twice via centrifugation
at 9000 x g to replace the growth media with sterile water. Arthrobacter sp. (1AlI-3), a Gram-
positive bacterium originally isolated from indoor laboratory air was inoculated onto all treated
and control test surfaces as the model organism for bacterial survival on solid surfaces.39 Lab
strains of Gram-negative Escherichia coli (ATCC 11229) was also tested on treated materials.
These strains were chosen since they are well characterized and are present in biofilms found
within high-risk environments. The large drop inoculum (LDI) method was used to assess the
antimicrobial efficacy of the antimicrobial treatment at a solid/air interface and is a modification
of the ISO 22196/JIS Z 2801 standard procedure. Triplicate treated samples were inoculated with
100 mL bacterial aliquots of subsequently determined concentration, and survival on the sample
was determined by spot plating, described as following. For Arthrobacter sp., the inoculated
droplets were naturally air-dried within a class 11, type A2 biosafety cabinet (Model 34400009,
Labconco Corp.) to avoid contamination, and surviving cells were enumerated upon drying, which
took 3 hours. E. coli samples were dried in a petri dish with lid closed, over a period of 24 h.
Enumeration was performed by rehydrating and vortexing samples in 5 mL of a 0.9% saline
retrieval solution, which was then serially diluted and spot-plated onto 3 g L1 tryptic soy agar.
Plates were then incubated at 25 °C for a period of 3-5 d which allowed for visualization of colony
forming units (CFU). At each time point, bacterial survival on the treated samples was compared

to survival on triplicate untreated control surfaces of the same material.
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Figure 4.1. Schematic describing the LDI protocol.

4.1.7  Abrasion and Antimicrobial Testing of Extruded Plastics

Abrasion of the extruded PP samples was done according to ASTM D5402-19.14% After LDI
testing, the samples were removed from the 50 mL falcon tubes, rinsed with distilled water, and
vortexed again in a 50 mL falcon tube containing 15 mL 0.9% saline solution. The samples were
rinsed with distilled water again, dried, placed in the biosafety cabinet and sterilized with UV light
for 10 minutes. The sterilized pieces were placed on a scale and rubbed using cotton cloth saturated
with distilled water. One rub was counted as a back-and-forth motion with consistently applied
pressure resulting in a reading between 1.0 and 1.6 kg on a top loading balance. After rubbing the
pieces were once again sterilized in the biosafety cabinet for 10 min, after which they were subject

to the LDI protocol.
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4.2 Synthesis of Antimicrobial Compounds and Precursors

4.2.1  Synthesis of 4-(3-bromopropoxy)benzophenone (i)

o}
N3 1 Fe 0y e
,

Under ambient conditions, to a 2 L round bottom flask a magnetic stir bar, 4-
hydroxybenzophenone (100.0 g, 504 mmol), TBAB (8.13 g, 25.2 mmol), K>COz (77.0 g, 555
mmol), 1,3-dibromopropane (154.3 mL, 1513 mmol), and H2O (300 mL) was added. The reaction
was heated to 110 °C for 1.5 h and allowed to cool to R.T. The bottom layer in the flask was flash
frozen in liquid N2 and the top aqueous layer was decanted. The frozen solid was further washed
with H20 (200 mL). After warming to R.T., excess 1,3-dibromopropane was removed via vacuum
distillation (80 °C, 5 mmHg). The reaction mixture was dissolved in EtOAc (300 mL) with heating,
and insoluble impurities were filtered out. The contents of the flask were collected, and the
volatiles removed in vacuo to give a white coloured powder. Yield: 92 % (135 g). Mp =72 °C. H
NMR (400 MHz, CDCl3) & = 7.83 (d, 3Jun = 8.81 Hz, 2H, H7), 7.75 (d, 3J un = 8.28 Hz, 2H, H3),
757 (t, % un =7.37 Hz, 1H, H1), 7.47 (t, ®Jun =7.51, 2H, H2), 6.97 (d, *J un = 8.79 Hz, 2H, H8),
4.20 (t, 3J wn = 5.72 Hz, 2H, H10), 3.62 (t, 3J un = 5.87 Hz, 2H, H12), 2.38-2.33 (m, 2H, H11)
ppm. 3C {H} NMR (101 MHz, CDCl3) 8: 195.50 (C5), 162.31 (C9), 138.25 (C4), 132.59 (C3),
131.94 (C2), 130.38 (C6), 129.75 (C7), 128.22 (C1), 114.05 (C8), 65.46 (C10), 32.15 (C12), 29.82

(C11) ppm. NMR spectral data agreed well with literature values.!’
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4.2.2  Synthesis of (3-(4-benzoylphenoxy)propyl)trimethylphosphonium bromide (1)
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In a sealed 20 mL microwave vial, PMes (3.40 mL, 1 M in toluene, 3.40 mmol) was added
dropwise to a stirring solution of i (1.00 g, 3.10 mmol) in dry MeCN (5 mL) and stirred at R.T. for
1 h. The mixture was heated to 80 °C for 48 h, and after cooling to R.T., was washed with cold
dry Et.O (3 x 15 mL). Volatiles were removed in vacuo, yielding the desired product as a white
coloured powder. Yield: 99% (1.2 g). *H NMR (400 MHz, CDClz) §: 7.81 (d, 3Jun = 8.9 Hz, 2H,
H7), 7.74 (t, *Jun = 6.9 Hz, 2H, H3), 7.57 (t, 3Jnn = 7.4 Hz, 1H, H1), 7.47 (t, 33w = 7.4 Hz, 2H,
H2), 6.96 (d, 3Jun = 8.9 Hz, 2H, H8), 4.26 (t, *Jun = 5.5 Hz, 2H, H10), 2.81-2.88 (m, 2H, H12),
2.26 (d, 2Jpn = 14.2 Hz, 9H, H13), 2.15-2.21 (m, 2H, H11) ppm; 3C {*H} NMR (101 MHz, CDCls)
8: 195.65 (C5), 161.79 (C9), 138.09 (C4), 132.70 (C7), 132.24 (C1), 130.87 (C6), 129.85 (C3),
128.39 (C2), 114.26 (C8), 67.20 (d, Jcp = 15.4 Hz, C10), 22.09 (d, 2Jc.p = 3.7 Hz, C11), 21.28
(d, Ycp = 53.9 Hz, C12), 9.27 (d, Ycp = 54.7 Hz, C13) ppm. 3P {{H} NMR (162 MHz, CsDs) 5
27.81 ppm. HRMS (ESI-TOF) (m/z): [M* - Br] for CzsH30O2P: calculated 441.2917; found

441.2915.
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4.2.3  Synthesis of (3-(4-benzoylphenoxy)propyl)tributylphosphonium bromide (2)
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In a 100 mL Schlenk flask, PPhs (0.73 mL, 4.45 mmol) was added dropwise to a solution
of i (1.42 g, 4.45 mmol) were dissolved in dry MeCN (5 mL) in a 100 mL Schlenk and heated at
120 °C for 48 h. The reaction mixture was cooled to R.T. and was washed with dry Et,O (3 x 30
mL), and then dried in vacuo, giving an orange gel. Yield: 83 % (1.92 g). *H NMR (400 MHz,
CDCls) 6: 7.83 (d, 3Jun = 8.7 Hz, 2H, H7), 7.76 (t, *Jun = 7.0 Hz, 2H, H3), 7.59 (t, 3Jun = 7.5 Hz,
1H, H1), 7.49 (t, 3Jun = 7.5 Hz, 2H, H2), 6.97 (d, 3Jun = 8.8 Hz, 2H, H8), 4.26 (t, 3Jun = 5.4 Hz,
2H, H10), 2.77-2.88 (m, 2H, H12), 2.45-2.52 (m, 6H, H13), 2.18-2.29 (m, 2H, H11), 1.51-1.65
(m, 12H, H14 + H15 overlap), (t, 3Jun = 7.0 Hz, 9H, H16) ppm; 3C {{H} NMR (101 MHz, CDCl3)
3: 195.62 (C5), 161.84 (C9), 138.18 (C4), 132.74 (C7), 132.18 (C1), 130.85 (C6), 129.85 (C3),
128.38 (C2), 114.20 (C8), 67.29 (d, “Jc-p = 15.3 Hz, C10), 24.14 (d, *Jc» = 15.3 Hz, C15), 23.94
(d, 3Jc.p = 4.7 Hz, C14), 22.27 (d, 3Jc-p = 3.7 Hz, C11), 19.33 (d, ZJcp = 47.3 Hz, C13), 16.75 (d,
2Jcp = 49.4 Hz, C12) ppm; 3P {#H} NMR (162 MHz, CsDs) &: 33.61 ppm. HRMS (ESI-TOF)

(m/z): [M™ - Br] for C2sH4202P: calculated 441.2917; found 441.2915.
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4.2.4  Synthesis of (3-(4-benzoylphenoxy)propyl)triphenylphosphonium bromide (3)
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Triphenylphosphine (4.00 g, 15.2 mmol) and i (4.85 g, 15.2 mmol) were combined in a
100 mL Schlenk and heated at 130 °C for 24 h. The waxy, solidified mixture was cooled to R.T.
and was washed with dry Et>O (3 x 70 mL), and then dried in vacuo, giving an off-white coloured
powder. Yield: 89 % (7.08 g). mp: 191 °C. *H NMR (400 MHz, CDCls) §: 7.65-7.86 (m, 19H, H7
+ H3 + H14-H16 overlap), 7.52 (t, 3Jun = 7.4 Hz, 1H, H1), 7.41 (t, 3J = 7.5 Hz, 2H, H2), 6.90 (d,
3) = 8.9 Hz, 2H, H8), 4.43 (t, 3Jun = 5.7 Hz, 2H, H10), 4.02-4.09 (m, 2H, H12), 2.16-2.23 (m, 2H,
H11) ppm; BC{*H} NMR (101 MHz, CDCls) &: 195.57 (C5), 161.89 (C9), 138.09 (C4), 135.18
(d, *Jcp= 2.8 Hz, C16), 133.70 (d, 3Jc.p= 10.1 Hz, C15), 132.50 (C7), 131.99 (C1), 130.57 (d, 2Jc.
p=12.6 Hz, C14), 130.30 (C6), 129.72 (C3), 128.22 (C2), 118.03 (d, 1Jcp= 86.4 Hz, C13), 114.24
(C8), 66.97 (d, 3Jcp=17.5 Hz, C10), 22.82 (d, 2Jc-p = 3.4 Hz, C11), 19.73 (d, *Jc-p = 53.0 Hz, C12)
ppm; 3P {*H} NMR (162 MHz, CDCls) &: 24.71 ppm HRMS (ESI-TOF) (m/z): [M* - Br] for

C34H3002P: calculated 501.1978; found 501.1985.
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4.25  Synthesis of diphenylphosphine (ii)

Hs
4
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z i

Compound ii was prepared according to a literature procedure.'?* Briefly, under Ar (g) at
0 °C, a solution of PPhz (25.0 g, 95.3 mmol) dissolved in 50 mL of dry THF was transferred via
cannula in a flame dried 500 mL Schlenk to a suspension of Li (2.65 g, 381 mmol) in dry THF (50
mL), facilitating an immediate colour change from clear to dark red. The reaction mixture was
stirred at room temperature for 24 h. The mixture was then cooled to 0 °C, and degassed water (40
mL, sparged with Ar (g)) was added dropwise to the mixture, followed by the addition of degassed
3 M HCI solution (25 mL). Dry hexanes (70 mL) was added and the organic layer was extracted
via cannula into a clean 500 mL Schlenk. Volatiles were removed in vacuo and product was
distilled from the reaction mixture at 130 °C under reduced pressure (5 mmHg) to afford the
desired air and moisture-sensitive phosphine as a clear, colourless liquid. Yield: 91 % (16.1 g). *H
NMR (400 MHz, Ce¢Ds) &: 7.35-7.39 (m, 4H, H2), 6.98-7.05 (m, 6H, H1 + H3 overlap), 5.21 (d,
1p.q = 215.7 Hz, 1H, H5); 13C {{H} NMR (101 MHz, CsDs) &: 134.97 (d, XJc.p = 10.6 Hz, C4),
134.00 (d, 2Jc-p=17.2 Hz, C3), 130.59 (d, ®Jcp = 8.6 Hz, C2), 128.54 (d, *Jc-r = 6.2 Hz, C1); 3P
{*H} NMR (162 MHz, CsDs) &: -40.73 ppm. NMR spectral data agreed well with literature

values.1?
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4.2.6  Synthesis of diphenyl(perfluorohexylethyl)phosphine oxide (iii)

F2 F4
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Under Ar (g), (perfluorohexyl)ethylene (1.17 mL, 5.16 mmol), ii (0.70 g, 4.03 mmol) and
AIBN (0.025 g, 4 mol %, 0.15 mmol) were combined in a 50 mL Schlenk flask and the biphasic
mixture was stirred under Ar (g) at 70 °C for 2 h. Subsequent portions of AIBN (0.025 g) were
added every 2 h for a total of four additions (0.10 g total), and the reaction was stirred at 70 °C for
14 h. The resulting waxy yellow solid was sublimed (70 °C, 5 mmHg) for 4 h to remove excess
(perfluorohexyl)ethylene and tetramethylsuccinonitrile. The leftover crude material was sublimed
further (140 °C, 5 mmHg) to yield the compound as a white coloured solid. Analysis by 3P {*H}
NMR and *H NMR spectroscopy, and HRMS indicated the desired material had oxidized. Yield:
66 % (1.46 g). *H NMR (400 MHz, CsDg) &: 7.61-7.66 (m, 4H, H3), 6.98-7.06 (m, 6H, H1 + H2
overlap), 2.38-2.53 (m, 2H, H5), 2.21-2.28 (m, 2H, H6) ppm; *C {*H} NMR (101 MHz, CsDs) &:
132.95 (d, YJcp = 99.5 Hz, C4), 131.42 (d, 3Jc» = 9.3 Hz, C2), 128.94 (d, 2Jc.p = 11.7 Hz, C3),
24.80 (t, 2Jc.r1 = 23.00 Hz, C6), 21.33 (d, Wcp= 71.5 Hz, C5) ppm; 3P {*H} NMR (162 MHz,
CsDs) 8: 26.53 ppm; 1°F {{H} NMR (376 MHz, CeDs) 5: -81.06, -114.32, -121.89, -122.8, -123.25,

-126.19 ppm. HRMS (DART) (m/z): [M + H'] for CxH14F130P: calculated 549.0647; found

549.0650.
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4.2.7  Synthesis of diphenyl(perfluorohexylethyl)phosphine (iv)
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Under Ar (g), iii (1.00 g, 1.82 mmol) obtained in the previous hydrophosphination reaction
was dissolved in dry toluene (20 mL) in a 250 mL Schlenk flask. HSiCls (2.14 mL, 21.2 mmol,
11.6 eq) was added in dropwise, discolouring the solution to a light yellow. The reaction was
stirred overnight for 13 h at 100 °C, and upon cooling to R.T., degassed 1 M NaOH solution (80
mL) was added dropwise, facilitating an exothermic formation of white precipitate and vigorous
gas evolution. Dry Et,O (70 mL) was added to the mixture and the organic layer was extracted via
cannula transfer, filtered over MgSOs, and volatiles removed in vacuo, yielding a clear, off-white
coloured solid. The crude solid was sublimed (60 °C, 5 mmHg) to yield white, needle-like crystals.
Yield: 70 % (0.68 g). 'H NMR (400 MHz, CsDs) &: 7.26-7.32 (m, 4H, H3), 6.00-7.06 (m, 6H, H1
+ H2 overlap), 1.97-2.15 (m, 4H, H5 + H6 overlap) ppm; **C {*H} NMR (101 MHz, CsDs) &:
138.05 (d, 3Jc-p= 9.3 Hz, C2) 133.26 (d, YJc-p = 99.5 Hz, C4), 129.33 (d, 3Jcr = 9.3 Hz, C2), 28.64
(d, 2c.F = 23.0 Hz, C6), 18.92 (d, Lc.p = 71.5 Hz, C5) ppm; 3P {*H} NMR (162 MHz, CeDs) &:
-16.45 ppm; °F {*H} NMR (376 MHz, C¢De) 6: -81.06, -114.32, -121.89, -122.89, -123.25, -
126.19 ppm. HRMS (DART) (m/z): [M + H*] for CxHi4F13P: calculated 533.0698; found

533.0701.
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4.2.8  Synthesis of (o-tolyl)diphenylphosphine (v)

8
7 9
6 1
5 10
4 @
3
v

A solution of 2-bromotoluene (8.41 mL, 70.2 mmol) dissolved in dry Et2O (30 mL) was

1
2

added to a suspension of Mg (8.53 g, 350 mmol) and 1> (0.06 g) in dry Et2O (50 mL) in a 500 mL
3-neck round bottom flask over a 0.5 h period. The mixture was then stirred at 110 °C for 1 h, and
the cloudy suspension cooled to -4 °C and was before transferring by syringe to a solution of
chlorodiphenylphosphine (12.6 mL, 70.2 mmol) in dry Et2O (20 mL) in a 250 mL Schlenk at -4
°C, resulting in the formation of white precipitate. The resulting mixture was stirred at reflux
temperature for 2.5 h, then quenched by the addition of 10% aqueous NH4Cl (100 mL). The
solution was transferred to a 500 mL separatory funnel, the organic layer extracted and dried over
MgSOs, and concentrated in vacuo. The resulting yellow coloured gel was recrystallized in EtOH
at -30 °C to afford an off-white coloured solid. Yield: 75 % (10.3 g). *H NMR (400 MHz, CsDs)
8: 7.23-7.40 (m, 12H, H1-H3 + H7 + H9 overlap), 7.13 (t, 3Juw = 7.11, 7.44 Hz, 1H, H8), 6.81-
6.84 (M, 2H, H6), 2.44 (s, 3H, H11) ppm; °C {*H} NMR (101 MHz, C¢Ds) &: 142.56 (d, *Jc.p =
25.7 Hz, C5) 137.17 (d, 3Jcp = 11.4 Hz, C4), 136.79 (d, 3Jcp = 12.8 Hz, C10), 134.45 (d, YJcp=
19.8 Hz, C7), 133.31 (C1), 130.48 (d, 2Jc. = 4.4 Hz, C6), 128.95 (d, 3Jcr = 15.0 Hz, C2), 128.93
(d, 2Jcr= 1.8 Hz, C3 + C9 overlap), 126.48 (C8), 21.34 (d, *Jc.p = 21.6 Hz, C11) ppm; 3'P {H}

NMR (162 MHz, C¢Ds) 8: -13.26 ppm. NMR spectral data agreed well with literature values.*?’
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4.2.9  Synthesis of chlorodimethyl(perfluorohexylethyl)silane (vi)

F2 F4
| , RFRF FT
CI-Si 4 6 8
5 7 9 F
F FF FF F
F1  F3 F5
vi

The compound was prepared according to a previously reported literature procedure.?®
Briefly, (perfluorohexyl)ethylene (4.61 mL, 20.2 mmol) and Wilkinson’s catalyst (0.118 g, 0.128
mmol, 0.6 mol %) were dissolved in dry CsHes (20 mL) in the dark and after stirring for 15 min,
HMeSiCl (4.50 mL, 40.5 mmol) was added in dropwise. The stirring yellow solution was refluxed
for 2.5 h, and after cooling, the excess HMe>SiCl and CeHs were distilled at ambient pressure.
Flame distillation under reduced pressure (120 °C, 5 mmHg) afforded the air and moisture-
sensitive product as a clear colourless liquid. Yield: 90 % (7.98 g). *H NMR (400 MHz, C¢Ds) 6:
1.98-2.07 (m, 2H, H3), 0.73-0.77 (m, 2H, H2), 0.06 (s, 6H, H1) ppm; 13C {¢H} NMR (101 MHz,
CsDs) 8: 25.55 (t, 2Jc-F = 23.7 Hz, C3) 8.66 (t, *Jc-r = 3.1 Hz, C2), 0.76 (C1) ppm; 2°Si {*H} NMR
(79 MHz, CsDs) 5: 30.65 ppm; °F {*H} NMR (376 MHz, CsD¢) 5: -81.31, -115.63, -122.00, -

122.99, -123.28, -126.35 ppm. NMR spectral data agreed well with literature values.*
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4.2.10 Synthesis of 2-(dimethyl(perfluorohexylethyl)silyl)methyl)phenyl)
diphenylphosphine (vii)

8

12 F2 F4
’ 9\/ w RFFEF FFl_f
JFEFE F

In a 50 mL Schlenk flask, a stirring suspension of v (0.99 g, 3.62 mmol) and TMEDA
(0.70 mL, 4.712 mmol) in dry hexanes (15 mL) was cooled to 0 °C, and n-BuLi (2.58 mL, 1.42 M
in hexanes, 3.62 mmol) was added dropwise, the addition of which turned the suspension orange.
After stirring at 0 °C for 2 h, a solution of vi (1.52 g, 3.62 mmol) in dry hexanes (5 mL) was run
in via cannula transfer, discharging the orange colour slowly. The mixture was stirred for 18 h,
then quenched with the addition of degassed H2O (20 mL). The organic layer was extracted via
cannula transfer, and the aqueous layer washed with dry hexanes (2 x 20 mL). The organic extracts
were combined, filtered over MgSOs, and concentrated in vacuo. The resulting orange oil was
transferred to a sublimation chamber and impurities were sublimed out from the product (120 °C,
5 mmHg), affording the product as a viscous, orange-coloured gel. Yield: 50 % (1.24 g). *H NMR
(400 MHz, CeDg) &: 7.36 (d, 3Jnn = 7.68 Hz, “Jun = 1.7 Hz, 4H, H7), 6.99-7.09 (m, 9H, H1-H5,
H9 overlap), 6.81-6.89 (m, 2H, H6 + H8 overlap), 2.33 (s, 2H, H11), 1.87-2.00 (m, 2H, H14),
0.76-0.81 (m, 2H, H13), 0.09 (s, 6H, H12) ppm; 3C {*H} NMR (101 MHz, CeDs) &: 142.56 (d,
Yep=25.7 Hz, C5) 137.16 (d, 3Jcp = 11.4 Hz, C4), 136.79 (d, 3Jcp = 12.8 Hz, C10), 134.46 (d,
YJcp=19.8 Hz, C7), 133.31 (C1), 130.50 (d, 2Jc.r = 4.4 Hz, C6), 128.95 (d, 3Jcr = 15.0 Hz, C2),
128.93 (d, 2Jc.F = 1.8 Hz, C3 + C9 overlap), 126.48 (C8), 25.58 (t, 2Jc.r = 23.7 Hz, C14) 25.58 (t,
2Jcr = 23.7 Hz, C14), 21.34 (d, 2Jcp = 21.3 Hz, C11), 7.56 (C13), -0.28 (C14) ppm; 2Si {*H}
NMR (79 MHz, CsDe) &: 30.65 ppm. HRMS (DART) (m/z): [M + H*] for CaoHasF13SiP:

calculated 681.1407; found 681.1403.
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4.2.11 Synthesis of Synthesis of (3-(4-benzoylphenoxy)propyl)diphenyl
(tridecafluorohexylethyl))phosphonium bromide (4)

© FFFFFF
{24 F
FFFF FF
14
15

4 16

Under Ar (g), to a flame dried 100 mL Schlenk, 0.924 g (2.89 mmol) of i and 1.40 g (2.63
mmol) of ii were added. The mixture was stirred at 120 °C for 24 h, then cooled to R.T. The solid
was dissolved in 5 mL MeCN, and the product precipitated as an oily residue from 80 mL of cold
Et2O. The Et2O was decanted, and the product washed again with Et2O (2 x 50 mL). Volatiles
were removed in vacuo, yielding the product as a fine off-white coloured powder. Yield: 84 %
(1.87 g). 'H NMR (400 MHz, CDCls) 8: 7.99-8.04 (m, 4H, H15), 7.84 (t, 3Jun = 7.4 Hz, 2H, H16),
7.71- 7.77 (m, 8H, H3 + H7 + H14 overlap), 7.56 (t, *Jun = 7.3 Hz, 1H, H1), 7.46 (t, 3Juu = 7.5
Hz, 2H, H2), 6.89 (d, 3Juw = 8.3 Hz, 2H, H8), 4.24-4.28 (m, 2H, H10), 3.88-4.03 (m, 2H, H12),
3.78-3.84 (m, 2H, H17), 2.40-2.54 (m, 2H, H18), 2.04-2.19 (m, 2H, H11) ppm; 3C {{H} NMR
(101 MHz, CDCls) §: 195.61 (C5), 161.73 (C9), 138.15 (C4), 135.57 (d, “Jc.r = 3.3 Hz, C16),
133.40 (d, 3Jcp= 9.9 Hz, C15), 132.59 (C7), 132.12 (C1), 130.84 (d, 2Jc-p = 12.5 Hz, C14), 130.69
(C6), 129.81 (C3), 128.32 (C2), 116.34 (d, LJc.p = 83.6 Hz, C13), 114.24 (C8), 66.84 (d, 3Jcp =
16.9 Hz, C10), 24.80-24.68 (m, C18) 22.55 (d, 2Jc-p = 3.1 Hz, C11), 19.42 (d, Jc-p = 51.7 Hz,
C12), 15.00 (d, YJc.p = 55.4 Hz, C17) ppm; 3P {{H} NMR (162 MHz, CDCls) &: 29.81 ppm; °F
{*H} NMR (376 MHz, CsD¢) &: -80.82, -113.41, -121.85, -122.71, -122.86, -126.15 ppm. HRMS

(ESI-TOF) (m/z): [M™ - Br] for C3sH29F1302P: calculated 771.1692; found 771.1688.
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4.2.12 (3-(4-benzoylphenoxy)propyl)(2-((dimethyl
(tridecafluorohexylethyl))silyl)methyl)phenyl)diphenylphosphonium

2 F4

F2
o © 19 2 F FF F FFE
4 6 Br \/ o5 F
5 18 21 gj 26 A28 X 30
10 12 Y7 TR F
1 N2 FFEFEF
M R \@ FI F3 Fs
13
@14

Under Ar (g), to a flame dried 100 mL Schlenk, 0.400 g (1.25 mmol) of i and 0.705 g (1.00
mmol) of vii were added. The mixture was stirred at 120 °C for 24 h, then cooled to room
temperature. The solid was dissolved in 5 mL MeCN, and the product was precipitated as an oily
residue with 50 mL of cold Et.O. The Et>O was decanted, and the product was washed again with
Et,O (2 x 30 mL). Volatiles were removed in vacuo, yielding the product as a sticky, off-white
coloured solid. Yield: 58 % (0.72 g). *H NMR (400 MHz, CDCls) §: 7.72-7.92 (m, 20H), 7.54-
7.57 (M, 4H), 7.44- 7.49 (m, 4H), 6.95-6.98 (M, 4H), 4.48 (t, 3Jun = 5.8 Hz, 2H, H10), 3.99-4.11
(m, 2H, H12), 2.16-2.28 (m, 2H, H11) ppm; 3P {{H} NMR (162 MHz, CDCls) §: 24.49 ppm; 1°F

{*H} NMR (376 MHz, C¢Ds) 8: -80.76, -116.00, -121.91, -122.86, -123.27, -126.10 ppm.
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APPENDIX

Appendix A — NMR spectra for synthesized compounds

£€°77
PET
gs'zj —_—
LET

8¢’

09°¢€x

29'c) —_——

£9¢/
81'p
0T b —
124/

Figure A 1. *H NMR (CDCls) spectrum of i.
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Figure A 3. 2D COSY NMR (CDClIs) spectrum of i.
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Figure A 5. 'H NMR (CDCls) spectrum of 1.
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Figure A 16. °C {*H} NMR (CDClI3) spectrum of 3.
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Figure A 22. 3P {*H} NMR (CsDs) spectrum of ii.
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Figure A 23. 'H NMR (CsDs) spectrum of iii.
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Figure A 24. BC{*H} NMR (CsDs) spectrum of iii.
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Figure A 26. F {*H} NMR (CsDs) spectrum of iii.
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Figure A 27. *H NMR (CgDs) spectrum of iv.
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Figure A 28. BC{*H} NMR (CsDs) spectrum of iv.
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Figure A 30. *°F {*H} NMR (CsDs) spectrum of iv.
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Figure A 32. 2D HSQC NMR (CgsDs) spectrum of iv.
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Figure A 35. 3P {*H} NMR (CsDs) spectrum of v.
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Figure A 39. F {*H} NMR (CsDs) spectrum of vi.
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Figure A 42. 3P {*H} NMR (CsDs) spectrum of vii.
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Figure A 45. 2D HSQC NMR (CgsDs) spectrum of vii.
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Figure A 47. 3C {*H} NMR (CDCls) spectrum of 4.
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Figure A 48. 3P {*H} NMR (CDCls) spectrum of 4.
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Figure A 49. F {*H} NMR (CDCls) spectrum of 4.
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Figure A 50. 2D COSY NMR (CDCIs) spectrum of 4.
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Figure A 54. F {*H} NMR (CDCls) spectrum of 5.
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Figure A 55. 2D COSY NMR (CDCIs) spectrum of 5.
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Appendix B - HRMS Results

Sample Name JB-02 Data File 191122_3300.d Acq Method
DA Method AIMS_Accurate_Mass.m Instrument Agilent 6538 UHD Acq Date, Time
Comment ESI+

AIMS_Default.m
22-Nov-19 1:17:33 PM

x105 [+ESI Scan (0.85-0.88 min. 3 Scans) Frag=175.0V 191122_3300.d Subtract

31515
1

1.2
1.15

1.054

14
0.95 4
0.9
0.85 1
0.8
0.75

0.65
0.6
0.55 4
0.5
0.45 4
0.4 4
0.35
0.3
0.25
02
0.15
0.1
0.05

50
1

=
<

i
L2
IA ll

| T

1808

10810
mn

1989
22909
24107
25300
286 96

33%6.14
35099
3.2
37131

s | " Juke

39128

"

41332

=F—ma

0 140 160

80 100 0 200 220 240 260 280 300 320 340 360

Counts vs. Mass-to-Charge (m/z)

Figure B 1. HRMS (ESI-TOF) of 1.
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Sample Name JB-02-164 Data File 190308_3922.d Acq Method AIMS_Default.m
DA Method AIMS_Accurate_Mass.m Instrument Agilent 6538 UHD Acqg Date, Time 3/8/2018 2:53:04 PM
Comment ESI+

x10 5 |+ESI Scan (0.64-1.09 min, 28 Scans) Frag=175.0V 190308_3922.d Subtract
2154

441.2915
1

o
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126.0543
149.0207
810826
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Figure B 2. HRMS (ESI-TOF) of 2.
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Sample Name JB-03-08 Data File 190308_3923.d Acq Method AIMS_Default.m
DA Method AIMS_Accurate_Mass.m Instrument Agilent 6538 UHD Acq Date, Time 3/8/2019 3:03:44 PM
Comment ESI+

*10 4 |[+ESI Scan (0.92-1.42 min, 31 Scons) Frag=175.0Vv 190308_3923.d Subtract
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S
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Figure B 3. HRMS (ESI-TOF) of 3.
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Sample Name JB-03-72 Data File 190708_1119.d Acq Method
DA Method AIMS_Accurate_Mass.m Instrument Agilent 6538 UHD Acq Date, Time
Comment ESI+

AIMS_Default.m
08-Jul-19 12:37:41 PM

x105
1.254

1.2

0.65 4
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0.4 1
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— —
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Figure B 4. HRMS (ESI-TOF) of 4.
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DART IONIZATION

AccuTOF 4G

Subtract [MS: 0.7573-0.9157, MS: 0.5323-0.6823] / 191122_3304 / DART+ / JB-03-48 DART @ 450C / (22832)
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Figure B 5. HRMS (DART) of iii.
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Figure B 6. HRMS (DART) of iv.
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Figure B 7. HRMS (DART) of vii.
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Appendix C — Surface Characterization

Table C 1. Raw contact angle data for PS coated with phosphoniums.

PS Pieces Coated with Phosphoniums
Compound Contact Angle (°) Average Contact Angle (°) Deviation
PMes (1) 77 67.1 | 71.6 71.9 4.96
PBuU3 (2) 26.1 35 48 36.4 11.0
PPhz (3) 67.1 66.6 | 56.9 63.5 5.75
PEtCeF13 (4) 68.4 65.8 69.7 68.0 1.99

Table C 2. Raw contact angle data for PP coextruded with 1 % (w/w) phosphoniums.

Phosphoniums co-extruded with 1% PP

Compound Contact Angle (°) Average Contact Angle (°) Deviation
Control 98.3 95.8 96.1 96.7 1.37
PBus (2) 825 | 787 | 86.1 82.4 3.70
PPhz (3) 85.2 905 | 96.4 90.7 5.6

PEtCsF13 (4) | 79.8 | 832 | 734 78.8 4.98

Table C 3. Raw contact angle data for PP coextruded with 1.5 % (w/w) phosphoniums.

Phosphoniums co-extruded at 1.5% with PP

Compound Contact Angle (°) Average Contact Angle (°) Deviation
Control 82 90 914 87.8 5.07
PBu;3 (2) 508 | 68.8 | 74.1 64.6 12.21
PPhs (3) 79 733 | 76.2 76.2 2.9

PEtCsF13 (4) 73 67.8 73.4 71.4 3.12
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Figure C 3. AFM step height profile 3 for PC coated with 2.
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Figure C 10. Optical microscope (10 x magnification) image of 4 coated on PC.

Table C 4. Raw surface charge data of phosphonium coatings.

Phosphonium

sample Avg Abs  Dev Conc (M) mol atoms charge cm
PMes (1) 0.082 0.0016 1.064 x10° 1.064 x 10® 6.405 x 10 1.601x 10%
PBus(2) 0.199 0.0247 2.59x10°% 2590x10® 1559 x 10'® 3.899 x 10'°
PPhs3 (3) 0.148 0.0349 1.926 x10® 1.926 x 10® 1.160 x 10'® 2.900 x 10'°

PCeF13(4) 0.151 0.0383 1.962x10° 1.962x10® 1.181x 10'® 2.954 x 10%°
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Appendix D — Large droplet inoculum testing data

Table D 1. Raw data from the LDI testing of phosphonium coatings against Arthrobacter sp. (1Al-
3). Control and treated surfaces were inoculated with a 10 pL droplet of 10’ CFU in sterile tap
water for 3 h.

Coating Sample Control Treated
Log total Log total
Total CFU (log Total CFU (log
(CFU)) (CFU))

1 1.52 x 107 7.18 1.99 x 107 7.30
2 1.04 x 107 7.02 1.49 x 107 7.17
1 3 1.64 x 107 7.21 1.95 x 107 7.29
Average 1.40 x 107 7.15 1.81 x 10’ 7.26
STD 3.15 x 10° 0.11 2.75 x 10° 0.07
1 1.52 x 107 7.18 0.00 0.00
2 1.04 x 107 7.02 0.00 0.00
2 3 1.64 x 107 7.21 0.00 0.00
Average 1.40 x 107 7.15 0.00 0.00

STD 3.15 x 10° 0.11 - -
1 1.52 x 107 7.18 0.00 0.00
2 1.04 x 107 7.02 0.00 0.00
3 3 1.64 x 107 7.21 0.00 0.00
Average 1.40 x 107 7.15 0.00 0.00

STD 3.15 x 10° 0.11 - -
1 3.25 x 10° 5.51 0.00 0.00
2 5.30 x 10° 5.72 0.00 0.00
4 3 2.20 x 10° 5.34 0.00 0.00
Average 3.58 x 10° 5.53 0.00 0.00

STD 1.58 x 10° 0.19 - -
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Table D 2. Raw data from LDI testing of phosphonium coatings against E. coli (ATCC 11229).
Control and treated surfaces were inoculated with a 10 pL droplet of 107 CFU in sterile tap water

for 24 h.
Coating Sample Control Treated
Log total Log total
Total CFU (log Total CFU (log
(CFU)) (CFU))

1 1.12 x 10* 4.05 7.95 x 10* 4.90
2 3.70 x 10° 5.57 5.30 x 10° 5.72
1 3 8.75 x 10* 4.94 3.20 x 10° 5.51
Average 1.56 x 10° 5.19 3.10 x 10° 5.49
STD 1.89 x 10° 0.76 2.25 x 10° 0.43
1 1.12 x 10* 4.05 0.00 0.00
2 3.70 x 10° 5.57 0.00 0.00
2 3 8.75 x 10* 4.94 0.00 0.00
Average 1.56 x 10° 5.19 0.00 0.00

STD 1.89 x 10° 0.76 - -
1 1.12 x 10* 4.05 0.00 0.00
2 3.70 x 10° 5.57 0.00 0.00
3 3 8.75 x 10* 4.94 0.00 0.00
Average 1.56 x 10° 5.19 0.00 0.00

STD 1.89 x 10° 0.76 - -
1 1.12 x 10* 4.05 0.00 0.00
2 3.70 x 10° 5.57 0.00 0.00
4 3 8.75 x 10* 4.94 0.00 0.00
Average 1.56 x 10° 5.19 0.00 0.00

STD 1.89 x 10° 0.76 - -
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Table D 3. Raw data from the LDI testing of 1 % phosphonium-containing PP against
Arthrobacter sp. (1Al-3). Control and treated surfaces were inoculated with a 10 pL droplet of 107
CFU in sterile tap water for 3 h.

Material Sample Control Treated
Log total Log total
Total CFU (log Total CFU (log
(CFU)) (CFL))
1 2.10 x 106 6.32 0.00 0.00
2 1.20 x 10° 6.08 0.00 0.00
PP-2 3 2.90 x 106 6.46 0.00 0.00
Average 2.07 x 106 6.29 0.00 0.00
STD 8.53 x 10° 0.19 - -
1 2.10 x 106 6.32 0.00 0.00
2 1.20 x 10° 6.08 0.00 0.00
PP-3 3 2.90 x 10° 6.46 0.00 0.00
Average 2.07 x 10° 6.29 0.00 0.00
STD 8.53 x 10° 0.19 - -
1 2.10 x 10° 6.32 0.00 0.00
2 1.20 x 10° 6.08 0.00 0.00
PP-4 3 2.90 x 10° 6.46 0.00 0.00
Average 2.07 x 10° 6.29 0.00 0.00
STD 8.53 x 10° 0.19 - -
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Table D 4. Raw data from the LDI testing of 1 % phosphonium-containing PP against E. coli

(ATCC 11229). Control and treated surfaces were inoculated with a 10 pL droplet of 107 CFU in
sterile tap water for 24 h.

Material Sample Control Treated
Log total Log total
Total CFU (log Total CFU (log
(CFU)) (CFL))
1 2.50 x 103 3.40 0.00 0.00
2 1.03 x 10* 4.01 0.00 0.00
PP-2 3 4.40 x 103 3.64 0.00 0.00
Average 5.72 x 103 3.68 0.00 0.00
STD 4.04 x 103 0.31 - -
1 2.50 x 103 3.40 0.00 0.00
2 1.03 x 10* 4.01 0.00 0.00
PP-3 3 4.40 x 103 3.64 0.00 0.00
Average 5.72 x 103 3.68 0.00 0.00
STD 4.04 x 103 0.31 - -
1 2.50 x 103 3.40 0.00 0.00
2 1.03 x 10* 4.01 0.00 0.00
PP-4 3 4.40 x 103 3.64 0.00 0.00
Average 5.72 x 103 3.68 0.00 0.00
STD 4.04 x 103 0.31 - -
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Table D 5. Raw data from the LDI testing of 1 % phosphonium-containing PP against
Arthrobacter sp. (IAI-3) after 50 solvent double rubs. Control and treated surfaces were inoculated

with a 10 pL droplet of 10" CFU in sterile tap water for 3 h.

Material Sample Control Treated

Log total Log total

Total CFU (log Total CFU (log
(CFU)) (CFU))

1 7.80 x 10° 5.89 0.00 0.00

2 8.65 x 10° 5.94 2.05 x 10* 4.31

PP-2 3 1.16 x 10° 6.06 6.65 x 10* 4.82

Average 9.33 x 10° 5.96 2.90 x 10* 3.04

STD 1.97 x 10° 0.09 - -

1 7.80 x 10° 5.89 0.00 0.00

2 8.65 x 10° 5.94 0.00 0.00

PP-4 3 1.16 x 10° 6.06 0.00 0.00

Average 9.33 x 10° 5.96 0.00 0.00

STD 1.97 x 10° 0.09 0.00 0.00
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Table D 6. Raw data from the LDI testing of 1 % phosphonium-containing PP against
Arthrobacter sp. (IAI-3) after 100 solvent double rubs. Control and treated surfaces were

inoculated with a 10 pL droplet of 107 CFU in sterile tap water for 3 h.

Material Sample Control Treated

Log total Log total

Total CFU (log Total CFU (log
(CFU)) (CFL))

1 4.60 x 10° 6.66 N/A N/A

2 6.90 x 10° 6.84 2.10 x 106 6.32

PP-2 3 1.00 x 107 7.00 5.70 x 106 6.76

Average 7.17 x 106 6.83 3.90 x 10° 6.65

STD 2.71 x 106 0.17 2.88 x 106 0.31

1 4.60 x 10° 6.66 N/A N/A

2 6.90 x 10° 6.84 3.15 x 10* 4.50

PP-4 3 1.00 x 107 7.00 1.36 x 10° 5.13

Average 7.17 x 106 6.83 8.35 x 10* 4.82

STD 2.71 x 106 0.17 7.09 x 10* 0.00
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Table D 7. Raw data from the LDI testing of 1.5 % phosphonium-containing PP against
Arthrobacter sp. (IAI-3) after 100 solvent double rubs. Control and treated surfaces were

inoculated with a 10 pL droplet of 107 CFU in sterile tap water for 3 h.

Material Sample Control Treated

Log total Log total

Total CFU (log Total CFU (log
(CFU)) (CFL))

1 4.40 x 10° 6.64 8.80 x 10° 6.64

2 3.70 x 10° 6.57 0.00 0.00

PP-2 3 5.30 x 106 6.72 9.60 x 10° 6.68

Average 4.47 x 10° 6.65 2.40 x 10° 3.34

STD 8.02 x 10° 0.08 2.66 x 106 3.85

1 4.40 x 10° 6.64 2.30 x 106 6.36

2 3.70 x 10° 6.57 2.70 x 10° 6.43

PP-3 3 5.30 x 10° 6.72 0.00 0.00

Average 4.47 x 106 6.65 1.35 x 10° 3.22

STD 8.02 x 10° 0.08 1.46 x 10° 4.55

1 4.40 x 106 6.64 0.00 0.00

2 3.70 x 10° 6.57 0.00 0.00

PP-4 3 5.30 x 10° 6.72 0.00 0.00

Average 4.47 x 106 6.65 0.00 0.00

STD 8.02 x 10° 0.08 - -
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Table D 8. Raw data from the LDI testing of 1.5 % phosphonium-containing PP against E. coli
(ATCC 11229) after 100 solvent double rubs. Control and treated surfaces were inoculated with a

10 pL droplet of 107 CFU in sterile tap water for 24 h.

Material Sample Control Treated
Log total Log total
Total CFU (log Total CFU (log
(CFU)) (CFL))
1 3.45 x 103 3.54 2.55 x 103 3.41
2 2.20 x 10* 4.34 1.30 x 103 3.11
PP-2 3 2.25 x 103 3.35 5.10 x 102 2.74
Average 9.23 x 103 3.74 1.47 x 103 2.93
STD 1.11 x 10* 0.53 1.30 x 103 0.33
1 3.45 x 103 3.54 0.00 0.00
2 2.20 x 10* 4.34 0.00 0.00
PP-3 3 2.25 x 103 3.35 0.00 0.00
Average 9.23 x 103 3.74 0.00 0.00
STD 1.11 x 10* 0.53 - -
1 3.45 x 103 3.54 0.00 0.00
2 2.20 x 10* 4.34 0.00 0.00
PP-4 3 2.25 x 103 3.35 0.00 0.00
Average 9.23 x 108 3.74 0.00 0.00
STD 1.11 x 10* 0.53 - -
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Table D 9. Raw data from the LDI testing of 1 % phosphonium-containing PS against E. coli

(ATCC 11229). Control and treated surfaces were inoculated with a 10 pL droplet of 107 CFU in
sterile tap water for 24 h.

Material Sample Control Treated

Log total Log total

Total CFU (log Total CFU (log
(CFU)) (CFL))

1 4.75 x 10° 6.68 0.00 0.00

2 3.95 x 10° 6.60 0.00 0.00

PS-2 3 7.35 x 106 6.87 0.00 0.00

Average 5.35 x 10° 6.71 0.00 0.00

STD 1.78 x 10° 0.14 - -

1 4.75 x 10° 6.68 7.40 x 10* 4.87

2 3.95 x 10° 6.60 4.85 x 10* 4.69

PS-3 3 7.35 x 10° 6.87 5.40 x 10* 4.73

Average 5.35 x 10° 6.71 5.88 x 10* 4.77

STD 1.78 x 10° 0.14 1.34 x 10* 0.10
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