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ABSTRACT

In response to hospital acquired infections stemming from biofilms and the impending
antibiotic resistance crisis, the development of non-traditional, non-leachable antimicrobials have
gained significant traction. Contact-active antimicrobial coatings physically attached to surfaces
with cationic active sites, such as ammonium and phosphonium, are of particular interest in the
prevention of pathogenic bacterial transfer. Previously reported antimicrobial coatings are found
to be susceptible to abrasion, significantly limiting their potential applications. In this work, a
range of robust, antimicrobial polymeric coatings synthesized by control radical polymerization
are presented. Polymeric thin film coatings possessing cationic groups with n-alkyl substituents of
n < 4 demonstrated antimicrobial properties against gram-positive bacteria, while species
containing bulkier substituents were biologically inactive, contradictory of previously reported
monomeric coatings. Cationic polymeric brush coatings were found to have a higher antibacterial
activity against the gram-positive model compared to its non-brush equivalent, but failed against
the gram-negative model. These polymeric thin films demonstrate the complexity of antimicrobial

coating designs and facilitates the investigation into the architecture of these coatings.
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1. INTRODUCTION

Microbial aggregates in which bacterial cells are embedded within a self-produced
exopolysaccharide (EPS) matrix promote cell cohesion and adhesion to surfaces.!? These biofilms
form distinct microenvironments and complex structures that facilitate microbial proliferation as
well as protect bacteria from environmental stresses, antibiotics, and disinfection. Biofilms and the
pathogenic bacteria they house have been found to be implicated in a high percentage of
healthcare-associated infections (HAIs), annually affecting hundreds of millions of patients
worldwide.®>* Each year, over 200,000 Canadians acquire an HAI resulting in 8,000 deaths.®> Of
these infections, 50 % are resistant to at least one type of antibiotic.® The overprescription of
antibiotics in livestock and by healthcare professionals alike have accelerated the development of
antibiotic resistant bacterial strains, making antibiotic resistance one of most prevalent public
health concerns in modern medicine.”® At the current rate of antibiotic resistance progression, it is
expected to cost up to $100 trillion dollars and result in 50 million deaths per year by 2050.° In
hopes of countering HAIs and the looming antibiotic resistance crisis, the development of non-

traditional, non-leachable antimicrobials have gained traction.3®

1.1. Quaternary Ammonium Containing Polymers

Synthetic antimicrobial polymers have been studied extensively since the mid-1960s with
the reported synthesis and antibacterial activity of 2-methacryloxytropone polymers by Cornell
and Donaruma.® With the popularity of quaternary ammonium compounds (QACS) in a range of
commercial disinfectants such as benzyalkonium chloride (Figure 1.1(a)), quaternary ammonium
containing polymers (polyQACs) have been of wide interest due to their promising properties of

higher antimicrobial efficacy, lower cell toxicity, and increased stability in comparison to their



monomeric counterparts.!*® Recent reviews on the synthesis and biocidal properties of
polyQACs have demonstrated their promise in a number of antimicrobial material applications.®-
18 The commercialized antimicrobial polymer, poly[(aminoethyl methacrylate)-co-(butyl
methacrylate)] (PAMBM) (Figure 1.1(b)), was blended with poly(lactic-co-glycolic acid) (PLGA)
and coated on sutures. These PAMBM coated sutures demonstrated high antibacterial activity
against S. aureus at low concentrations in comparison to the conventional triclosan coated

VICRYL® Plus Antibacterial sutures, which instead possessed bacteriostatic properties.®

o)
\OJI\/\S r H
Cle n m
® o0 o O
N M o
CF,;CO,
®NH;

Popular disinfectant PAMBM suture coating
benzalkonium chloride Li et al. Langmuir 2012

(a) (b)

Figure 1.1 QACs (a) small molecule disinfectant benzalkonium chloride (b) poly(QAC) PAMBM
blended with PLGA for suture coating

Much work in quaternary ammonium polymers has been inspired by naturally occurring
antimicrobial peptides (AMPs), leading to the field of AMP mimetics. Traditionally, common
building blocks for AMP mimetics include peptoids, B-peptides, arylamides, or phenylene
ethynylenes.?® Recent work by Takahashi and colleagues described AMP mimics expanding to
the use of synthetic random copolymers with cationic charges, illustrated in Figure 1.2(a).
Methylmethacrylate polymerization (PMMA) by reversible addition-fragmentation chain-transfer
(RAFT) polymerization produced a 2-3 kDa polymer to mimic the size of a-helical AMPs.?
Additionally, studies of the structure-activity relationship between the polyQAC backbone and

antimicrobial activity are well reported. Significant investigations into AMP mimetics have



demonstrated that the balance between hydrophobic and cationic groups are necessary to achieve
high antibacterial and non-hemolytic properties.!>?! Recent work by Guo et al. comparing the
antimicrobial and non-hemolytic properties of a series of small molecule QACs to their side- and
main-chain polymer counterparts (Figure 1.2(b)) indicated that polymeric structures where QACs
are situated in the backbone (ie. Polyquaternary ammoniums, PQAS) demonstrate higher
antimicrobial activity and lower hemolytic properties than polymeric QACs with quaternary
ammonium pendants.?? The reason for reduced hemolytic properties are unclear and investigations
are ongoing. Conversely, extensive work done by Tew and colleagues on polynorbornene based
AMP mimetics have demonstrated that hydrophobicity of polymeric QACs are more tuneable with

a hydrophobic polymer backbone and QAC side chains (Figure 1.2(c)).122%
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Figure 1.2 Synthetic AMP mimetics (a) PMMA based mimics with cationic and hydrophobic
substituents?® (b) Equivalent side-chain and main-chain QAC polymers?? (c) polynorbornene
based AMP mimics with cationic pendants®

1.1.1 Menshutkin Reaction

The synthesis of quaternary ammonium groups are primarily carried out by the Menshutkin
reaction. Here, the tertiary amine undergoes alkylation with an alkyl halide to synthesize the
equivalent quaternary ammonium salt and counteranion, illustrated in Scheme 1.1. The reaction is
carried out under Sn2-like conditions, but with the use of more polar solvents such as alcohols, the
reaction was found to have a decreased energy barrier and increased reaction rate, uncharacteristic

of typical Sn2 reactions which require polar aprotic solvents.?®

4
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Scheme 1.1 Menshutkin reaction

1.1.2 Mechanism of Action of Unbound QACs and PolyQACs

Biological bilayers are composed of amphiphilic phospholipids with a hydrophilic
phosphate head and hydrophobic tails of two fatty acid chains. Bacterial cells carry a net negative
charge from the negatively charged head group, stabilized by cationic magnesium and calcium.?’
Bacterial cell walls possess an overall negative charge. Gram-positive bacteria have teichoic acid
embedded in the peptidoglycan layer, illustrated in Figure 1.3(a). Lipopolysaccharide (LPS)
present in the outer membrane of gram-negative bacteria bestow negative charge to the cell
surface, seen in Figure 1.3(b).2” QACs characteristically have at least one quaternary ammonium
moiety and a hydrophobic alkyl chain, allowing for surfactant like interactions with the negatively
charged bacterial cell wall. The cationic nitrogen interacts with the negative components of the
cell wall and hydrophilic phosphate head. The hydrophobic tail of the QAC interact with the cell
membrane by interlocking with the fatty acid chains to form pores in the cell membrane. At high
concentrations, the compound effectively solubilizes the membrane leading to cell leakage and

death.?8
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Figure 1.3 Gram-positive and -negative bacterial cell walls and key negative components
(Adapted from ref.})

1.2 Surface Attached Antimicrobials

QACs and polyQACs are extremely well-studied for their use in solution as disinfectants
and antiseptics. Their use in antimicrobial surfaces are also a very popular investigative field.
There are two categories of antimicrobial surfaces; repelling and killing surfaces, illustrated in
Figure 1.4. Repelling surfaces rely on deterring bacterial attachment to the surface by means of
steric or electrostatic repulsion or surfaces of low surface energy.?” While successful as an
antimicrobial surface, these surfaces do not reduce bacterial cells, allowing for bacterial transfer
in high traffic areas to unprotected surfaces. For this reason, bacteria killing surfaces have been

the main focus in our work.
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Figure 1.4 The two categories of antimicrobial coatings: repelling and killing coatings (adapted
from ref.?")

Conventional antimicrobial surfaces discharge biocides or antibiotics for bacterial cell up-
take.?%30 These biocide releasing coatings include triclosan, silver sulfadiazine nanosilver,
tributyltin (TBT), cetyl trimethyl ammonium chloride (CTAC), and antibiotics such as
ciprofloxacine and chlorhexidine.*® Although effective, these antimicrobial surfaces lose efficacy
over time. Frequent usage of these compounds, especially triclosan and tributyltin, have been
proven to pose significant harm to waterways and aquatic life.3! Repeated usage and discharge into

the environment also contribute to the formation of resistant antimicrobial strains.3234

Surface-attached contact active antimicrobials provide non-leaching alternatives for the
prevention of biofilm formation and discourage bacterial transfer. The first popular QAC
physically attached to the surface was an anti-biofilm small molecule coating with an organosilane
functionality reported by Isquith et al.(Figure 1.5(a)).>® The QAC was readily grafted onto porous
surfaces such as textiles by chemically altering the surface to become physically attached. The
Foucher group functionalized the QAC small molecule with a phosphinate group that covalently

bonded to metal surfaces for successful formulation of an antimicrobial coating. (Figure 1.5(b)).*®
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Figure 1.5 Surface-attached QACs grafted by (a) organosilane functionality on porous surfaces
(b) phosphinate functionality on metal surfaces®
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Plastic materials are thoroughly integrated into various industries and everyday products,
especially in medical and food industries where plastics are incorporated into medical devices and
food packaging, and thus susceptible to biofilm formation.®” The first plastic surface grafted with
anti-biofilm technology was reported by Gottenbos et al.®® QACs were grafted onto an oxidized
hydroxyl terminated silicone rubber surface. Although successful and antimicrobial, the inert C-H
terminated surface of the silicone rubber required argon plasma activation prior to grafting. Plasma
activation requires extremely high temperatures risking damage and etching of plastic surfaces.
Expensive equipment is also required to carry out plasma activation, making this technique

unrealistic for commercial use on most plastics.

Investigations into benzophenone recognized its characteristic behaviour when exposed to
UV light. This type Il photoinitiator forms a di-radical under UV light and behaves as a crosslinker
for grafting onto plastic substrates via a C-H insertion mechanism, illustrated in Figure 1.6.%° The
diradical benzophenone species abstracts a hydrogen atom from the C-H group at the surface,
producing a surface radical and ketyl radical.“° The radicals combine to form a carbon-carbon bond

between the surface and the benzophenone molecule leading to successful surface attachment.
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Figure 1.6 Photo-initiated radical crosslinking via C-H insertion mechanism from aryl ketone of
the benzophenone to form carbon-carbon bond with the substrate surface.

1.3 Methods to Grafting on Surfaces: “Grafting from” and “Grafting to”

Surface attachment of thin films on solid surfaces are successfully carried out by graft
polymerization techniques, “grafting from” and “grafting to”. Commonly used for attachment of
polymer brushes, these techniques have also been used for small molecule compounds and non-

brush polymers.

The “grafting from” method of surface modification describes compound attachment at
locations of fixed or tethered surface initiators. The initiating functionality at the surface initiates
polymerization of free monomers and propagation of the polymeric chain leading to brush
structures, illustrated in Figure 1.7(a). The formation of well-defined polymeric brushes on solid
surfaces have been achieved by a range of polymerization techniques, but the most thoroughly

investigated method is by atom-transfer radical polymerization (ATRP).*

In the “grafting to” approach, polymers are pre-prepared with reactive groups as a polymer
end group or side chain functionality to be covalently bonded to surfaces, depicted in Figure 1.7(b).
Reactive end group sites of polymers tether to the surface to form brushes, while side chain

functionalization with reactive groups throughout the chain form non-brush polymeric coatings.
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Figure 1.7 Surface grafting methods (a) “grafting from” and (b) “grafting to”

1.4 Controlled/Living Radical Polymerization

Conventional free radical polymerization (FRP) is extremely popular in commercial
preparation of polymeric materials, representing 45-50 % of all industrially prepared polymers.*?
FRP offers rather tolerant reaction conditions for polymerizations of vinyl monomers, and
considering that the most important plastics today are polypropylene (PP), high density
polyethylene (HDPE), linear low density polyethylene (LLDPE), LDPE, and polyvinyl chloride
(PVC), it is unsurprising that FRP is well-known.*>*® The major disadvantage of FRP is the lack
of control over the reaction hindering preparation of well-defined polymers specified by controlled
molecular weight, narrow dispersity (), and chain architecture such as block, comb, or star
branched polymers. This shortcoming was quickly remedied with the proposal of reversible
deactivation of growing chains by Otsu et al. in 1982 and investigations that have since
followed.*>* Today, a range of controlled or living radical polymerization (CRP) techniques have
been reported and explored.
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1.4.1 Nitroxide Mediated Polymerization

One of the early investigations of CRP began with the study of stable free radical
polymerizations (SFRP) using nitroxide-mediated radical polymerization (NMP). Here, the
reversible deactivation of the growing chain relies on the reversible coupling with stable nitroxide
radicals, depicted in Scheme 1.2. Georges et al. notably demonstrated the potential for NMP by
his work in styrene polymerization.® The NMP reaction in Scheme 1.2 uses (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl (TEMPO) as the nitroxide mediator, a rather inexpensive

controlling agent that performs well with styrenic monomers.

ka
—_—— .
Poo.N Poit .
n~o” kg Q 0
K
P TEMPO
+M Nitroxide

Scheme 1.2 General NMP reaction

Unfortunately, traditional TEMPO-like nitroxides have proven to be rather selective, useful
with only a narrow range of monomers and require high polymerization temperatures (125-145
°C). New exploration into other nitroxide species capable of wider monomer range and lower
temperatures have been a key study in the NMP field.*® Nitroxides such as SG-1 and BlocBuilder®
(Figure 1.8) have recently become commercially available for the polymerization of styrenic

acrylic and acrylamido monomers.*?
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Figure 1.8 Stable nitroxide radicals for versatile NMP

1.4.2 Atom-Transfer Radical Polymerization

Atom-transfer radical polymerization (ATRP) is a considerably more versatile CRP
method, with applications for a range of monomers in a range of reaction conditions for complex
polymer architectures.*” In ATRP, polymer chain deactivation depends on reversible atom transfer
catalyzed by a transition-metal complex, illustrated in Scheme 1.3. Kato and colleagues described
the use of a ruthenium based catalyst ((RuCl2/PPhz)s) to polymerize MMA, initiated by carbon
tetrachloride. The system requires activation by aluminum alkoxides with an unclear reaction
mechanism.*” Soon after, Matyjaszewski reported ATRP using a copper based controlling agent
(CuX/2bpy).*® The system was found to be highly successful with the polymerization of styrenes,

acrylates, acrylonitriles, and other monomers.

Pi=X + ML T~ Pn( + X-Mt™L
d
Controlling U
Agent kp
+M
Scheme 1.3 Reaction mechanism of ATRP

While extremely versatile, the majority of ATRP systems require a metal-based catalyst

which is environmentally problematic due to residual metals present in the polymer product.
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Lingering metals trapped within the polymer matrix limit applications for ATRP, making it

unsuitable for medical and biomedical plastics.

1.4.3 Reversible Addition-Fragmentation Chain-Transfer Polymerization

The most versatile of the discussed CRP methods is the reversible addition-fragmentation
chain-transfer (RAFT) polymerization, compatible with a range of monomers with mild reaction
conditions.*? The chain deactivation and activation is reliant on the degenerative transfer of a

group, depicted in Scheme 1.4.

Pn r4 I(tr Z Pm
+ P —_— +
U S)\S/ m k-tl’ Pn\S/gS U
Kp kp
+M RAFT +M

Agent

Scheme 1.4 Reaction mechanism of RAFT polymerization

Chiefari et al.°, Le et al.*®, and Corpart et al.>* reported the earliest RAFT polymerization
with a thio-based RAFT agent in the late 1990s, and since then, there has been extensive reports
and investigations into RAFT agent design. The most common classes of RAFT agents are
dithiobenzoates, trithiocarbonates, and dithiocarbamates, shown in Figure 1.9. These RAFT agents

have tunable R and Z groups for compatibility with a wide range of monomers.
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Dithiobenzoates Trithiocarbonates Dithiocarbamates

Figure 1.9 Classes of RAFT agents
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Polymers synthesized by RAFT polymerization require end group modification steps. As
many RAFT agents are highly pigmented red or yellow compounds (demonstrated in Figure
1.10(a)), the resultants polymer products are often also coloured (Figure 1.10(b)), necessitating
end group modification. RAFT polymer end groups are reactive thiocarbonylthio structures that
can host side reactions, warranting extra steps for removal. End group modification is well studied,

with extensive summaries and reviews available for reference.>?

Figure 1.10 (a) RAFT agent 4-Cyano-4-(phenylcarbonothioylthio)pentanoic acid seen as a bright
pink powder (b) resulting 4-vinylbenzyl chloride homopolymer prepared by RAFT polymerization
that appears pink

While all CRP methods present their own advantages and unique challenges, NMP and
RAFT polymerization are worthy for further investigations for the work in this thesis. The residual
metal in ATRP make this CRP method incompatible for coatings formulations intended for

medical environments.

1.5 Coating Visualization

Surfaces treated with antimicrobial compound can be visualized by bromophenol blue
(BPB) staining. This qualitative technique will indicate the quality of the coating and whether the
cationic compound is present on the surface. BPB is an anionic indicator dye that will ion-exchange

with the counteranion of the compound to form an ionic pair, resulting in a blue colour (Scheme
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1.5). Treated surfaces are exposed to a solution of BPB and the surface will visually stain blue to
indicate the presence of the compound.>*>* This technique can confirm the presence of the

antimicrobial compound prior to biological testing.

BPB Stained Surface HO

| l

Current and common established methods in determining antibacterial properties of

Scheme 1.5 Coating visualization by BPB staining.

1.6 Biological Testing Methods

surfaces include the dynamic shake flask (DSF) method (ASTM E2149-13a)* and 1SO 22196.%
In the DSF method, the treated surface is submerged in the inoculum and shaken over a period of
time. While helpful for antibacterial determination of materials for solution applications, this
method does not reflect the bioactivity at the solid/air interface. Similarly, the 1ISO 22169 method
fails to consider the drying of the droplet by using a coverslip to cover inoculated surfaces,
maintaining a wet surface. These testing methods do not consider or mimic real-world conditions

for bacterial transmission by droplet transmission. Infectious materials are largely transferred by
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suspension in aerosol and droplet from sneezing, coughing, and vomiting, with additional
propagation by ventilation, nebulizers and air-conditioning systems.>"8 In this work, surfaces will
be evaluated for the antibacterial activity at the solid/air interface by performing the large drop

inoculum (LDI) protocol.

1.6.1 Large Drop Inoculum Protocol

Developed by Ronan et al.>, the LDI method provides a more accurate representation of
real life bacterial transfer by relying on inoculation by large droplet. Unlike the similar aerosol
inoculation method®?, the usage of large droplets allows for more control over the total volume of

bacterial load deposited on the surface.

1.6.2 Dynamic Shake Flask Method

Campos et al. reported high variability of results between protocols ISO 22196 and DSF
when testing for the antibacterial efficacy of surfaces against select gram-negative and -positive
species, suggesting that antibacterial efficacy cannot be reproduced or accurately compared.® As
there are a variety of antibacterial test methods available, researchers rarely use the same method,
making accurate comparisons and development of antibacterial surfaces difficult to achieve. In
this work, the DSF method will also be used for select samples to allow for comparisons to

literature.

1.7 Mechanism of Action of Immobilized Antimicrobials

The mechanism of action for immobilized antimicrobials has been a major area of interest

for the discovery of antimicrobial surfaces. Mechanism elucidation can aid in structure-activity
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investigations and consequently lead to the development of more potent antimicrobial surfaces.
These immobilized, cationic polymers with major hydrophobic substituents have been found to
interrupt bacterial cell membranes with little to no effect on mammalian cells.®*®? Although the
true mechanism has not been confirmed with confidence, the density of cationic charge®, alkyl
chain length®, and surface topography®® have been factors contributing to the antibacterial efficacy
of treated surfaces. While there are many mechanisms proposed in literature, the most popular

contact-killing postulates are the polymeric spacer effect and the phospholipid sponge effect.

1.7.1 Polymeric Spacer Effect

Proposed by Tiller et al. in 2001, the polymeric spacer effect suggests that the bacteriocidal
polymer surface has the ability to penetrate the bacterial cell wall of adhered microbes. At a
significant polymer length, the cytoplasmic membrane can be disrupted leading to cell death,
illustrated in Figure 1.11. Tiller et al. demonstrated this effect by grafting varying lengths of
poly(vinylpyridine) (PVP) chains onto highly quaternized poly(vinyl-N-hexylpyridinium) slides.®*
Polymer surfaces of shorter PVP chains at 60 kg/mol had <64 % reduction of deposited S. aureus
cells after 24 h, while longer PVP chains of 160 kg/mol had a 94 % reduction of cells after the
same period of time.%* However, the polymeric spacer effect is inapplicable for antibacterial

surfaces that feature short alkyl chains.®®
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Figure 1.11 Polymeric spacer effect (Adapted from ref.?")

1.7.2 Phospholipid Sponge Effect

In the phospholipid sponge effect, it is hypothesized that the cationic surfaces draw and
pull apart fragments of the water insoluble, negatively charged phospholipid and LPS of the

bacterial cell membrane, effectively destroying the microbe (Figure 1.12).2767

cytoplasma cell membrane cell wal.l coating

{ surface
B negatively charged
B positively charged

Figure 1.12 Phospholipid sponge effect (Adapted from ref.?’)

gram(-+) bacterial cell
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In 2010, Li et al. synthesized an antimicrobial hydrogel surface from quaternized
ammonium chitosan-grafted-poly(ethylene glycol) methacrylate (qC-g-EM).®® The hydrogel
possessed nanopores and lacked long alkyl chains. Using computer simulations, Li demonstrated
that larger pore sizes and a higher charge density had higher biocidal efficacy.%® More recently,
Gao et al. also demonstrated this effect using surface-bound N,N-dodecyl methyl-co-N,N-
methylbenzophenone methyl quaternary polyethylenimine (DMBQPEI).®® The cationic polymer
was UV-curable and was cross-linked to form polymer networks. At varying UV-cure dosages,
different levels of crosslinking density were achieved. At lower UV-cure dosages, the DMBQPEI
network formed lower crosslinking densities, leaving large pores in the network. Lower
crosslinking densities were reported to have higher biocidal abilities. The group hypothesized that
the large pores allowed for higher, more intense phospholipid sponge effect, where more of the
bacterial membrane could be pulled into the network. Higher crosslink densities formed smaller
spaces in the network, leaving less space for fragments of the cell membrane, illustrated in Figure

1.13.%°

" 7L|ghtT;Crosshr71ked Densely Crossllnlﬂ
Figure 1.13 lllustration the phospholipid sponge effect on different cross-linking densities.
(Adapted from ref.%)
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Although promising, the pathway of the water-insoluble phospholipids across the cell wall
to the cationic surface is unclear. A possible hypothesis for this pathway is the migration of
phospholipids as liposomes through holes in the bacterial cell wall.?” These effects of the contact-
active kill mechanism are debated in literature, and alternate, less popular mechanisms should not

be dismissed.?’

1.8 Notable Previous Work

Contact active antimicrobial surfaces with cationic active sites such as quaternary
ammonium and phosphonium are of particular interest in the prevention of biofilm formation and
bacterial transfer. Since the formulation of the first notable antimicrobial coating based on
quaternary ammonium silanes by Dow in the 1970’s that readily graft to porous surfaces such as
fabrics, QACs have been extensively studied for use as biocidal coatings while related

phosphonium coatings are relatively unknown. 435

While there are a number of covalently attached QAC coatings reported in literature®7%-
3 only a few incorporate a benzophenone functionality as the surface attachment moiety as part
of the compound. Benzophenone, when exposed to UV light, grafts onto plastic substrates and
itself via a C-H insertion mechanism forming a carbon-carbon bond leading to successful surface
attachment and cross-linking, negating the need for a photoactive initiator additive.>**° Seminal
work by Matyjaszewski et al. reported the first benzophenone system illustrated in Figure 1.14(a),
where quaternary ammonium polymeric brushes of poly(2-dimethylaminoethyl methacrylate)
(PDMAEMA) were synthesized by surface initiated atom ATRP.”* While PDMAEMA brushes of
10 kDa and higher demonstrated complete kill against Escherichia. coli via the dynamic shake
flask method, the three-step “grafting from” approach is impractical on an industrial scale. In a
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two-step self-initiated surface “grafting from” method, Ishihara and colleagues formulated a QAC
coating based on 2-methacryloyloxyethyl phosphorylcholine (QAC-MAOPC) by UV-initiation of
the diphenylketone backbone of the poly(ether-ether-ketone) (PEEK) substrate which closely
resembles benzophenone (Figure 1.14(b)).” Biocompatibility of the surface was anticipated, but

antimicrobial activity was not determined.

A one-step “grafting to” system reported by Locklin et al. described a QAC functionalized
with benzophenone and Ciz-alkyl chain was surface attached onto PP, PVC, glass and cotton
substrates. Through qualitative antibacterial analysis via modified spray inoculation methods, the
coated surfaces demonstrated activity against Staphylococcus aureus and E. coli.’® At the same
time, the Foucher Group described the preparation of Ci> and Cis-alkyl chain quaternary
ammonium self-assembled coatings with a benzophenone functionality that was readily grafted
onto plastics, shown in Figure 1.14(c).>® These compounds in water/ethanol formulation were
aerosol spray coated and UV-cured onto a variety of plastic substrates; including PP, polyethylene
(PE), polystyrene (PS), PVC, and PEEK. Quantitative bioactivity analysis by large drop inoculum
(LDI) protocol®® of these coated surfaces demonstrated efficacy against gram-positive
(Arthrobacter sp., Listeria monocytogenes) and gram-negative (Pseudomonas aeruginosa)

bacteria at a solid/air interface after a three hour period.>

The one-step “grafting to” benzophenone functionalized QAC system has mainly been
limited to small molecule compounds as seen in the work by the Foucher and Locklin Groups with
only one known example of a polymeric based QAC system. In previous work by Locklin et al. in
2011, the bioactivity of surface attached polyquaternary ammonium (PQA) synthesized from
commercially available polyethylenimine (PEI) and quaternized with Ciz-alkyl chains and

benzophenone was reported (Figure 1.14(d)).””"® The PQA was spray-coated and UV-cured onto
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PP, PVC, PE, and cotton. Through qualitative antibacterial analysis via spray inoculation methods,
the coated surfaces demonstrated activity against S. aureus and E. coli.”” The polymeric
counterparts of these QAC benzophenone systems can allow for lower benzophenone loading and

higher charge to attachment moiety ratios.
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Figure 1.14 Previously reported QAC coatings surface attached and cross-linked with
benzophenone (a) QAC polymer brushes synthesized by surface initiated ATRP using a “grafting
from” approach’ (b) QAC polymer brushes synthesized by UV initiation of the surface, PEEK,
which closely resembles benzophenone using a “grafting from” approach’ (c) C12 and C18 QAC
small molecule coating synthesized by “grafting to” technique®*’® (d) Quaternized PEI coating
“grafted to” surface’’
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More recent work by the Foucher group reported the formulation of surface attached
sulfonamide substituted quaternary ammonium coatings (Figure 1.15). Benzophenone
functionalized sulfonamide analogs were spray coated on PS and immobilized to the surface by
UV curing. Mesityl-, tosyl-, and CFs benzylsulfonamide all demonstrated complete reduction of
S. aureus, Arthrobacter sp., and E. coli at the solid/air interface over a 3 h period.” The
sulfonamide coatings were found to be effective at a cationic charge density lower than the
suggested minimum charge density for kill of 5 x 10%° [Q*]cm™.%® The high antibacterial activity
and low cationic charge density make the sulfonamide group on the quaternary ammonium moiety

an interesting substituent for investigations.

Sulfonamide analogs on PS
Caschera et al. RCS Adv. 2019

Figure 1.15 Mesityl-, tosyl-, CFs-benzylsulfonamide small molecule surface attached coatings
prepared by UV cure recently reported by the Foucher group”®

The first notable studies of antimicrobial polymeric phosphonium salts were conducted by
Kanazawa in the mid-1990s. They compared polymeric ammonium salts to their phosphonium
counterparts and reported higher antibacterial efficacy and thermal stability from polymeric
phosphonium.'® Kanazawa et al. continued work on polymeric phosphonium and investigated the
role of alkyl chain lengths and compared these to their monomeric counterparts.3® Interestingly,
Kanazawa et al. also reported the earliest surface attached phosphonium polymer film, seen in

Figure 1.16(a).8! Vinylbenzyl chloride (VBC) underwent graft polymerization onto a PP surface
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via photoinitation of benzophenone. Phosphonium salt was then immobilized to the surface by
quaternization of tributyl or trioctylphosphine. The surface demonstrated antibacterial activity
against E. coli and S. aureus through a modified dynamic contact antimicrobial testing method.8!
Recently, the Ragogna and Gillies Group reported the synthesis and antibacterial activity of a
polyphosphonium semi-interpenetrating polymer network (SIPN), illustrated in Figure 1.16(b).8?
The polyphosphonium was synthesized by a controlled radical polymerization method, reversible
addition-fragmentation chain-transfer (RAFT) polymerization. Through the addition of a cross-
linker and UV-active photoinitiator, the SIPN was created as non-adhering film on a glass
substrate. In their work, it was demonstrated that the alkyl chain length on the quaternary
phosphonium had implications on biocidal activity against gram-negative and gram-positive

bacteria, surface biofouling, and distribution of the cationic polymer in the network .82
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Figure 1.16 Notable quaternary phosphonium surfaces that has previously been reported to
demonstrate antibacterial properties (a) Styrenic based quaternary phosphonium polymer brushes
synthesized by surface initiated uncontrolled free radical polymerization in a “grafting from”
approach (b) A film consisting of phosphonium polymer networks prepared by UV-initiated
crosslinking of the polyphosphonium and diacrylate.

While these coatings are reported to be successful against gram-positive and negative

bacteria, these coatings did not undergo robustness testing, limiting potential applications in high
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traffic areas and long-term usage. Exploration into forming polymeric coatings that are solvent

resistant and robust will allow for applications in the real world.

1.9 Research Objective

In this work, the synthesis of polymeric antimicrobial coatings by CRP methods for narrow
polydispersity and high molecular weight is reported. NMP polymerization of VBC and its
derivatives is revisited since the seminal work by Georges et al.2% Parallel RAFT polymerization
was also explored for these monomers. Through post-polymerization modifications, the polymers
are quaternized with amines and phosphines for the creation of quaternary ammonium and
phosphonium coatings suitable for plastic substrates. These antimicrobial surfaces were tested
against gram-negative and gram-positive bacteria by the LDI protocol®® to examine bioactivity at
the solid/air interface. The one step “grafting to” approach of polymeric compounds aim to
formulate uniform coatings or additives that possess higher durability properties to withstand high

traffic microbial environments.
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2. RESULTS AND DISCUSSION
2.1 Quaternary Ammonium and Phosphonium Random Block Copolymer Coatings

2.1.1 Monomer Synthesis

Vinylbenzylbenzophenone monomer (VBBP, 1) was synthesized following a modified
procedure previously described by Lin et al.®* The Williamson Ether reaction (Scheme 2.1) was
carried out using 4-hydroxybenzophenone and VBC with potassium iodide (KI) as a catalyst and

recrystallized twice from petroleum ether with a yield of 82 %.

A
o)
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HO Reflux, 24 h
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Scheme 2.1 The Williamson Ether reaction between VBC and 4-hydroxybenzophenone to
synthesize the VBBP monomer

NMR analysis confirmed the synthesis of monomer 1. On the *H NMR spectrum (Figure
A 1), the most indicative signal corresponds to the CH> adjacent to the benzophenone substituent,
highlighted in Figure 2.1. The CH> signal of monomer 1 appears at 5.13 ppm, more downfield than
the CH: of the VBC starting material, 4.59 ppm, suggesting that the benzophenone substituent is
more electron withdrawing than the chlorine group. The remaining proton signals correspond to
the remainder of the monomer, with additional aryl proton signals in the 7.3-8.0 ppm range,

corresponding to the benzophenone group.
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Figure 2.1 Stacke NMR spectra of 1 and corresponding VBC starting material (CDCls)

Carbon NMR analysis of 1 also confirmed the monomer structure (Figure A 2). The signal
at 195.49 ppm corresponding to the carbonyl group of the benzophenone moiety is most revealing
for structure confirmation. The remaining carbon signals were assigned with aid from 2D NMR
analysis, seen in Figure A 3-Figure A 5. Mass spectrometry analysis by ESI-Q-TOF further

established the synthesis of 1 (Figure A 6).
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2.1.2 Controlled Radical Polymerization of VBBP and VBC Monomers

2.1.2.1 Nitroxide Mediated Polymerization

Poly(VBC-BP)

random copolymer (2) was synthesized by nitroxide mediated

polymerization (NMP) of monomers VBC and 1 initiated by benzoyl peroxide (BPO) and

mediated by (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO),

illustrated in Scheme 2.2.

Experiments using varying molar equivalents of monomer and reagent and different solvents

resulted in polymers of different molecular weights (Mw), dispersities () and yield, summarized

in Table 2.1.

o
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Scheme 2.2 Nitroxide mediated copolymerization of VBBC and VBC initiated by BPO and
mediated by TEMPO

Table 2.1 Summary of NMP conditions in the synthesis of poly(VBC-BP) (2)

Entry | VBBP VBC | TEMPO BPO | Solvent | Yield by Mw D
(mol %) | (mol %) | (mol %) | (mol %) 'HNMR | (kDa)
1 0 100 0.73 0.58 Neat 40 % 34.3 1.12
2 0 100 0.58 0.73 Neat 87 % 109.0 1.16
3 20 80 0.58 0.73 Neat? 33 % 25.2 1.03
4 20 80 0.58 0.73 Tol 25 % 21.7 | 1.11°
5 5 95 0.58 0.73 Neat 77 % 38.8 1.07
6 5 95 0.73 0.58 Neat 67 % 15.1 1.02

2 Low solubility, ® Bimodal

The polymerization of monomers began with revisiting the homopolymerization of VBC,

previously reported by Georges et al.2% The bulk polymerization was carried out at 125 °C with a
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TEMPO/BPO ratio of 1.3 (Table 2.1, Entry 1). After 5 h, there was a 40 % monomer conversion
determined by *H NMR analysis. The polymer was found to have an absolute molecular weight
Mw = 34.3 kDa with well controlled molecular weight distribution of © = 1.12 by GPC analysis
compared to broad and narrow PS standards. At a TEMPO/BPO ratio of 0.75, the reaction mixture
after 5 h was a resin, while the previous TEMPO/BPO ratio gave a viscous gel. The molecular
weight was significantly increased to 109.0 kDa with a broader but modest molecular weight
distribution of 1.16 at 87 % monomer conversion. The impressive molecular weight surpassed
previously reported polymerizations of VBC mediated by TEMPO of 20.2 kDa at ® = 1.34%,33.1
kDa at D = 1.24, and 71.7 kDa at = 1.57.* With this successful synthesis of high molecular
weight, controlled homopolymerization of VBC mediated by TEMPO, incorporation of the
benzophenone moiety onto the polymer could be carried out by Williamson Ether reaction in the
post-polymerization modification step. However, this step was found to be problematic as the
homopolymer backbone was found to be base sensitive, resulting in polymer chain cleavage and
low molecular weight chains. The base, Ko2COgz, was used in the attempted partial substitution of
acrylic acid (Scheme 2.3) by Williamson Ether synthesis. The VBC homopolymer starting material
had a molecular weight of 61.7 kDa, but the resulting polymer was found to have a reduced
molecular weight of 1.5 kDa, indication of polymer degradation. An alternative route to include

the benzophenone moiety is to copolymerize VBC and benzophenone monomers.

Cl Cl o

Scheme 2.3 Attempted partial substitution of acrylic acid on VBC homopolymer by Williamson
Ether synthesis
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The first copolymerization attempt was a bulk polymerization with a 20 mol % VBBP
loading witha 0.75 TEMPO/BPO ratio (Table 2.1, Entry 3). While the resulting polymer molecular
weight distribution was well-controlled at ® = 1.03 with a modest molecular weight of 25.2 kDa,
a 20 mol % VBBP loading was too high for good solubilization in VBC, resulting in low monomer
conversion of 33 %. In hopes of increasing solubilization, solution polymerization of VBBP at 20
mol % and VBC was attempted at a 0.75 TEMPO/BPO ratio in toluene (Entry 4, Table 2.1). After
5 h, the polymer was found to have a promising molecular weight of 21.7 kDa with a 25 %
monomer conversion. With longer reaction times, the low monomer conversion could most likely
be increased as the polymerization was diluted in solvent. While molecular weight and yields were
promising, further GPC analysis indicated that the polymer was bimodal with ® =1.11, suggesting
continued solubility issues of the monomers in toluene. The solubility problem was ultimately
addressed with a lower VBBP loading (5 mol %) and bulk polymerization with VBC at a 0.75
TEMPO/BPO ratio, yielding a monomodal molecular weight distribution of © = 1.07 with modest
molecular weight of 38.8 kDa at 77 % monomer conversion. When the copolymerization was
carried out with Georges et al. 1.3 TEMPO/BPO ratio, a low molecular weight of 15.1 kDa was
found instead, making the copolymerization following the conditions listed in Entry 5, Table 2.1

the most ideal. The GPC trace for polymerization can be seen in Figure B 1.

NMR analysis confirmed the formation of polymer due to broadened signals and the
disappearance of the vinyl signals in the 5.3-6.0 ppm range, emphasized in the proton NMR spectra
in Figure 2.2(a). Presence of both monomers in copolymer 2 was indicated by the signals assigned
to the CH2 group adjacent to the chlorine and benzophenone group. The more upfield signal in the
5.0-5.1 ppm range corresponds to the methylene protons adjacent to the benzophenone

functionality (Figure 2.2(b)), in agreement with its respective electron withdrawing properties in
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comparison to the chlorine. As a result, the downfield signal present at the 4.5-4.7 ppm range
corresponds to the methylene protons adjacent to the chlorine, accentuated in Figure 2.2(c). Proton

integrations obtained from *H NMR spectrum and elemental analysis were utilized to estimate the

resultant VBBP loading in copolymer 2.

@ () (c)

—4.59

JUC__M\ | |

—5.13

L

N~

Q

(o}
|

T T T T T T T

T T T T T

8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 45
f1 (ppm)

Figure 2.2 Stacked *H NMR spectra of poly(VBC-BP) 2 against VBC and VBBP (1) monomers
(CDCls)

31



Proton integration of the signals corresponding to the CH> protons adjacent to the chlorine
or benzophenone substituent were used, and these signals in CDClz and DMSO-de can be found
summarized in Table 2.2. From the proton integrations of the *H NMR (CDCls) spectrum of 2, the
random copolymer had an estimated resultant VBBP percentage of ~ 4 % making the VBBP to
VBC ratio 1:27. When the *H NMR analysis of 2 was performed in DMSO-ds, the VBBP loading
was estimated to be ~ 8 % with a VBBP:VBC ratio of 1:12. The varying proton integrations
between the two solvents is the result of differing solubilities of the copolymer in chloroform and

DMSO, making *H NMR analysis an approximate estimation.

Table 2.2 Summary of estimated monomer loading in the poly(VBC-BP) random copolymer by
'H NMR

'H (CH2) 6 Estimated VBBP % _
Deuterated Solvent | Benzophenone | Chlorine Loading VBBP:VBC
CDCls 5.07 4.54 4 % 1:27
DMSO-ds 5.11 4.65 8 % 1:12

In hopes of obtaining a more accurate representation of VBBP loading, elemental analysis
of carbon and hydrogen was attained for further estimation of benzophenone composition (Table
2.3). Elemental analysis of 2 indicated that the random copolymer had a final VBBP loading of ~
6 %, resulting in a VBBP:VBC ratio of 1:16, the average of the percent compositions obtained by
proton NMR. Thermoanalysis of 2 by differential scanning calorimetry (DSC) (Figure C 1) found

a glass transition temperature (T4) of 110.8 °C, indicating an amorphous polymer.

Table 2.3 Elemental analysis results of poly(VBC-BP) random copolymer in estimation of
benzophenone loading

C H Estimated VBBP % Loading | VBBP:VBC
Found 72.34 5.85 . _
Calculated 72.34 5.92 6% 1:16
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2.1.3.2 Reversible Addition-Fragmentation Chain-Transfer Polymerization

RAFT polymerization conditions were explored by homopolymerization of VBC to
synthesize poly(VBC) (3), illustrated in Scheme 2.4. Varying mole concentrations of initiators,
BPO or azobisisobutyronitrile (AIBN), and dithiobenzoate RAFT agent 4-cyano-4-
(phenylcarbonothioylthio)pentanoic acid (CTA1) and subsequent molecular weight and dispersity
are summarized in Table 2.4. In the first trial of this bulk polymerization, VBC was initiated with
0.4 mol % of AIBN and mediated with 0.6 mol % of CTA1 at 80 °C for 24 h (Entry 1, Table 2.4).
The reaction had a fairly low monomer conversion and resulted in a low molecular weight
homopolymer of 11.1 kDa with a narrow D of 1.04. These conditions were attempted again (Entry
2, Table 2.4) but initiated by BPO at 100 °C. In comparison to AIBN, the polymerization had a
higher monomer conversion at 62 % and higher molecular weight of 23.5 kDa while maintaining
a narrow dispersity of 1.04. Two more attempts with varying initiator and RAFT agent mole ratios
were carried out in the same reaction conditions to yield homopolymers with molecular weights,
dispersities, and monomer conversions similar to the second attempt (Entry 3 & 4, Table 2.4). GPC
analysis of these samples exhibited bimodality, indicating the presence of oligomers and non-

uniform polymer chains (Figure B 2).
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Scheme 2.4 RAFT polymerization initiated by BPO and mediated by CTAL

Table 2.4 Summary of RAFT polymerization conditions initiated by BPO and resultant
conversion, dispersity, and molecular weight of 3

Initiator CTAl1 mol % % Repeat
Entry mol % RAFT Agent Temp Conversion Urﬁ)its M D
1 0.4 mol %? 0.6 mol % 80 °C 51 % 73 11.1 kDa | 1.04
2 0.4 mol % 0.6 mol % 100 °C 62 % 154 23.5kDa | 1.04
3 0.4 mol % 0.4 mol % 100 °C 57 % 145 | 22.1kDa® | 1.04¢
4 0.6 mol % 0.4 mol % 100 °C 57 % 195 29.7 kDa" | 1.03°

3 Initiated by AIBN  ® M, combined

¢Bimodal — only main peak analyzed for B
Similar RAFT polymerization conditions of VBC with RAFT agent 4-cyano-4-
[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (CTAZ2) initiated by BPO to synthesize
poly(VBC) (4) (Scheme 2.5) were also explored. Initiator and RAFT agent equivalencies and
resulting polymer weight and dispersity are tabulated in Table 2.5. At equal equivalents of initiator
and RAFT agent (Entry 1, Table 2.5), there was a modest monomer conversion of 77 % with a My
= 19.3 kDa and narrow dispersity of 1.02, comparable to the CTAL1 mediated reactions discussed

previously. Other AIBN and CTA2 ratios (Entry 2 & 3, Table 2.5) resulted in polymers of bimodal

distribution, indicated by the GPC trace, Figure B 3.
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Table 2.5 RAFT polymerization conditions of VBC initiated by BPO with RAFT agent CTA2

and subsequent molecular weight and dispersity of 4

Entry | Initiator mol % CR-,I;IA:\?I'rXZIe:f % Conversion Rjﬁﬁit Mw D
1 0.4 mol % 0.4 mol % 77 % 126 19.3 kDa 1.02
2 0.4 mol % 0.6 mol % 63 % 98 14.9 kDa® | 1.03"
3 0.6 mol % 0.4 mol % 82 % 229 35.0 kDa?® | 1.02°
& Mw combined ® Bimodal — only main peak analyzed for P

For comparisons to the NMP for the synthesis of 3, RAFT polymerization of VBC initiated

by BPO and mediated with CTAL or CTA2 were attempted under a 5 h reaction time (Scheme

2.6). Resulting molecular weights and dispersities of homopolymer poly(VBC) (5) are tabulated

in Table 2.6. At 5 h, the polymerization was incomplete with a low monomer conversion and low

molecular weights for both RAFT agents. While the dispersities for both conditions were narrow,

the GPC trace exhibit bimodality (Figure B 4).

0.4 mol % BPO, n
0.6 mol % RAFT Agent
’ o
100 °C, 5 h,
Neat, N2
Cl Cl

5

Scheme 2.6 RAFT polymerization of VBC initiated by BPO at 5 h time point
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Table 2.6 RAFT polymerization conditions of VBC initiated by BPO with RAFT agent CTAL and
CTA2 for 5 h and resulting polymer weight, dispersity, and conversion of 5.

RAFT Agent % Conversion Repeat Units Mw D
CTAl 28 % 59 9.0 kDa? 1.07°
CTA2 43 % 27 4.2 kDa? 1.02°

2 My, combined b Bimodal

While RAFT polymerizations of VBC in the work gave superior, narrow dispersities, NMP
experiments presented the highest molecular weight polymer of 109.0 kDa at a shorter reaction
time. Consequently, copolymer 3 synthesized by NMP was used as the foundation for the

formulation of cationic coatings.

2.1.4 Post-polymerization Quaternization of Poly(VBC-BP) Random Copolymer

2.1.4.1 Synthesis

The poly(VBC-BP) (2) copolymer underwent quaternization by post-polymerization
modification, illustrated in Scheme 2.7. The chlorine on the VBC repeat units of the copolymer 2
was aminated/phosphosinated with triethylamine (poly(VBBP-NEts), 6), trimethylphosphine
(poly(VBBP-PMes3), 7), N,N-dimethyldodecylamine  (poly(VBBP-NC12), 8), N-(3-
(dimethylamino)propyl)-4-methylbenzenesulfonamide (poly(VBBP-TsSA), 9), N,N-
dimethyloctadecylamine  (poly(VBBP-NC18), 10), or N-(3-(dimethylamino)propyl)-4-
(trifluoromethyl)benzenesulfonamide (poly(VBBP-CF3SA, 11) refluxed in a methanol
(MeOH)/acetone mixture or acetonitrile (MeCN) for 1-24 h to yield compounds 6-11 as white or
off-white fine powders. These polymers were purified by precipitation into cold diethyl ether
(Et20) or hexanes from MeOH or ethanol (EtOH). The molecular weights of polymers 6-11 were
expected to be the same as the initial presubstituted polymer. The ionic nature of the quaternary

ammonium/phosphonium active sites attract water, and thus the polymers were found to be
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extremely hygroscopic, readily absorbing moisture from the air to eventually convert to a gel when

improperly stored.

r r
n r m X y z
(o) 2eq.Q (o)
’
Acetone/MeOH
O O or MeCN O O
(o) cl 40-60 °C, 1-24 h, N, (o) Cle Q Cl

2 6-11
Lﬁ/\ \@
Poly(VBBP-NEt;) (6) Q= % K Poly(VBBP-PMe;) (7) Q= %'\
W/ H

Poly(VBBP-NC12) (8) Q = 3;,%/\9;0 Poly(VBBP-TsSA) (9) Q = -%_N\/\/N\/,sfp
A SR
(0]

@ N
Poly(VBBP-NC18) (10)Q=3;N\/\M;6 Poly(VBBP-CF3SA) (1) Q =y N~ Nos

Scheme 2.7 Amination and phosphination reactions of 2 to synthesize quaternary ammonium and
phosphonium polymers 6-11

2.1.4.2 Characterization

'H NMR spectroscopy of all polymers were used for structural determination. Due to steric
hindrance, it is expected that not all alkylchloride substituents of 2 will undergo
amination/phosphination. Partial substitution of quaternary groups on the polymer ensures that the
polymer will possess three functionalities; chlorine of VBC, benzophenone of VBBP, and a
cationic quaternary compound (Q). The three different functionalities of the polymer have varying
degrees of polarity, resulting in incompatible solubilities. The cationic group is considerably more
polar than the benzophenone and chlorine groups, subsequently leading to partial solubilization of

the polymer in polar solvents, while other portions were insoluble. While solubility issues did not
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hinder the synthesis or work-up of the reaction, it was especially problematic when determining
the compositions of the polymer, thus only an approximate estimation of percent composition was
determined via *H NMR. Elemental analysis was also conducted to obtain percent composition of
the polymer functionalities. From NMR analysis, residual solvent was seen to be trapped by the
polymer, even after days under high vacuum drying at 60 °C. Residual solvent in the polymer
sample consequently contributed to complications in accurately determining percent composition
by elemental analysis, again only providing an approximate estimation of functionality
composition with consideration of residual solvent indicated by NMR analysis. The final
functionality composition of the quaternized polymers were estimated by *H NMR and elemental

analysis and summarized on Table 2.7.

Table 2.7 Summary of estimated functionality composition of the quaternized random copolymers
6-11

'H NMR Analysis Elemental Analysis
Polymer Estimated % Estimated %
Loading VBBP:VBC:Q Loading VBBP:VBC:Q

VBBP Q VBBP Q

12 % 60 % 2:5:10
6 9.5% 81 % 2:2:17

7.7 % 69 % 1:3:9
7 4.7 % 87 % 1:2:19 4.7 % 88 % 2:3:38
8 57 % 49 % 1:8:8.6 8.0% 75 % 1:2:95
9 - - - 5.0% 85 % 1:2:17
10 - 55 % 4:5 7.7 % 62 % 1:4:8
11 - - - 51% 85 % 1:2:16.5

- Undetermined due to solubility issues

'H NMR analysis of 6 (Figure A 10) was conducted in MeOD and DMSO-ds, and from

proton integrations, the functionality composition was estimated. Similar to the *H NMR signals
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of 2, the most upfield signal in the 4.5-5.3 ppm range corresponds to the methylene protons
adjacent to the electron withdrawing benzophenone substituent. The signal of the methylene
protons adjacent to the chlorine and ammonium groups overlap downfield at 4.5-4.7 ppm. The
composition of the quaternized copolymer estimated by 'H NMR in DMSO-ds indicated a
benzophenone and triethylammonium percentage of 12 % and 60 %, respectively. When *H NMR
studies were conducted in MeOD, benzophenone and triethylammonium percent loadings were
found to be 7.7 % and 69 %, respectively. The differing percent loading in MeOD versus DMSO-
ds evidently demonstrates the differing solubilities of the functionalities in the different solvent.
Elemental analysis data provided an estimated benzophenone percentage of 9.5 % and quaternary

ammonium percentage of 81 %.

The proton spectrum of 7 (Figure A 11) was similar to 6. Methylene protons adjacent to
the phosphonium corresponded to the most upfield resonance at 3.86 ppm, and the protons adjacent
to the benzophenone functionality were found downfield at 5.22 ppm, consistent with their
respective electronegativity. The more upfield CH> signal indicates that trimethylphosphonium is
less electronegative in comparison to the triethylammonium group of 6. Proton integration data
from *H NMR analysis estimated the benzophenone and trimethylphosphonium composition to be
4.7 % and 87 %, respectively. Phosphorous NMR (Figure A 12) confirmed one phosphorous
environment at 26.91 ppm, in agreement with a quaternary phosphonium shift. Elemental analysis
of 7 found the VBBP and phosphonium percent loading to be 4.7 % and 88 %, respectively and

aligns with NMR approximations.

NMR analysis of polymer 8 was performed in MeOD (Figure A 13). The quaternary
ammonium group was found to be least electronegative compared to the chlorine and

benzophenone group, specified by the upfield methylene shift at 3.48 ppm. Based off the proton
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integration of the CH> group as well as the protons on the terminal carbon of the alkyl chain most
upfield at 0.91 ppm, 8 was estimated to have a VBBP and quaternary ammonium percent loading
of 5.7 % and 49 %. The low degree of quaternary ammonium composition of 8 may be the result
of steric hindrance brought about by the bulky C12 alkyl chains of N,N-dimethyldodecylamine
substituent, preventing amination of the alkylchloride compared to the short alkyl species of 6 and
7. Elemental analysis of 8 determined VBBP composition of 5 % and quaternary ammonium of
85 %. The quaternary ammonium composition was found to be significantly higher than the
estimate provided by the *H NMR integrations. The large discrepancy between the two results are

inexplicable and warrant further investigations.

Poly(VBBP-TsSA) (9) was found to be only soluble in MeOH, but NMR analysis in MeOD
found that 9 was insufficiently soluble for accurate interpretation. The proton spectrum indicated
MeOD only solubilized the TsSA group of 9 as the signals corresponding to the styrenic backbone
are not present. Emphasized in Figure 2.3, the polymeric backbone seen in the proton NMR of 2
is not seen in the proton spectrum of 9. The unreliable proton spectrum prevented polymer
composition determination by NMR, thus relying heavily on elemental analysis. Elemental

analysis of C, H, and N indicated a VBBP loading of 5 % and sulfonamide percentage of 85 %.

Composition of poly(VBBP-NC18) (10) was analyzed by proton NMR (Figure A 15) in
the same method carried out on 8. The quaternary ammonium sites were found to have a percent
loading of 55 %, however due to partial solubility, the proton signals were too broad and
unresolved for determination of VBBP loading. Elemental analysis estimated the VBBP and

quaternary ammonium loading to be 7.7 % and 62 %.
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Figure 2.3 Stacked *H NMR spectra of 2 (CDCls) and 9 (MeOD)

Copolymer 11, similar to 9, was not adequately soluble for NMR analysis. 1°F NMR was
obtained and formation of fluorine containing polymer was observed by appearance of a broad
peak at 64.32 ppm (Figure A 16). Residual starting material trapped in the polymer chain was also
detected. Elemental analysis of C, H, and N determined a VBBP and sulfonamide loading of 5.1
% and 85 %, respectively. From these analyses, polymers 6-11 were determined to have a

quaternary ammonium/phosphonium loading between 49-88 %.

Thermoanalysis of cationic polymers were also investigated by DSC. Thermoanalysis of 6
indicated the presence of a glass transition temperature (Tg) and melt temperature (Tm) of 92.5 °C
and 2185 °C, respectively (Figure C 2), suggesting a semi-crystalline polymer. The
thermostability of 6 is surprising as the quaternary ammonium monomer, 4-vinylbenzyl
triethylammonium chloride (Figure 2.4), was found to decompose at ~200 °C. While the

monomeric form of the quaternary ammonium compound would not be suitable for participation
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in plastic extrusion or injection molding, polymer 6 is a promising candidate as an additive for

thermoforming manufacture processes.

AN
© N
(o] _G-)/ <

Figure 2.4 Small molecule 4-vinylbenzyl triethylammonium chloride

Polymer 7 did not present a Tq or Tr from DSC analysis. Poly(VBBP-NC12) (8) presented
a Tm at 210.9 °C and is considered as another suitable candidate for injection molding (Figure C
3). Thermoanalysis by DSC of 9 indicated a Tg at 119.9 °C and a second T4 at 158.5 °C (Figure C
4). The presence of two T4 events suggest phase separation. The phase separation may be between
the sulfonamide substituent from the polymer backbone, indicated by the partial solubility in
proton NMR analysis. Thermal events of these polymers are tabulated in Table 2.8 and stacked in

Figure 2.5.

Table 2.8 Thermal events observed from DSC analysis

Polymer T4 (°C) Tm (°C)
6 92.5 218.5
8 - 210.9
9 119.9 ]
158.5

42




() T, Oberserved from DSC Trace of 6 and 9

= 1
T 05 ——  Poly(VBBP-NEt) (6)
B Y
£ s Poly(VBBP-NC12) (9)
e
(5]
=04
£
5 02
P

0

0 20 40 60 80 100 120 140 160
Temperature (°C)
12 (b) T, Oberserved from DSC Trace of 6 and 8

=
S 1
o — Poly(VBBP-NEts) (6)
g08 —— Poly(VBBP-NC12) (8)
- 0.6
N
= 04
£
S 0.2
Z —_— e —

0 I

100 120 140 160 180 200 220 240

Temperature (°C)

Figure 2.5 Thermal events observed from DSC trace (a) Tq events of polymer 6 and 9 (b) Tm events
of polymer 6 and 8

2.15 Preparation of Quaternary Polymer Coatings

Polymers were dissolved at 10 w/v % in EtOH for 6, a 1:1 MeOH/EtOH mixture for 7-9,
11, and s-butanol (s-BuOH) for 10 with added phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide
(BAPO) photoinitiator (Amax = 317 nm)® at 0.3 w/w %. The formulation (0.32 mL) was spun-
coated onto PS substrates at 1250 rpm and UV cured to the surface for 3 min at 0.158 W/cm? of
UVA light. Drop-casting and dip-coating techniques achieved coatings that were thick, non-

uniform, and led to significantly discoloured and burned coatings after UV curing. The substrate
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was washed twice thoroughly in a mixture of MeOH/dH20, and the rinse solution was qualitatively
tested for polymer that failed to graft to the surface by bromophenol blue (BPB) staining. The
dianionic purple indicator dye undergoes anionic exchange with the chlorine on the quaternary
species and undergoes a color change to blue.>® After two washes, the rinse solution no longer
stained blue in the presence of BPB, an indication that all ungrafted polymers were removed. The
resultant surface was observed to be clear with a tinge of yellow and was glossy in comparison to
an uncoated surface. To visualize these coatings, the plastic substrates were submerged in a 4 ppm
BPB solution overnight and excess BPB dye was rinsed off with dH20. The plastic substrates

coated with polymers 6-11 before and after BPB staining are displayed in Figure 2.6.

Control 7 8 9 10 11

Coated 2 x

Stained

Coated & BPB

Figure 2.6 PS substrates coated with polymers 6-11 before and after BPB staining compared to
the uncoated control
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2.16 Coating Robustness

2.16.1 Solvent Resistance

Solvent resistance of small molecule and polymeric quaternary ammonium treated surfaces
were evaluated against dH20, IPA, MeOH, and Windex® following ASTM D5402-15.%° For
comparison, the small molecule coating of C18 BP-QAC were subjected to solvent resistance
testing against dH20, IPA, MeOH, and Windex®, double rubbed with solvent soaked cotton and
stained with BPB. The small molecule C18 BP-QAC coatings underwent one double wet rub and
substantial coating loss was seen when compared to the unrubbed control coating displayed in
Figure 2.7. The durability of polymeric surfaces were assessed by using coating 6 as a
representative sample, seen in Figure 2.8. The polymeric coatings were found to be considerably

robust against dH.O, experiencing some loss after 350 wet double rubs. These coatings were

successfully found to be more robust than the small molecule coatings previously reported.

1 Wet Double Rub

Control dH20 IPA

MeOH

Windex®

Figure 2.7 C18 BP-QAC small molecule coating on PS after subject to solvent resistance testing
followed by BPB staining. Treated surfaces were double rubbed once with a cotton fabric soaked

with dH20, IPA, MeOH, and Windex® with a pressure of ~10 N.
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Figure 2.8 Polymeric coatings of 6 on PS after undergoing solvent resistance testing with dH-0O,
IPA, MeOH, and Windex® followed by BPB staining.
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2.16.2 Adhesive Testing

Coating adhesive testing was carried out following ASTM D3359-17.8" Using coating 6 on
PS as a representative sample, the coating underwent crosshatching described in the standard
operating procedure. The 3M Scotch Tape was evenly applied over the crosshatch and removed at
a 180° angle, parallel to the surface followed by BPB staining for coating visualization. When
BAPO initiator was not added to the coating formulation, the coating was easily removed, as
shown in Figure 2.9(a). Incorporation of BAPO in the coating formulation improved the adhesion

of the coating significantly, as seen by the enduring coating after rapid tape removal (Figure

2.9(b)).

Coating 6
Control

Coating 6 only

Coating 6 with
BAPO initiator

(b)

Figure 2.9 Results of the tape test for adhesion evaluation of double coating 6 as a representative

sample

2.17 Characterization of Polymeric Coatings

2.17.1 Cationic Charge Density Determination

Cationic charge density of coatings 6-11 on PS were quantified indirectly by the fluorescein
staining/destaining method described in previous work.® The cationic charge density test indicated

that coatings with bulkier substituents, 8 and 9, had similar quaternary densities to coatings of less
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bulky substituents, 6 and 7. Surfaces 10 and 11 possessed the least charge dense coatings, with
values comparable to the previously reported small molecule coatings, C18 BP-QAC and BP-

tosylsulfonamide (Table 2.9).537°

2.17.2 Contact Angle Determination

Cationic charge availability at the surface can be represented by surface wettability, which
was obtained by water contact angle determination. A higher degree of wetting specified by a low
contact angle indicates the higher population of charges at the surface. The water contact angle of
coatings 6-11 are tabulated in Table 2.9. The water contact angle obtained of coatings of the bulkier
species, 8 and 9, were found to be slightly higher than their small molecule counterparts as well as
the Arthrobacter sp. active coatings, 6 and 7. The lower wettability of surfaces 8 and 9 suggests a
lower amount of charges available at the coating interface. Surfaces 10 and 11 had the most
hydrophobic properties, signifying the lack of cationic charges at the interface and presence of
hydrophobic chains. High water contact angles of coating 11 are due to low surface energy as an

effect of the fluorinated pendants.

Table 2.9 Charge density and advancing contact angle of PS substrate coated with 6-11

Coating Charge Density ([Q*]cm?) Advancing Contact Angle
(deg)
6 (2.50 + 0.25) x 10%’ 26.6 £ 8.8
7 (3.23+0.22) x 10%/ 39.0+1.1
8 (4.90 +0.33) x 10 66.2+1.3
9 (5.26 + 0.40) x 10 66.1+15
10 (8.18 £0.49) x 10" 86.3+3.1
11 (1.98 £ 0.30) x 10'° 100.3+7.6
C18 BP-QAC® (1.15 +0.18) x 10 56.7+1.0
BP-Tosylsulfonamide™ (2.16 + 0.66) x 10%° 51.1+6.5
BP-CFsBenzylsulfonamide™ (1.92 + 0.37) x 108 73.9+21
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2.17.3 Surface Topography Analysis

Atomic force microscopy (AFM) was used to analyze surface roughness and coating

thickness. Single coated surfaces of 6-9 were studied as representative samples and the root mean

square (RMS) roughness and coating thickness values are tabulated in Table 2.10. AFM images

of uncoated control polystyrene and treated surface 6 and 9 are shown in Figure 2.10. Peculiar

honeycomb-like patterning can be seen for surface 9, which may be the result of phase separation

of the sulfonamide pendent from the polymer backbone, suggested by the presence of two T4 events

discussed earlier.

Table 2.10 RMS Roughness and coating thicknesses of uncoated control, single coated 6-9, and
small molecule references on PS

Coating RMS Roughness of Surface (nm) Coating Thickness (nm)
Uncoated Control 83.6 -
Poly(VBBP-NEts) (6) 23.5 385+ 39
Poly(VBBP-PMes) (7) 62.0 348 +55
Poly(VBBP-NC12) (8) 40.2 330+ 32
Poly(VBBP-TsSA) (9) 39.1 213 + 26

C18 BP-QAC?®3? 130.6° 366 + 148

@ Double coated

b Control RMS roughness = 5.1 nm

T 078pm

0.00 ym

Figure 2.10 AFM images of uncoated PS control (left), PS coated with poly(VBBP-NEts3) (6)
(middle) and poly(VBBP-TsSA) (9) (right). The treated surfaces are seen to be smoother than the

uncoated PS surface.
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2.18 Biological Testing of Coated Surfaces

2.18.1 Large Drop Inoculum Bioactivity Analysis at the Solid/air Interface

Surfaces coated with polymers 6-11 underwent large drop inoculum (LDI) testing to
evaluate the antibacterial efficacy at the solid/air interface over a 3 h period. Antibacterial
properties of surfaces were tested against Arthrobacter sp. (IAl-3) as the gram-positive model,
portrayed by average cell survival in Figure 2.11(a). The coatings of short alkyl chain quaternary
species, triethylammonium (6) and trimethylphosphonium (7), demonstrated complete kill of
bacterial cells on the coated surfaces in comparison to the uncoated, control surfaces. The
tosylsulfonamide (9) species demonstrated significant reduction of Arthrobacter sp. bacterial cells
at a 95 % confidence level. Over a prolonged exposure time of 24 h, coating 9 demonstrated
significant kill at a 95 % confidence level but did not completely reduce the bacterial load, depicted
in Figure 2.12. While this bacterial reduction is statistically significant, a similar testing protocol,
JIS Z 2801, specifies that a colony-forming unit (CFU) reduction of at least 10% is determinant of
antibacterial efficacy.® A reduction of less than 10? CFU is observed for the surface treated with

9, inconclusive of antibacterial activity without further investigations.

The remaining bulky quaternary species, C12 ammonium (8), C18 ammonium (10), and
CF3-benzylsulfonamide (11) possessed no antibacterial properties against Arthrobacter sp.,
contrary to previous work. Additionally, coatings 6-11 were inactive against the gram-negative
model, E. coli wild type 36 (wt36), indicated by the lack of cell reduction of the treated in

comparison to the control surface, depicted in Figure 2.11(b).
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(a) Coating 6-11 against Arthrobacter sp.
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(b) Coating 6-11 against E. coli (wt36)
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Figure 2.11 Graphs depicting average bacterial cell survival on coatings 6-11 against; (a)
Arthrobacter sp. and (b) E. coli wt36. The surfaces were inoculated with a 100 uL droplet of 107
CFU bacterial suspension for 3 h until desiccation. Surfaces of 6 and 7 demonstrated antibacterial
activity only against the gram-positive model as seen by the lack of cell survival in comparison to
the control surface. The E. coli on coatings 6-11 experienced survived over the testing period,
indicating an inactivity against gram-negative bacteria. (t-test, *p < 0.05, ns p > 0.95)
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Coating 9 against Athrobacter sp.
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Figure 2.12 Graph depicting coating 9 tested against Arthrobacter sp. at the 3 h and 24 h time
point. Coatings were found to significantly reduce the bacterial load. (t-test, *p < 0.05)

The antibacterial efficacy at the solid/air interface of these polymeric coatings were found
to be considerably more inferior to the previous small molecule coatings formulated by our group.
Of all the polymeric coatings, the short chain species, 6 and 7, were found to be the only bioactive
surface, successfully reducing all 10’ CFU gram-positive Arthrobacter sp. deposited on the
surface. Coatings 6 and 7 had a higher degree of quaternization unimpeded by sterics of the short
chain amine/phosphine, resulting in cationic charge dense coatings a magnitude higher than our
previous C18 BP-QAC small molecule coating formulation (Figure 1.14 (c)). Additionally, the
degree of wettability of coatings 6 (26.6°) and 7 (39.0°) were higher than the previously successful
C18 BP-QAC (56.7°), indicating more charge availability at the surface.>® The high degree of
cationic charge and lack of long alkyl chains available for cell wall penetration collectively suggest
that the phospholipid sponge effect is the primary mechanism of action for these short chain
species against gram-positive bacteria. In this mechanism, the negatively charged peptidoglycan

found abundantly in gram-positive bacteria are adsorbed by the cationic surface.?’
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When tested against the gram-negative model, E. coli wt36, coatings 6 and 7 demonstrated
no bacterial cell reduction at the solid/air interface. It is well known that gram-negative bacteria
are less susceptible to cationic compounds due to an additional outer membrane which is absent in
gram-positive species.’® Cationic species with long alkyl groups such as C12 (8) and
tosylsulfonamide (9) were introduced to encourage antibacterial properties against the gram-
negative model by including a polymeric spacer group. Surfaces treated with 8 and 9 were found
to have ineffective antibacterial properties against both gram-positive and -negative bacteria. Our
previous work with C18 BP-QAC small molecule coatings formulated by the Foucher group with
n-alkyl chain lengths of 12 or 18 demonstrated antibacterial activity against all gram-negative and
-positive models, P. aeruginosa, L. monocytogenes, and Arthrobacter sp.>® Likewise, our most
recent small molecule coatings based on sulfonamides were found to be antibacterial, completely
reducing 10°-10" CFU of Arthrobacter sp., S. aureus, and E. coli (D5Ha).” These conflicting
results indicate a significant structure-activity relationship between polymeric and small molecule

coatings for antibacterial activity.

Similar to 6 and 7, the coatings of 8 and 9 possessed high cationic charge, with densities
five times higher than the C18 BP-QAC small molecule coating and one magnitude higher than
the BP-tosylsulfonamide small molecule coating.>*"® Conversely, the wettability of coatings 8 and
9 were found to be lower than surfaces 6, 7, and the previous small molecule coatings signaled by
the higher water contact angles of 66.2° (8) and 66.1° (9), an indication of low charge availability
at the interface. The cationic charge density and water contact angle values are usually found to be
in agreement, but for surfaces 8 and 9, these properties were found to be inconsistent. This
peculiarity can be rationalized by the cationic charge density method. In this protocol, fluorescein

undergoes anionic exchange with the chlorine counter ion at a one-to-one ratio, indirectly
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quantifying cationic charges accessible to the fluorescein molecule. Fluorescein has a size of ~8 A
and is able to interact with cationic groups well below the surface. The water contact angle only
probes the charge availability at the interface, providing a perhaps more accurate representation of
surface properties. For coatings 8 and 9, the combination of high charge density but low wettability
and lack of antibacterial properties is suggestive of charge burial below the surface, possibly due
to the backbone of the polymer, illustrated in Figure 2.13(a). While the coating possesses sufficient
cationic charge density, the charges are unavailable to interact with bacteria which are

considerably larger, at around 1-2 um in size.

(a) (b)

==X

—

+ Cationic Active Site

Benzophenone Linker
/-\J Polymer Backbone

Figure 2.13 Illustration depicting (a) cationic charge burial, hindering cell wall interaction with
cationic active sites and (b) cationic active sites self-enriched at the surface.

In hopes of encouraging the cationic functionalities to organize at the surface by phase
separation, C18 ammonium (10) and CFs-benzylsulfonamide (11) quaternary coatings were
formulated, illustrated in Figure 2.13(b). The long hydrophobic C18 chains are expected to self-
enrich the surface as air is hydrophobic. The fluorinated functionality is expected to spontaneously
migrate to the surface since interfacial tension between fluorinated compounds and air are low.®°

The coating formulations possessed low wettability as indicated by the high water contact angle
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of coatings 10 (86.3°) and 11 (100.3°), suggesting organization of the hydrophobic and fluorinated
functionalities at the surface. While these coatings had a comparable charge density to the C18
BP-QAC and BP-tosylsulfonamide small molecule coatings, surfaces 10 and 11 were found to
possess no antibacterial activity against the gram-positive model (Arthrobacter sp.) and the gram-

negative model (E. coli wt36).

While robust and charge dense, quaternary ammonium/phosphonium random block
copolymer coatings of 6-11 were found to be consistently ineffective as antibacterial surfaces. The
antibacterial efficacy of these surfaces were found to be heavily dependent on the bulkiness of the
hydrophobic groups on the cationic site. For small molecule coatings, the structure-activity
relationship of surface bound small molecule coatings seemly mimic quaternary compounds in
solution. Quaternary compounds with n-alkyl chain lengths of less than 4 are ineffective as
antibacterials when in solution®®, as seen in the surface attached benzophenone C12 and C18
ammonium small molecule coatings. In contrast, these polymeric analogs in this work
demonstrated some antibacterial activity, when the hydrophobic substituent were short alkyl
chains. Bulkier substituents such as the C12 and tosylsulfonamide analogs failed to kill bacterial
cells, and even with substituents that encouraged surface self-enrichment, bulkier groups such as
C18 and CFs-benzylsulfonamide species were ineffective as antibacterial surfaces. This behaviour

is a departure from to the behaviour of our previous small molecule coatings.>"®

The unanticipated trend of the poor antibacterial efficacy of these cationic coatings with
bulky functionalities is rather reflective to work previously done by Tiller and colleagues on
surface immobilized n-alkyl poly(vinylpyridinium) (PVP+) brushes formulated by a “grafting
from” approach. Using spray inoculation methods, antibacterial testing of P\VP+ possessing alkyl

chain lengths of over 6 were found to be inactive against S. aureus, while alkyl chain lengths of 3,
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4, and 6 were active.% A statistical decrease of surviving cells was found when hexyl-PVP+
brushes were further tested against gram-positive models (S. aureus, Staphylococcus epidermidis)
and gram-negative models (E. coli, P. aeruginosa).® Tiller et al. attributed the lack of activity of
their quaternary PVP+ brushes with alkyl chains lengths of over 6 to polymer aggregations of the
hydrophobic chains, preventing interaction of the cationic groups with bacterial cells.%* The bulky
substituents of the polymeric formulations in this work may also be rendered biologically
ineffective due to the formation of interdigitating networks obscuring cationic charges at the
interface (Figure 2.14). As indicated by the high cationic charge density, the polymeric coatings
possessed more active sites and resultantly more hydrophobic substituents than the small molecule
coatings. The lower amount of cationic active sites of the small molecule coatings may result in a
more sparse assembly of cationic sites. Additionally, there are more hydrophobic regions in the
polymeric analogs from the polymeric backbone, naturally absent in the small molecule coatings.
The hydrophobic groups interlock to make the cationic charges inaccessible for activity against

bacteria.
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Figure 2.14 lllustration of a coating of high cationic loading depicting hydrophobic chain
aggregation preventing charge availability at the surface

Recently, multiple literature sources indicate the relationship between surface topography
and antibacterial activity.®>%9 AFM images of surfaces 6-9 were obtained to evaluate coating
quality, surface roughness, and relation to respective antibacterial efficacy. The bacterially
ineffective polymeric coatings possessed an RMS roughness of 23.5-60.0 nm whereas the C18 BP-
QAC small molecule coating was found to have a RMS roughness over double of that at 130.6
nm. The RMS roughness and respective bacterial behaviour at the surface are reflective of work
by Ivanova and colleagues on the relationship between roughness and antibacterial properties of
titanium surfaces.®*®! Titanium treated by mechano-chemical polishing was found to have lower
roughness parameters than the untreated surface. These surfaces were inoculated and incubated
with S. aureus and unattached cells were washed off after 18 h. The polished surfaces were found
to have retained double the amount of cells in comparison to the untreated, rougher titanium
surface.®® Other work by Ivanova et al. investigated bacterial adhesion and surface roughness of

titanium coatings on a glass substrate.®* Titanium was coated on the surface by plasma vapour
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deposition at varying thicknesses corresponding to different roughness values and inoculated with
S. aureus. Through cell staining, Ivanova and colleagues reported coatings of higher roughness
parameters had higher bacterial cell adhesion of S. aureus after washing. Through residue staining
techniques, higher amounts of EPS secretions were found on the surface of less rough coatings,
indicating higher levels of biofilm growth on the surface.®* The smooth polymeric coatings 6-9
possessing low surface roughness may encourage biofilm formation whereas the rougher small
molecule coatings deterred biofilm growth. The facilitated biofilm formation on polymeric

coatings may contribute to the low antibacterial efficacy of the surface.

The difference in bioactivity between the polymeric and small molecule coatings may also
be magnified due to the nature of surface roughness and antibacterial activity. Chatterjee et al.
reported etching of aluminum alloy surfaces to modify surface topography for micro- and nano-
scale roughness.%® The treated alloy surface was found to lyse E. coli and S. aureus after a 4 h
period, decreasing cells by 94 % and 90 % respectively when compared to the untreated surface.®
Scanning electron microscopy imaging of inoculated treated surfaces showed the flattening and
distortion of cells, unlike the morphology of healthy cells, indicating cell lysis from surface

roughness.®®

2.18.2 Dynamic Shake Flask Method

While previous antibacterial SIPN formulations by Cuthbert et al. are similar to the
surfaces described in this work, the polymers in this work unexpectedly possess a lack of
bioactivity. The differing bioactivity may be the result of the choice of antibacterial testing method.
The SIPN surfaces underwent antimicrobial testing via DSF method ASTM 2149-13a, where the

films were ground to a fine powder and inoculated and incubated in solution. Though the
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liquid/solid interface of the powder was being studied in this method, the ground powder provides
more surface area than a true film. The LDI protocol determines bioactivity of a surface with better
real world representation. Imitating droplet transmission, the inoculum only interacts with the
available surface area as a droplet. To demonstrate the complications of the DSF method, the
coating of poly(VBBP-NC12) (8) was subjected to DSF bioactivity testing against Arthrobacter
sp. While coating 8 failed to reduce both gram-positive and negative cells when tested under the
LDI protocol, the coating successfully reduced all bacterial cells via the DSF method, depicted in
Figure 2.15. The successful reduction of cells using this technique raises concerns over the choice
of antibacterial testing methods for coatings and surfaces and their true efficacy in real world

situations.

Coating 8 against Arthrobacter sp. via DSF Method
7.00 *

Control Sample Treated Sample

Figure 2.15 Graph depicting average bacterial cell survival of coating 8 against Arthrobacter sp.
Film coatings were grounded to a powder and inoculated with 100 pL of 10° CFU bacterial
suspension, shaken for 1 h. Coating 8 demonstrated antibacterial activity only against the gram-
positive model as seen by the lack of cell survival of the treated sample in comparison to the
control. (t-test, *p < 0.05)
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2.2 Low Quaternary Ammonium Loading Random Block Copolymer

Tiller et al. attributed their biologically inactive brushes with substituent alkyl chains of
over 6 to hydrophobic interactions and chain aggregation. In their hypothesis, the alkyl chains
interlock to prevent charge interaction with bacterial cell walls at the surface. In effort to avoid
chain interlocking, we attempted to formulate a coating with a lower quaternary loading, therefore

leading to a lower chain available for interlocking.

2.2.1 Post-polymerization Modification of Poly(VBC-BP) (2)

Following the method previously described in section 2.1.4.1, a 10 mol % loading of the
poly(VBBP-NC18) (12) was synthesized (Scheme 2.8). The solvent was removed and the crude
mixture was purified by precipitation into excess cold Et20 from DCM. The product was

confirmed by NMR analysis.

r | r r
n m 0.1 eq./N\H\ x y z
o L (o}
Acetone
Reflux, 16 h, N, ®©,
(0} Cl (0] 0|@ /N\(/%e Cl

2 12

Scheme 2.8 Post-polymerization modification for synthesis of poly(VBBP-10%-NC18) (12)

2.2.2 Characterization of Poly(VBBP-10%-NC18) (12)

NMR analysis confirmed the final quaternary ammonium loading of the random block
copolymer and structure, seen in Figure A 17. Proton integrations from the *H NMR was used to
estimate the percent loading of benzophenone and quaternary ammonium. The protons on the

terminal carbon corresponds to the most downfield triplet signal at 0.87 ppm. The protons on the
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carbon chain and the protons on the polymer backbone appear at the 1.03-2.15 ppm range. The
CH: and methyl protons adjacent to quaternary ammonium group appear upfield in the 2.80-3.76
ppm range due to the proximity to the more electronegative ammonium group. The next downfield
signals at 4.49 and 5.02 ppm correspond to the CH> protons adjacent to the chlorine and
benzophenone substituent, respectively. The remaining signals in the 6.03-7.98 ppm correspond
to the aryl protons of the styrene and benzophenone groups. Integrations of the signals
corresponding to the methylene groups and protons on the terminal carbon indicated a VBBP and
quaternary ammonium loading of 13 % and 14 %, respectively, confirmation of a low quaternary

ammonium composition polymer.

2.2.3 Coating Formulation of Poly(VBBP-10%-NC18) (12)

The low quaternary ammonium loading of polymer resulted in a fairly non-polar
compound, limiting the casting solvent choices as alcoholic solutions were too polar. Toluene was
chosen due to its higher boiling point in comparison to other non-polar solvents. The polymer was
spin-casted onto PP instead of PS as toluene readily dissolves PS plastic. The polymer before
quaternization (poly(VBC-BP)) was also casted on PP as a comparison piece. The polymer was
UV cured with a dosage of 30 J and unbound compound was washed off with toluene. The PP
substrate was double coated and BPB stained overnight, displayed in Figure 2.16. The PP treated
with the quaternary ammonium compound was stained blue, indicating presence of cationic
charges in the coating. As expected, poly(VBC-BP) coating did not demonstrate any charges at

the surface.
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Poly(VBBP-10%-

Poly(VBC-BP) (2) NC18) (12)

Coated 2x

Coated & BPB
Stained

Figure 2.16 PP substrates coated with 2 and f2 before and after BPB staining

2.2.4 Physical and Biological Properties Poly(VBBP-10%-NC18) (12)

The cationic charge density for surfaces treated with 12 was found to be (5.38 + 0.64) x
10 [Q*]/cm?, one magnitude lower than the suggested cationic charge density for effective
bacterial kill. Charge availability was evaluated by advancing water contact angle determination,
tabulated in Table 2.11. Poly(VBC-BP) (2) and 12 coatings had similar high angles (82.4° and
81.9°, respectively), indicative of low wettability properties. While low degree of wettability
suggests the lack of cationic charge at the solid/air interface, the cationic group of 12 possess long

hydrophobic C18 chains that may offset the degree of wettability.

Table 2.11 Advancing contact angle of 2 and 12 double coated on PP

Poly(VBC-BP) (2) Poly(VBBP-10%-NC18) (12)
Advancing Water Contact Angle 82.8 +2.4° 81.9+1.3°
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Coatings 2 and 12 were then tested against gram-positive Arthrobacter sp. following LDI
protocol over a 3 h period. Surfaces treated with 2 served as a negative control as 2 does not possess
any active quaternary ammonium/phosphonium groups. For coating 12, average bacterial cell
survival of the uncoated control and treated sample are represented in Figure 2.17. Over the
desiccation period, there was no significant reduction of bacterial cells at a confidence level of 95
%, as indicated by the unchanged average survival log value between the control and treated
sample. The low percentage loading of quaternary ammonium proved to be an ineffective method
to induce antibacterial activity, suggesting alternative factors for inactivity. The random block
structure of the polymer allows for cationic active sites to be buried by the polymeric backbone,
prohibiting sufficient cell wall-charge interactions. Modifying the overall polymeric structure to

encourage charge accessibility may prompt antibacterial activity.

Coatings 2 and 12 against Athrobacter sp.
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Figure 2.17 Graph depicting average bacterial cell survival over 3 h period of control and treated
surfaces of coatings 2 and 12 on PP against 10’ CFU loading of Arthrobacter sp. There was no
significant cell reduction observed for both coatings. (t-test, *p < 0.05, ns p > 0.95)
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2.3 Quaternary Phosphonium Diblock Copolymer Brush Coatings

The work described earlier are random block copolymers, with cationic active sites and
benzophenone functionalities evenly distributed along the polymer backbone. Behaving as
anchors, benzophenone crosslinking to the surface and to the polymer backbone may have led to
the burial of active sites. In hopes of increasing charge availability and avoid charge burial under
the surface, surface attached cationic brushes with benzophenone moieties were explored. These
brushes were formulated by synthesis of A-B diblock copolymers, where A consisted of low
molecular weight homopolymer poly(VBBP) and section B comprised of cationic active sites,

depicted in Figure 2.18.

+ Cationic Active Site
Benzophenone Linker
f\’ Polymer Backbone

Figure 2.18 Illustration of cationic copolymer brush coatings
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2.3.1 RAFT Polymerization for Synthesis of Poly(VBBP-b-VBC) (14)

Poly(VBBP) (13) was first synthesized by RAFT polymerization initiated by AIBN using
RAFT agent CTAL at 2.1 mol % for 24 h in THF at 63 °C (Scheme 2.9). The reaction had a high
percent conversion of 78 % determined by *H NMR analysis. The proton NMR spectra of 13
(Figure A 19) indicate polymerization of the monomer due to broadened signals, disappearance of
vinyl protons (Figure 2.19(a)), and appearance of backbone protons in the 1-2 ppm range (Figure
2.19(b)). GPC analysis determined successful polymerization successfully achieved a low
molecular weight polymer of 3.2 kDa at a modest dispersity of ® = 1.20. Thermoanalysis of

homopolymer 13 indicated a Tg of 71.9 °C, considerably lower than 2 due to the low molecular

0
2.1 mol % AIBN NC n

weight nature of 13.

O S
2.1 mol % CTA1 o]
THF
O O 63 °C, 24 h, N, O O
o o
1 13

Scheme 2.9 RAFT polymerization for the synthesis of low molecular weight poly(VBBP)
homopolymer (13)

Bulk copolymerization of poly(VBBP) (13) was continued with VBC for 24 h to synthesize
poly(VBBP-b-VBC) (14, Scheme 2.10) with resultant polymer properties summarized in Table
2.12. Proton NMR analysis indicated the poly(VBC) in the polymer sample at a 97 % loading
when comparing the integrations of the CH> signal of the VBC (4.25-4.69 ppm) to VBBP (4.85-
5.29 ppm), accentuated in Figure 2.19(c). The addition of VBC repeat units on the VBBP
homopolymer was confirmed by a unimodal GPC trace. An overlaid GPC trace of the starting

polymer 13 and resultant copolymer 14 can be seen in Figure B 5. The resultant copolymer had a
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My of 60.7 kDa, increasing the molecular weight by 57.5 kDa or by 376 VBC units. Proton NMR
analysis of the CH> protons indicated an addition of 374 VVBC units, closely aligned with GPC My
data. The secondary polymerization decreased polymer D from 1.20 to a narrow P of 1.05. The
yield of this reaction was found to be 27 %, calculated from the moles of 13 polymer chains. The
low reaction yield may be the result of terminated poly(VBBP) chains that failed to reinitiate in
the copolymerization with VBC. The high molecular weight difference between homopolymer 13
and diblock copolymer 14 allowed for low molecular weight 13 to be removed in the purification
step, leaving high molecular weight 14 at low dispersity. Thermoanalysis by DSC indicated a Ty
at 99.8 °C, increased from the poly(VBBP) homopolymer (Figure C 6). The presence of a Ty

indicated an amorphous polymer.

Scheme 2.10 Continued bulk RAFT copolymerization of poly(VBBP) (13) with VBC in the
synthesis of poly(VBBP-b-VBC) (14)
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Figure 2.19 Stacked *H NMR spectra of VBBP monomer 1, homopolymer 13, and diblock
copolymer 14 (CDCls)

Table 2.12 Polymer properties before and after continued bulk copolymerization

Polymer % Conversion | Mw (kDa) | Repeat Units D Tq (°C)
Poly(VBBP) (13) 78 % 3.2 10 1.20 71.9
Poly(VBBP-b-VBC) (14) 27 % 60.7 376 1.05 99.8
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2.3.2 Post-polymerization Quaternization of Poly(VBBP-b-VBC) (14) and Poly(VBC-BP) (2)

The copolymer was then subjected to post-polymerization modification with a phosphine
species. As discussed earlier, Tiller and colleagues found bacterial inactivity when the n-alkyl
substituents on the cationic sites consisted of n > 6.° The short chain species,
trimethylphosphonium, in the random block copolymer coating performed well against gram-
positive species, but the short alkyl chain led to a polar substituent. When substituted on the A-B
diblock, poly(VBBP-b-VBC) (14), the large difference in polarity between the two end of the
copolymer chain resulted in solubility issues where neither polar nor non-polar solvents are able
to solubilize the compounds leading to characterization and coating formulation issues.
Alternatively, tributylphosphine possesses hydrophobic n-alkyl chains where n < 6, an ideal
candidate for cationic substitution. Diblock copolymer 14 was quaternized with tributylphosphine
overnight in dry acetone under nitrogen to synthesize poly(VBBP-b-P"Bus) (15, Scheme 2.11(a)).
Due to the product was purified by precipitation from DCM into cold excess Et>O thrice. The

quaternization reaction yielded 71 % diblock copolymer quaternary phosphonium.

For a fair comparison to the activity and properties of diblock copolymer brushes 15, the
random block copolymer equivalent was formulated. Poly(VBC-BP) (2) was phosphinated with
tributylphosphine to yield poly(VBBP-r-P"Bus) (16) under the same reaction conditions and work-

up as above, yielding 89 % (Scheme 2.11(b)).
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Scheme 2.11 Partial quaternization of (a) 14 to synthesize poly(VBBP-b-P"Bus) (15) and (b) 2 to
synthesize poly(VBBP-b-P"Bus) (16) with tributylphosphine

2.3.3 Characterization of Poly(VBBP-b-P"Bus) (15) and Poly(VBBP-r-P"Bus) (16)

Quaternization of 2 and 14 was confirmed by proton and phosphorous NMR analysis.
Similar to the random block copolymers described in section 2.14, the signal corresponding to the
methylene groups adjacent to the benzophenone moiety is found most downfield in comparison to
the other functionalities at 4.93 ppm, in accordance to its electron withdrawing properties. The
CH: adjacent to the least electronegative substituent, phosphonium, corresponds to the upfield
signal at 2.49, overlapped with the signal corresponding to H19 on the butyl chain. Due to the
overlap and inconsistent integration values as a result of inadequate solubility, proton integrations
could not be relied upon for the determination of functionality composition. Phosphorus NMR
showed a strong broad signal at 31.29 ppm, corresponding to the phosphonium on the polymer.
Weak signals at 38.05 and 48.66 ppm indicated presence of residual tributylphosphine oxide

trapped within the polymer. Elemental analysis was used in the determination of VBBP and
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quaternary phosphonium percent loading, summarized in Table D 3. VBBP and quaternary
phosphonium percent loadings were estimated to be 9.7 % and 49 %, respectively. The low cationic
loading of phosphonium is a result to the bulky alkyl groups around the phosphine, hindering full

substitution of polymer 14.

Alike diblock copolymer 15, quaternization was established by proton and phosphorous
NMR analysis. The proton spectrum was reflective of 15, but due to disperse quaternary
phosphonium groups throughout the polymer, solubility did not hinder polymer composition
estimation. Proton integrations provided an estimated percent loading of VBBP and quaternary
phosphonium of 7.4 % and 52 %, respectively (Table D 4). The 3P NMR spectrum displayed a
broad signal at 31.44 ppm, indicating the phosphonium polymer peak. The low signal at 38.01
ppm corresponded to trace tributylphosphine oxide trapped within the polymer. Elemental analysis
(Table D 3) estimated the VBBP and quaternary phosphonium percent loading to be 8.5 % and 67

%, respectively.

2.3.4 Coating Preparation of Poly(VBBP-b-P"Bus) (15) and Poly(VBBP-r-P"Bus) (16)

The brushes were spin coated twice onto PS substrates as described earlier as a 10 w/v %
with 0.3 w/w % BAPO in EtOH followed by UV curing of 30 J. Unbound compound was removed
by EtOH/H20 washes until the wash solution no longer contained polymer indicated by BPB
staining. PS substrates coated with 15 and 16 stained and unstained are pictured in Figure 2.20.
Both P"Bus species demonstrated even coating and good coverage on the PS substrate. After UV

curing, the coatings were colourless and experienced no discolouration.
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Figure 2.20 P"Bus species 15 and 16 coated and BPB stained PS substrates

2.3.5 Properties of Surfaces Treated with 15 and 16

Cationic charge density and advancing water contact angle of coatings 15 and 16 are
tabulated in Table 2.13. The cationic charge densities of P"Bus coatings were found to be similar,
with the same magnitude as the bioactive coatings 6 and 7. The advancing water contact angle of
the treated surfaces were obtained to determine charge availability at the surface. As expected, the
P"Bus brush (15) coating was found to have a higher degree of wettability as indicated by the low
contact angle of 36.8°. The surface treated with the P"Bus random block copolymer (16) possessed
a lower degree of wettability, demonstrated by the higher contact angle (64.3°). The high

wettability of the brush surface suggest the availability of charges at the solid/air interface.
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Table 2.13 Advancing water contact angle and cationic charge density of PS substrates coated
with P"Bus species 15 and 16

Charge Density ([Q*]cm2) | Advancing Water Contact Angle
Poly(VBBP-b-P"Bus) (15) (2.64 +0.15) x 10/ 36.8+2.2°
Poly(VBBP-r-P"Bus) (16) (1.96 + 0.06) x 10’ 64.3 £2.2°

2.3.6 Biological Testing of Surfaces 15 and 16

Poly(VBBP-b-P"Bus) (15) and poly(VBBP-r-P"Bus) (16) were subjected to antibacterial
testing by the LDI protocol to determine bioactivity at the solid/air interface, as described above.
Using Arthrobacter sp. as the gram-positive model and E. coli wt36 as the gram-negative model,
the coatings were subjected to testing over a 3 h period and represented in Figure 2.21. The brushes
of 15 completely reduced Arthrobacter sp. at the surface compared to the uncoated control PS
substrate. Coating 16 demonstrated significant partial reduction against Arthrobacter sp. at the 95
% confidence level but failed to kill all bacterial cells on the surface. Surface 15 outperformed the
polymeric coating of 16, signifying a relationship between charge availability and antibacterial
efficacy. When tested against E. coli wt36, both P"Bus species failed to significantly reduce
bacterial cells, as seen in the random block copolymers discussed in section 2.1. While both
phosphonium species performed well against the gram-positive model, the gram-negative model
experienced no cell death, characteristic of the E.coli wt36 resistance against quaternary

compounds.
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(a) Coatings of 15 and 16 against Arthrobacter sp.
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(b) Coatings of 15 and 16 against E. coli wt36
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Figure 2.21 Graphs depicting bacterial cell survival when coatings of P"Bus species were tested
against (a) Arthrobacter sp. and (b) E. coli wt36. Surfaces were inoculated with 100 pL droplet of
107 CFU bacterial suspension for 3 h until desiccation. Brushes of 15 reduced all gram-positive
bacteria on the surface while 16 significantly reduced bacteria. Both P"Bus species failed to reduce
E. coli cells on the surface. (t-test, *p < 0.05)
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2.4 Quaternary Ammonium/Phosphonium Monomers and Polymerizations

The persistent problem experienced in this work has been the insolubility of the polymers
due to their polar cationic substituents and non-polar polymer backbone and hydrophobic alkyl
chains, leading to difficult characterization of all formulations. Preparation of polymer brushes
with cationic active sites with short alkyl chains were especially challenging as both polar and
non-polar solvent were unsuitable for solubilization. While the brushes of 15 discussed in section
2.3 was soluble in EtOH at 10 w/v %, the formation of micelles (illustrated in Figure 2.22) was
indicated by the presence of a light blue tinge (Figure 2.23). Micelle formation may have led to
adverse effects in the coating step, averting benzophenone attachment to the substrate surface,

possibly decreasing durability of the coating.

Quaternization as a post-polymerization step is less ideal as the resultant product would
only be partially substituted, the degree of which would be dependent on substituent bulkiness.
Full substitution of quaternary ammonium/phosphonium may be achieved by polymerization of
the cationic monomer analog. The fully cationic polymer will be easily soluble in polar solvents,
improving characterization and coating formulation. Herein, a range of cationic monomers were

synthesized and subsequent polymerization are described.
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Figure 2.22 Micelle formation from A-B diblock copolymers in a polar solution where the A-
block is the hydrophobic benzophenone repeat units (grey) and the B-block is the hydrophilic
cationic species (red).

Figure 2.23 Left: P"Bus diblock copolymer 15 in 10 w/v % EtOH solution presented as a light
blue tinge, indicting micelle formation. Right: P"Bus random block copolymer 16 in 10 w/v %
EtOH appearing as a clear yellow solution.

2.4.1 Synthesis of Quaternary Ammonium and Phosphonium Monomers

2.4.1.1 4-Vinylbenzyl Triethylammonium Chloride (17)

4-Vinylbenzyl triethylammonium chloride (17) was synthesized by an adapted procedure
reported by Kaur et al. (Scheme 2.12).%% A range of reaction conditions and work-up procedures
were then attempted, summarized in Table 2.14. When the reaction was carried out in the most
polar solvent, MeOH (Entry 4, Table 2.14). the reaction achieved the highest yield at 89 % in

agreement with literature.?® High solvent polarity resulting in high reaction rates of the Menshutkin

75



reaction can be attributed to stabilization of the reaction path of ion separation by the solvent.%
Purification was carried out by precipitation into cold Et,O afforded by the high polarity of
quaternary ammonium compound. From *H NMR analysis, the new signals indicated the addition
of triethylamine. The signal at 1.42 ppm integrating for 9 protons represent the protons on the
terminal carbons and 3.40 ppm integrating for 6 protons for the protons on the secondary carbon
of the three ethyl groups. The structure was further confirmed by single crystal X-ray diffraction,
represented by the ORTEP diagram in Figure 2.24. The single crystal was grown by interface
mixing of DCM and hexanes. The C1-N1 bond length was observed to be 1.555(11) A, similar to
the reported C4-N* bond lengths of ammonium salts, 1.510 A.%> The compound was found to
decompose at 200 °C, making it and the polymers derived from it, a less ideal candidate as an
additive for injection molding. The product was stored under a nitrogen environment due to its
hygroscopic properties from the quaternary ammonium group. When improperly stored, the

product absorbed moisture from the atmosphere and converted to a gel.

N N
NEt,
A, 16 h
Cl CIG) C:l)
N
17

Scheme 2.12 Quaternization reaction of triethylamine with VBC for synthesis of 17

76



Table 2.14 Reaction and work-up conditions and subsequent percent yield to synthesize (17)

Entry Rxn Temp. Solvent Work-up % Yield
1 30°C MeOH Precipitated into cold Et2O 73 %
2 Refluxed Acetone Redissolve in DCM, precipitate in Et2O 67 %
3 Refluxed MeCN As above 74 %
4 30°C MeOH As above 89 %

Figure 2.24 ORTEP representation of monomer 17

2.4.1.2 4-Vinylbenzyl Tributylphosphonium Chloride (18)

The synthesis of 4-vinylbenzyl tributylphosphonium (18) was performed following the

procedure previously reported by Cuthbert et al., illustrated in Scheme 2.13.82 The reaction was

refluxed overnight in MeCN under a nitrogen atmosphere. The crude product was cleaned by

precipitation into cold Et,O. Proton NMR analysis of product was similar to the monomer 17, but

with additional signals corresponding to the butyl groups on the phosphonium. The triplet signal

corresponding to 9 protons most upfield at 0.95 ppm represent the protons at the terminal carbons

of the butyl chains. At 1.50 ppm, the multiplet integrates for 12 H are assigned to protons at the

second and third carbons on the alkyl chains. The multiplet integrating for 6 H at 2.15 ppm
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correspond to the protons on the carbon of the butyl chains closest to the phosphonium group
which experience more deshielding than the rest of the alkyl chain. Protons of the CH> adjacent to
the phosphonium are assigned to the signal at 3.69 ppm. The proximity of the protons to the
phosphonium and benzyl group result in more deshielding, leading to a more downfield signal
compared to protons at position 8. Due to its vicinity to the phosphorous atom, the protons at the
CH: position also experience 2Jpn coupling, presenting a doublet at 3.69 ppm. The signals found
further downfield correctly integrate for the vinylbenzyl group as described earlier. Phosphorous
NMR analysis confirmed the presence of only one phosphorus signal at 32.58 ppm, typical of
quaternary phosphonium shifts. Single crystal analysis also confirmed the structure, shown in
Figure 2.25. Using the same interface mixing technique as described above, the single crystal of
18 was grown from DCM and hexanes. The C1A-P1A bond length was observed to be 1.8025(17)
A, similar to the reported carbon-quaternary phosphonium C4-P* bond length of 1.800 A.%® Unlike
monomer 17, 18 possessed a melting point at 121.2-123.1 °C, likely due to the presence of longer
alkyl chains leading to improved van der Waals interactions.®® Similar to monomer 17, the
compound was found to be hygroscopic and readily absorbed moisture from the air and converted

to a gel when improperly stored under moisture free conditions.

O
Cl
MeCN

Reflux, 16h &~~~
cl N2 \/\/ \_’_\/

Scheme 2.13 Synthesis of monomer 18
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Figure 2.25 ORTEP representation of tributylphosphonium monomer (18)

2.4.1.3 4-Vinylbenzyl Trimethylphosphonium Chloride (19)

The phosphination of VBC was carried out with trimethylphopshine as a 1 M solution in
toluene (19, Scheme 2.14). Attempted reaction conditions for this synthesis can be found in Table
2.15. In the first attempt (Entry 1, Table 2.15), the reaction was carried out at rt over 3 days with
no additional solvent other than the toluene solution. While the reaction was successful, it was low
yielding at 53 %. The Sn2 reaction requires a more polar solution, so for the second attempt (Entry
2, Table 2.15), additional MeCN was added, creating a tol/MeCN mixture. The reaction was also
heated to 40 °C, dramatically increasing the yield to 95 %. Residual trimethylphosphine, toluene,
and MeCN were removed by reduced pressure and oxidized trimethylphosphine was removed by
a series of THF washes. The product was confirmed by proton NMR analysis. The protons on the
methyl groups correspond to the doublet most upfield at 2.13 ppm. The signal integrates for 9 H
and due to its vicinity to the phosphorous atom, 2Jpn coupling is presented as a doublet. The
remainder of signals are similar to the vinylbenzyl portion as described above. 3P NMR analysis

of 19 indicated one phosphorous environment at 26.75 ppm, in range of phosphonium signals. *C

79



NMR analysis of 19 was carried out. The most upfield signal at 7.96 ppm corresponds to the
terminal carbons of the trimethylphosphine substituent. The proximity of the terminal carbons to
the phosphorus atom resulted in 1Jpc coupling, presenting as a doublet. The CH. adjacent to the
phosphonium group correspond to a doublet at 29.86 ppm, which also experiences *Jpc coupling.
The remainder of signals on the *C NMR spectrum are assigned to the vinylbenzyl group as
described earlier. The monomer salt was observed to decompose at 167 °C, possibly as a result of
the lack of alkyl chains, unlike the tributylphosphonium monomer. The hygroscopic monomer was
stored under nitrogen and absorbed moisture from the air to convert to a gel when improperly

stored.

1 eq. PMej in tol
q 3 >
N2

®

©
cl cr
19

Scheme 2.14 Reaction scheme for synthesis of monomer 19

Table 2.15 Reaction conditions for the synthesis of monomer 19.

Entry Rxn Temp. Solvent Rxn Time % Yield
1 rt Tol only 3 days 53 %
2 40 °C Tol & MeCN 4.5h 95 %

2.4.1.5 4-Vinylbenzyl Diethylsulfonium Chloride (20)

Monomer 20 was synthesized following a procedure first reported by Hatch et al.®” The
sulfonium species was synthesized from VBC and diethylsulfide in a mixture of water and MeOH

at 50 °C for 24 h (Scheme 2.15). The product was purified by precipitation into excess cold Et,O
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from minimal MeOH. Proton NMR analysis confirmed synthesis of the product (Figure A 45).
The protons on the terminal carbon on the ethyl groups correspond to the most upfield signal at
1.39 ppm. The methylene protons correspond to the downfield peak at 3.45 ppm, indicating lower
electronegativity than the chlorine of the VVBC starting material. The neighbouring multiplet signal
at 3.63 ppm is assigned to H8, splitting with H9. The remaining signals correspond to the
remaining vinylbenzyl group, as described for similar monomers described above. Over the course
of a month, the product was found to revert back to starting material, even when in cold storage
under a nitrogen atmosphere. The instability of the product is characteristic of sulfonium salts.%*
Anionic exchange of chlorine with a less nucleophilic anion such as tetrafluoroborate can improve

the stability of the sulfonium compound.

A A
SEt,
H,0/MeOH

50 °C, 24 h ® J

cl S

S)

cl k
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Scheme 2.15 Synthesis of monomer 20

2.4.1.4 4-Vinylbenzyl Dimethyloctadecylammonium Chloride (21)

Quaternary ammonium monomer with a long n-alkyl chain substituent of n = 18, 21, was
synthesized following a similar procedure described above. VBC was aminated with N,N-
dimethyloctadecylamine by heating in MeOH overnight at 50 °C (Scheme 2.16). The product was
purified by precipitation into cold Et,O. Proton NMR analysis confirmed synthesis of 21. The

protons H12 on the terminal carbon are assigned to the most upfield signal at 0.83 ppm. Protons
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of the long alkyl chain are found in the 1-2 ppm range, indicated by the integration of 32 protons.
The downfield singlet at 3.25 ppm integrate for 6 protons, corresponding to the methyl groups on
the quaternary ammonium group. Protons at position H9 is assigned to the multiplet signal at 3.46
ppm due to splitting with neighbouring protons on the alkyl chain integrating for 2 protons. The
remaining signals appropriately correspond to the vinyl benzyl group, similar to the monomers

discussed above.

S X
\N/W
| 16
MeOH
50°C,16 h ®
c T
c|e/ \ 16
21

Scheme 2.16 Synthesis of monomer 21

2.4.1.4 4-Vinylbenzyl Diethylamine (22)

The synthesis of 22 followed a procedure reported by Su et al.1® VBC was aminated with
diethyamine in the presence of K.COs, illustrated in Scheme 2.17. Unreacted VBC was removed
by flash column chromatography. *H NMR (CDCls) analysis confirmed synthesis of the product.
The protons on the terminal carbon of the ethyl groups correspond to the upfield triplet signal at
1.08 ppm which was integrated for 6 protons. The neighbouring proton signal at 2.56 ppm
integrating for 4 H was assigned to the adjacent proton from the terminal carbon on the ethyl
substituents. This quartet signal splitting corresponds to the terminal proton signal. The remaining
signals correspond to vinylbenzyl group as described above. The carbon NMR of the monomer

was also obtained for structure confirmation. The terminal carbons on the ethyl groups are assigned
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to the shift at 11.65 ppm. The neighbouring carbon correspond to the signal at 46.62 ppm. The rest
of the signals correctly correspond to the vinylbenzyl group, as discussed earlier. NMR analysis

are in agreement with literature.1%

HNEt,, K,CO;
—_—

CHCl,
50 °C, 24 h J
cl N

\

22

Scheme 2.17 Synthesis of monomer precursor 22

2.4.2 NMP of Quaternary Ammonium/Phosphonium Monomers
2.4.2.1 Aqueous NMP for Synthesis of Poly(vinylbenzyl-triethylammonium chloride) (23)

The NMP of monomer 17 was carried out following a procedure previously outlined by
Kaur et al. synthesize poly(vinylbenzyl-triethylammonium chloride) (poly(VBNEts), 23).°® The
solution polymerization was redox initiated with potassium persulfate and mediated with TEMPO
in a mixture of water and ethylene glycol. The reaction was heated to 125 °C for 24 h (Scheme
2.18). Proton NMR analysis confirmed the formation of polymer due to the disappearance of vinyl
signals in the 5-6 ppm range and appearance of broadened signals. Integrations of the proton NMR
also indicate the polymerization of the quaternary monomer. The most upfield signal at 1.31 ppm
integrate for 12 H, corresponding to protons at the C1, C2, and terminal C9 positions. The protons
at C8 are assigned to the signal at 3.18 ppm, integrating for 6 H. The CH> group adjacent to the
nitrogen atom is represented by the downfield signal at 4.37 ppm. Protons on the aryl group appear

at 6.77 and 7.33 ppm integrating for 4 protons together. While NMR analysis is indicative of
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polymer, characterization by GPC was not performed due to the lack of solubility in the THF
eluent, and lack of access to a water-based GPC instrument. Thermoanalysis of the homopolymer
determined a Tgat 112.5 °C and T at 216.3 °C (Figure C 7), again unlike the monomer which was
found to decompose at 200 °C. The presence of a high Tm make homopolymer a promising

candidate as an additive in injection molding.

1.2% TEMPO
0.7% KzSan, 1.0% Na23205

o — 50/50 H,O/MEG

c® BN Reflux, 125°C © N~
g 24 h, N, e =

17 23

Scheme 2.18 Synthesis of Poly(VBNEts3) (23)

2.4.2.2 Aqueous NMP for Synthesis of Poly(vinylbenzyl-tributylphosphonium chloride) (24)

Monomer 18 was polymerized by NMP, redox initiated by potassium persulfate and
mediated by TEMPO at 125 °C similar to the synthesis of poly(vinylbenzyl-tributylphosphonium
chloride) (poly(VBPBu3), 24, Scheme 2.19). Proton and phosphorous NMR indicated the
polymerization of the quaternary phosphonium monomer. The NMR signals are seen to broaden
after polymerization. Figure 2.26 show the 3P NMR of the monomer in comparison to the
polymer. The signal around 32 ppm significantly broadens post-polymerization, indicative of
polymer. Full NMR spectra can be seen in Figure A 51. On the *H NMR, the signals in the upfield
range 0.5-1.7 ppm corresponded to the butyl substituents on the phosphonium and the polymer
backbone at position H1 and H2. The remaining VBC signals are similar to the reported

triethylammonium polymer described above. The 3C NMR spectrum was obtained and can be
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seen in Figure A 52. The terminal carbon correspond to the signal most upfield at 12.81 ppm. The
C8 atom was assigned to the doublet at 17.83 ppm, experiencing carbon-phosphorous 1J coupling
to the phosphonium atom. The multiplet signal at 23.30 ppm represents C9 and C10, which
experience 2J and 3J carbon-phosphorous coupling, respectively. Due to low resolution, C9 and
C10 could not be exactly assigned as it did not appear in the 2D HSQC NMR spectrum. The broad
signal at 26.32 ppm correspond to C7, as indicated by the 2D HSQC NMR spectrum. The next

downfield signal at 40.14 ppm is seen to be very broad, corresponding to C1 and C2 of the polymer

backbone.
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Scheme 2.19 Synthesis of poly(VBPBuU3) (24)
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Figure 2.26 Stacked 3P NMR spectra of monomer 18 and polymer 24 (D20)
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2.4.2.3 Aqueous NMP for Synthesis of Poly(vinylbenzyl-trimethylphosphonium chloride)

(25)

Following similar reaction conditions outlined in section 2.42.1, monomer 19 was
polymerized with K2S>08/Na2S20s redox initiators and mediated by TEMPO in dH.0 at 125 °C
for 24 h to synthesize poly(vinylbenzyl-trimethylphosphonium chloride (poly(VBPMes), 25,
Scheme 2.20). NMR analysis confirmed polymerization by broadened proton signals and the
disappearance of the vinyl signals. Phosphorous NMR spectrum showed one broad signal at 25.75

ppm, corresponding to the quaternary phosphonium group on the polymer (Figure A 56).

1.2% TEMPO
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Scheme 2.20 Synthesis of poly(VBPMes) (25)

2.4.2.4 Attempted aqueous NMP of monomer 20

The polymerization of the sulfonium monomer 20 was attempted following the same
reaction conditions outlined for polymer 17 (Scheme 2.21). The reaction formed a gel-like
precipitate which was found to be insoluble in a range of solvents (ie. DMF, MeCN, THF, DMSO,
MeOH). Insolubility prevented purification and characterization of the product. The lack of
solubility suggests the possibility of polymer crosslinking. To probe the polymerization of

sulfonium monomers, a 50/50 ratio of sulfonium monomer and ammonium monomer or VBC as
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a miniemulsion polymerization may be explored under similar reaction conditions. Unfortunately

due to time restraints, this was not attempted.

1.2% TEMPO
0.7% Kzszos, 1.0% Na28205
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Scheme 2.21 Attempted polymerization of sulfonium monomer 20
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3. CONCLUSION

In this work, a range of quaternary ammonium and phosphonium random block copolymer
were synthesized for thin film polymer coatings. These coatings were found to be robust against
water and Windex® but possessed selective antibacterial properties. Polymer analogs of short n-
alkyl chains were the only antibacterial coatings, active only against the gram-positive model.
Species with bulkier substituents were inactive against both bacterial models, Arthrobacter sp. and
E. coli wt36. We contribute the inactivity to charge burial from bulky, hydrophobic substituents

and the low degree of coating roughness.

Random block copolymer thin films with a low loading of quaternary ammonium with C18
alkyl chain substituent were synthesized to investigate charge burial attributed by the bulky
substituent. The antibacterial efficacy remained inactive, unchanged from the high quaternary
ammonium loading coatings. The sustained inactivity suggests that substituent bulkiness is not the
major contributor to charge burial. The polymeric backbone may be the major hydrophobic

attributor to charge inaccessibility at the surface.

Coatings of polymer brushes and random block copolymers with quaternary phosphonium
pendants were formulated to explore charge availability at the interface. These surfaces were both
highly charge dense at 101’ [Q*]cm™2 but the brush coatings had a drastically higher contact angle,
indicating that charges were made more accessible due to the brush structures. Antibacterial
activity of the brushes was improved compared to the random block copolymer equivalent when
tested against the gram-positive model, establishing the problem to be charge burial and
inaccessibility. However, the brush coatings continued to fail when antibacterial efficacy was

evaluated against the gram-negative species, E. coli wt36.
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Lastly, quaternary ammonium and phosphonium monomers were prepared for CRP
polymerization. These fully quaternized polymers aim to resolve a persistent solubility issue
encountered throughout this work. Full solubility of the polymers for formulation of antibacterial
coatings can vastly improve compound characterization as well as coating quality. Higher
compound polarity can allow for the use of more passive and environmentally friendly solvents

such as water for coating formulation and disposal.

3.1 Future Work

Although this work produced robust, solvent resistant coatings, these surfaces were found
to be biologically inactive. This work demonstrated the complexity of antimicrobial polymer
coating design and the many facets required for consideration. An aspect worth further
investigation is the effect of surface roughness. Electrospray deposition of the formulation may
provide rougher coatings and result in higher antibacterial efficacy. Preliminary work with
electrospray coating polymer brushes 15 at 1 w/v % EtOH solution can be seen in Figure 3.1. The
contact angle was found to be slightly lower than the spin coat deposition of the same formulation,
tabulated in Table 3.1. The difference in wettability suggests varying surface topography, a
promising indication of increased surface roughness. These coatings should be evaluated for
antibacterial efficacy and roughness parameters. Rougher coatings can also be induced by casting
thinner films on substrates with higher roughness parameters, and the results from this roughness

study can provide insight into better coating design.

89



Figure 3.1 PS substrate coated by electrospray deposition of diblock copolymer 15 and stained
with BPB

Table 3.1 Advancing water contact angle of PS substrates coated with 15 by spin-coating and
electrospray deposition

Spin-Coating Deposition | Electrospray Deposition
Advancing Water Contact Angle 61.3+2.0° 69.7 +5.0°

Due to solubility issues experienced throughout this work, polymer brushes synthesized
from cationic monomers can provide fully soluble polymers and avoid the formation of micelles.
The quaternary ammonium analog of benzophenone monomer 27 can be synthesized by amination
of (3-bromopropoxy)benzophenone under similar condition reactions described for quaternization

(Scheme 3.1).
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Scheme 3.1 Quaternization reaction for synthesis of benzophenone gquaternary ammonium
monomer 27

By RAFT polymerization, cationic monomer such as 21 can undergo homopolymerization
initiated by AIBN and mediated by RAFT agent 2-methyl-2-

[(dodecylsulfanylthiocarbonyl)sulfanyl]propanoic acid (CTAS3) for synthesis for 26 (Scheme 3.2).
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RAFT agent CTA3 has been shown to be successful in mediating homopolymerization of styrenic
quaternary phosphonium compounds with long alkyl chain substituents.?? Use of RAFT

polymerization techniques will result in a living polymer that can undergo further polymerization.
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Scheme 3.2 RAFT polymerization of 21 for synthesis of homopolymer 26

The quaternary ammonium benzophenone monomer 27 can then be copolymerized with
homopolymer 21, previously synthesized by RAFT polymerization (28, Scheme 3.3). The
continued polymerization will synthesize A-B diblock copolymers for formulation of polymeric
brush coatings. Polymer films can be casted by spin coating or electrospray deposition and

evaluated for biological efficacy.
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Scheme 3.3 Continued RAFT copolymerization to incorporate benzophenone monomer into
polymer chain (28)

Thermoanalysis of many polymers described in this work indicate good thermal stability
and may be suitable for injection molding. Small molecule QACs are hindered from wide use
incorporation into thermoplastics due to their low thermal stability. These quaternary ammonium
and phosphonium polymers with benzophenone linkages are promising as non-leaching additives

and warrant investigation.

92



4. EXPERIMENTAL METHODS

4.1 General Methodology

Acetone was dried over anhydrous calcium sulfate, decanted, and distilled. Anhydrous
MeOH was used directly from the Aldrich Sure/Seal container. Hexanes, tetrahydrofuran (THF),
and Et,O were purchased from Sigma Aldrich and dried using an MBraun MBM-SPS solvent
system. All other solvents and reagents were reagent grade and used as supplied. Stock plastic

polystyrene (cat. 89106-754) was obtained from VWR International.

Flash 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/UVz2s4, Macherey-Nagel)
were used for TLC tests. Plates visualized by UV light or ninhydrin staining and heated with a heat

gun.

Characterization by 'H, '3C, 3P, and 2D NMR (Nuclear Magnetic Resonance)
spectroscopy was performed in deuterated chloroform (CDCl3), methanol (MeOD-ds), or dimethyl
sulfoxide (DMSO-ds) on the Bruker AVI1I-400 MHz spectrometer at room temperature unless
otherwise stated. *H and 13C spectra were referenced to residual CHCIs (7.26 ppm and 77.00 ppm,
respectively), MeOH (3.31 ppm and 49.00 ppm, respectively), or DMSO (2.50 ppm and 39.52
ppm, respectively) solvent signals. 3P NMR was referenced against the internal standard,
phosphoric acid (HsPO4). NMR data are reported as: chemical shift 6 (ppm), multiplicity, coupling
constant J (Hz), and number of protons. Mass spectrometry data was obtained on an Agilent 6538

UHD Q-TOF mass spectrometer at the Advanced Instrumentation for Molecular Structure Mass
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Spectrometry Laboratory. Gel permeation chromatography (GPC) analyses were performed in
THF (HPLC-grade, 1.0 mL/min) using a Viscotek Triple Model 302 Detector system equipped
with a Refractive Index Detector (RI), a four-capillary differential viscometer (VISC), and a right
angle (90°) laser light scattering detector. GPC columns were calibrated against broad and narrow
polystyrene standards (American Polymer Standards). Structure elucidation by Xx-ray
crystallography was performed by Dr. Alan Lough at the University of Toronto on a Bruker Kappa
CCD diffractometer. Differential scanning calorimetry (DSC) was completed on a DSC Q20 TA
Instruments at a heating rate of 20 °C/min under a nitrogen atmosphere in an aluminum Tzero pan
with approximately 8 mg of sample. Elemental analysis was performed by Atlantic Microlab Inc.

in Norcross, GA, USA.
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4.2 Synthetic Work

4.2.1 Synthesis of VBBP Monomer (1)

VBBP was prepared by a modified version of a method first described by Lin et al.* A
solution of 4-hydroxybenzophenone (4.03 g, 0.02 mol), K2COs (5.58 g, 0.04 mol), and K1 (4.36 g,
0.03 mol) in 60 mL of MeCN was refluxed for 2.5 h. A solution of 3.80 mL 4-vinylbenzyl chloride
(0.03 mol) in 40 mL MeCN was added dropwise to the mixture and refluxed for 24 h at 80 °C. The
reaction mixture was slowly brought to room temperature and gravity filtered. The solvent was
removed from the filtrate by rotary evaporation and redissolved in 150 mL DCM and ~180 mL of
dH->0 was added. The mixture was extracted and washed thrice with DCM (50 mL) and dried over
magnesium sulfate (MgSQOa). After removal of MgSO. by gravity filtration, the solvent was
removed by rotatory evaporation followed by drying in vacuo leaving a mustard yellow powder.
The crude product was purified by recrystallization from high boiling (60-90 °C) petroleum ether
after refluxing for 4 h and hot filtered. The mixture was cooled and the solid was collected by
vacuum filtration, followed by cold petroleum ether wash. The recrystallization step was repeated
once more and dried in vacuo at 80 °C, yielding creamy yellow lustrous flakes. Yield 82 % (5.33
g); melting point 104.0-105.0 °C. *H NMR (400 MHz, CDCls, 8): 5.13 (s, 2 H, H7), 5.28 (d, 2Jun
=12.0 Hz, 1 H, Hlcis), 5.79 (d, 2Jun = 20.0 Hz, 1 H, Hlians), 6.74 (dd, 3Jpun = 17.4 Hz, 3Jun = 10.8

Hz, 1 H, H2), 7.04 (d, *Jun = 8.8 Hz, 2 H, H10), 7.41 (d, 3Jun = 8.0 Hz, 2 H, H4), 7.45 (d, 3Jun =
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8.0 Hz, 2 H, H5), 7.48 (t, 3Jun = 8.0 Hz, 2 H, H15), 7.57 (t, 3Jun = 8.0 Hz, 1 H, H16), 7.77 (d, 3Jun
= 8.0 Hz, 2 H, H14), 7.84 (d, 3Jun = 8.0 Hz, 2 H, H9) ppm. *C{*H} NMR (101 MHz, CDCls, §):
69.89 (C7), 114.33 (C1), 114.39 (C10), 126.49 (C5), 127.68 (C4), 128.16 (C15), 129.70 (C14),
130.35 (C11), 131.88 (C16), 132.53 (C9), 135.66 (C6), 136.29 (C2), 137.58 (C3), 138.20 (C13),
162.28 (C8), 195.49 (C12) ppm. HRMS (ESI-Q-TOF) m/z [M™H]" calcd for C22H1802: 315.1380,

found: 315.1371. (Agrees with literatured®)
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4.2.2 Synthesis of Poly(VBC-BP) (2)

In a flame-dried, 150 mL round bottom with a magnetic stir bar, 0.52 g of monomer 1 (1.6
mmol) was dissolved in 4.6 mL VBC (0.033 mol) with 30 mg (2,2,6,6-tetramethylpiperidin-1-
yloxyl (TEMPO, 0.19 mmol) and 59 mg benzoyl peroxide (BPO, 0.24 mmol). The flask was
evacuated and back filled with nitrogen followed by degassing of the reaction mixture with
nitrogen over ice for 20 min. The reaction was stirred in a preheated oil bath at 125 °C for 5 h,
forming a viscous, orange resin. The reaction mixture was diluted in ~25 mL THF and purified by
precipitation into ~1 L cold MeOH. The mixture was decanted and the resultant solid was collected
by vacuum filtration followed by drying in vacuo at 60 °C, yielding a fine off-white powder. Yield
77 % (5.21 g). PDI = 1.06. My, = 31,000 Da. Tg = 110.8 °C. *H NMR (400 MHz, CDCls, §): 1.05-
1.55 (br m, 36 H, H2), 1.62-2.06 (br m, 18 H, H1), 4.17-4.76 (br s, 34 H, H17), 4.91-5.22 (br s, 2
H, H7), 6.19-6.77 (br m, 36 H, H4), 6.86-7.23 (br m, 36 H, H5), 7.33-7.66 (br m, 5 H, H14-16),

7.67-7.97 (br m, 4 H, H9-10). E.A.: Anal. Calcd. C, 72.34; H, 5.92. Found: C, 72.34, H: 5.85.
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4.2.3 General Synthesis of Poly(VBC) by RAFT Polymerization (3-5)

VBC (1.0 mL, 7.3 mmol) was added to a flame-dried Schlenk flask under nitrogen. In the
glovebox, AIBN (5 mg, 0.03 mmol) or BPO (7-11 mg, 0.03-0.044 mmol) and CTAL (8-12 mg,
0.03-0.043 mmol) or CTA2 (12-17 mg, 0.029-0.043 mmol) was added to the flask. The flask was
brought out of the glovebox and the reaction mixture was degassing with nitrogen over ice for 20
min. The reaction was stirred in a preheated oil bath at 80-100 °C for 5-24 h, forming a viscous,
pink (CTAL) or yellow (CTAZ2) resin. The reaction mixture was diluted in ~7 mL THF and purified
by precipitation into ~250 mL cold MeOH. The mixture was decanted and the precipitate was
collected by vacuum filtration followed by drying in vacuo at 50 °C, yielding a fine pale pink
(CTAL1) or pale yellow (CTA2) powder. Yield 28-82 % (0.31-0.91 g). b = 1.02-1.07. My = 4 150-
35 000 Da. H NMR (400 MHz, CDCls, 8): 1.07-2.50 (br m, 3 H, H1, H2), 4.23-4.72 (br s, 2 H,

H7), 6.13-6.81 (br m, 2 H, H4), 6.82-7.24 (br m, 2 H, H5) ppm. (Agrees with literature®?)
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4.2.4 Synthesis of Poly(VBBP-NEt3) (6)

y z
(o)

15 N o~ = 9 CIe

16 s o 7N¢ 18 (3/\

— N9

20

Poly(VBC-BP) (2) (4.81 g, 0.0297 mol) was added to a flame-dried, 150 mL three-neck
round bottom equipped with a condenser. The flask was quickly flame-dried again and back filled
with nitrogen. Acetone (30 mL) and triethylamine (7.8 mL, 0.056 mol) were added to the flask
under nitrogen via syringe. The reaction mixture was refluxed under nitrogen for 2 h forming a
yellow precipitate. Anhydrous MeOH (20 mL) was added via syringe to dissolve the precipitate
and the reaction continued for 22 h. The reaction solvent was removed in vacuo and redissolved
in ~30 mL MeOH. The mixture was purified by precipitation into excess cold THF. The precipitate
was collected by vacuum filtration and dried in vacuo at 60 °C. The resultant powder was purified
once more by precipitation from isopropanol into cold hexanes and the precipitate was collected
by vacuum filtration and dried in vacuo at 60 °C, yielding a fine white powder. Yield: >99 % (7.34
). Tg =925 °C. T = 218.5 °C. *H NMR (400 MHz, DMSO-ds, §): 0.56-1.96 (br m, 155 H, H1,
H2, H20), 2.84-3.59 (br s, 67 H, H19), 4.17-5.02 (br s, 27 H, H17, H18), 5.03-5.43 (br s, 2 H, H7),
6.00-8.17 (br m, 67 H, H4, H5, H9, H10, H14-H16). E.A.: Anal. Calcd. C: 71.63, H: 9.17, N: 4.26.

Found: C: 65.16, H: 9.26, N: 4.31.
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4.2.5 Synthesis of Poly(VBBP-PMes3) (7)

16 3 0 17 ) /\ 193¢

Copolymer 2 (2.16 g, 0.0133 mol) was added to a flame-dried, 100 mL round bottom flask.
The flask was quickly flame-dried again and back filled with nitrogen. After purging three times,
20 mL of 1 M trimethylphosphine in toluene (0.020 mol) and MeCN (20 mL) were added to the
flask under nitrogen via syringe. The reaction mixture was heated to 40 °C for 4 h forming an off-
white precipitate. The solvent was removed in vacuo and redissolved in ~15 mL EtOH. The
mixture was purified by precipitation into excess cold hexanes. The resultant mixture was decanted
and the precipitate collected was dried in vacuo at 60 °C, yielding a fine off-white powder. Yield
68 % (2.01 g). *H NMR (400 MHz, MeOD, §): 1.32-2.56 (br m, 245 H, H1, H2, H19), 3.67-4.31
(brs, 37 H, H18), 4.45-4.75 (br s, 4 H, H17), 4.97-5.55 (br s, 2 H, H7), 6.15-7.99 (br m, 104 H,
H4, H5, H9, H10, H14-H16). 3P{"H} NMR (162 MHz, MeOD, 5): 26.91 ppm. E.A.: Anal. Calcd.

C: 64.60, H: 7.86. Found: C: 61.34, H: 7.87.
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4.2.6 Synthesis of poly(VBBP-NC12) (8)
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Copolymer 2 (0.51 g, 3.1 mmol) was added to a flame-dried, 50 mL three-neck round
bottom flask equipped with a reflux condenser. The flask was quickly flame-dried again and back
filled with nitrogen. The copolymer was dissolved in 5 mL acetone and N,N-
dimethyldodecylamine (1.7 mL, 6.2 mmol) was added to the flask under nitrogen via syringe. The
reaction mixture was refluxed for 4 h forming an off-white precipitate. MeOH (5 mL) was added
to dissolve the precipitate and the reaction continued for 20 h. The solvent was removed in vacuo
and redissolved in ~10 mL MeOH and purified by precipitation into excess cold Et,O. The
precipitate was decanted and purified once more by dissolution in ~8 mL MeOH and minimal THF
(~2 mL) followed by precipitation into excess cold hexanes. The resultant mixture was decanted,
and the precipitate collected was dried in vacuo at 60 °C, yielding a fine white powder. Yield 57
% (0.48 g). Tm = 210.9 °C. 'H NMR (400 MHz, MeOD, §): 0.74-1.00 (br m, 27 H, H22), 1.01-
2.19 (br m, 184 H, H1, H2, H20, H21), 2.71-3.19 (br m, 48 H, H19), 3.33-3.66 (br s, 15 H, H18),
4.28-4.78 (br s, 15 H, H17), 5.00-5.46 (br s, 2 H, H7), 6.13-8.30 (br m, 3 H, H4, H5, H9, H10,

H14-16) ppm. E.A.: Anal. Calcd. C: 75.37, H: 10.19, N: 3.23. Found: C: 74.62, H: 12.11, N: 4.00.
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4.2.7 Synthesis of Poly(VBBP-TsSA) (9)

N-3-(dimethylamino)propyl)-4-methylbenzenesulfonamide was synthesized following a
procedure previously described by Saettone et al.*%? Copolymer 2 (3.01 g, 0.0187 mol) was added
to a flame-dried, 250 mL three-neck round bottom flask equipped with a reflux condenser. The
flask was quickly flame-dried again and back filled with nitrogen. The copolymer was dissolved
in 20 mL dry acetone and N-3-(dimethylamino)propyl)-4-methylbenzenesulfonamide (7.20 g,
0.0281 mol) in 25 mL acetone was added to the flask under nitrogen via syringe. The reaction
mixture was refluxed for 1 h forming a yellow precipitate. The solvent was removed by vacuum,
and the precipitate was redissolved in ~30 mL MeOH and ~5 mL THF and purified by precipitation
into excess cold hexanes. The mixture was decanted, and the precipitate collected was dried in
vacuo at 65 °C, yielding a fine white powder. Yield: 55 % (3.87 g). Tqz = 119.9 °C, Tg = 158.5

°C. E.A.: Anal. Calcd. C: 62.52, H: 7.31, N: 5.99. Found: C: 60.08, H: 7.17, N: 6.02.
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4.2.8 Synthesis of Poly(VBBP-NC18) (10)
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Polymer 2 (3.00 g, 0.0187 mol) was added to a flame-dried three-neck round bottom flask
equipped with a reflux condenser. The flask was purged thrice and back filled with nitrogen. Dry
acetone (~20 mL) and N,N-dimethyloctadecylamine (11.13 g, 0.0374 mol) was added via syringe
and refluxed for 16 h. Once cool, the solvent was removed under vacuum leaving a gel crude
mixture. The reaction mixture was purified by precipitation into excess cold Et,O (~1 L) from dry
CHCIs. The solution was removed by canula transfer, and the precipitate was dried in vacuo at 50
°C, leaving a fine white powder. Yield: 72 % (4.72 g). *H NMR (400 MHz, CDCls, §): 0.72-0.91
(br m, 3 H, H22), 0.95-2.28 (br m, 31 H, H1, H2, H20, H21), 2.76-4.22 (br m, 6 H, H18, H19),
4.47-5.53 (br m, 1 H, H7, H17), 6.01-8.24 (br m, 3 H, H4, H5, H9, H10, H14-16). E.A.: Anal.

Calcd. C: 77.38, H: 10.94, N: 2.73. Found: C: 76.21, H: 13.41, N: 3.01.
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4.2.9 Synthesis of Poly(VBBP-CF3SA) (11)
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In a flame-dried three-neck round bottom flask equipped with a reflux condenser, 2 (2.00
g, 0.0125 mol) was added and the flask was purged thrice. N-(3-(dimethylamino)propyl)-4-
(trifluoromethyl)benzenesulfonamide (5.80 g, 0.0188 mol) in 15 mL dry acetone was added to the
flask via syringe under nitrogen. The flask was refluxed for 1 h and once cooled, the solvent was
removed under reduced pressure. The crude mixture was purified by precipitation from a mixture
of ~15 mL MeOH and ~8 mL THF into cold excess Et.O. The solution was removed by cannula
transfer and the precipitate was dried in vacuo at 50 °C. The purification step was repeated four
times, yielding an off-white powder. Yield: 61 % (3.23 g). *°F NMR (376 MHz, MeOD, §): 64.32

ppm. E.A.: Anal. Calcd. C: 56.66, H: 8.12, N: 4.94. Found: C: 58.00, H: 6.79, N: 6.31.
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4.2.10 Synthesis of Poly(VBBP-10%-NC18) (0.9:5.4:1) (12)
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In a flame-dried three-neck round bottom equipped with a reflux condenser, 1.01 g of 2
(6.55 mmol) was added, and the reaction flask was purged with nitrogen thrice. Dry acetone (9
mL) and 0.17 g N,N-dimethyloctadecylamine (0.62 mmol) was via syringe under nitrogen. The
reaction was refluxed for 16 h, and once cooled, the solvent was removed under reduced pressure,
leaving a creamy yellow thick gel. The crude product was purified by precipitation into cold excess
Et.O from DCM. The solution was decanted and precipitate was dried in vacuo at 50 °C. The
purification step was repeated twice, yielding a fine off-white powder. Yield: 69 % (0.83 g). 'H
NMR (400 MHz, CDCls, §): 0.87 (t, 2Jcn = 8.0 Hz, 3 H, H22), 1.03-2.15 (br m, 50 H, H1, H2,
H20, H21), 2.80-3.76 (m, 8 H, H18, H19), 4.33-4.66 (s, 12 H, H17), 4.87-5.16 (s, 1.8 H H7), 6.03-

7.98 (m, 36.5 H, H4, H5, H9, H10, H14-16) ppm.
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4.2.11 Synthesis of Poly(VBBP) (13)

In a flame-dried 50 mL Schlenk flask, 3.00 g of VBBP (1, 9.54 mmol) was dissolved in 8
mL THF under nitrogen. In a nitrogen atmosphere, AIBN (33 mg, 0.20 mmol) and CTAL (55 mg,
0.20 mmol) were added to the reaction flask and degassed with bubbling N2 for 20 min. The
reaction mixture was stirred under N2 in a preheated oil bath at 63 °C for 24 h. Once cooled, an
additional 1-2 mL of THF was added and precipitated into excess cold methanol (~1 L). The
precipitate was collected by vacuum filtration and dried in vacuo at 50 °C, yielding a fine light
pink powder. Yield 70 % (2.11 g). PDI = 1.20. My = 3,200 Da. Tg = 71.9 °C. *H NMR (400 MHz,
CDCls, 8): 0.72-2.52 (br m, 3 H, H1, H2), 4.72-5.31 (br s, 2 H, H7), 6.28-8.15 (br m, 13 H, H4,

H5, H9, H10, H14-H16)
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4.2.12 Synthesis of Diblock Copolymer Poly(VBBP-b-VBC) (2:31)(14)

18 g0 7 7 >cl

Poly(VBBP) (13) (3.2 kDa, 0.10 g, 3.3 102 mmol) was added to a flame-dried 25 mL round
bottom. The flask was purged thrice with nitrogen and 5.0 mL VBC (0.036 mol) was added to
dissolve 13 under nitrogen. The reaction mixture was stirred for 24 h in a preheated oil bath at 100
°C. Once cooled, ~15 mL THF was added to the mixture and precipitated into cold excess methanol
(~600 mL). The precipitate was collected by vacuum filtration and dried in vacuo at 50 °C, yielding
a fine white powder. Yield 27 % (0.59 g). PDI = 1.05. Mw = 60,700 Da. Tg = 99.8 °C. 'H NMR
(400 MHz, CDCls, 8): 0.75-2.45 (br m, 99 H, H1, H2), 4.25-4.69 (br s, 62 H, H17), 4.85-5.29 (br

S, 4 H, H7), 5.94-8.24 (br m, 141 H, H4, H5, H9, H10, H14-16).
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4.2.13 Synthesis of Diblock Copolymer Poly(VBBP-b-P"Bus) (15)

22

Poly(VBBP-b-VBC) (14, 0.75 g, 4.7 mmol) was added to a three neck round bottom

equipped with a reflux condenser. The reaction flask was purged thrice with nitrogen and 4 mL
dry acetone was added via septum. Tributylphosphine (2.2 mL, 9.1 mmol) was added to the
solution via septum, and the reaction was refluxed for 17 h, forming a pale yellow gel. Once
cooled, acetone was removed under reduced pressure, and the crude mixture was redissolved in
DCM (~8 mL). The solution was purified by precipitation into excess cold ether (~500 mL). The
mother liquor was removed by cannula transfer and the precipitate was dried in vacuo at 50 °C,
yielding a fine white powder. Yield 71 % (0.89 g). *H NMR (400 MHz, CDCls, §): 0.57-1.08 (br
m, H2, H22), 1.09-2.00 (br m, H1, H20, H21), 2.09-2.77 (br m, H18, H19), 3.95-4.78 (br s, H17)
4.79-5.20 (br s, H7), 5.86-8.06 (br m, H4, H5, H9, H10, H14-16) ppm. 3P{*H} NMR (162 MHz,

CDCls, 8): 31.29 ppm. E.A.: Anal. Calcd. C: 72.49, H: 8.69. Found: C: 72.08, H: 9.12.
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4.2.14 Synthesis of Random Block Copolymer Poly(VBBP-r-P"Bus) (16)

22

Copolymer 2 (1.51 g, 9.83 mmol) was charged in a flame-dried three neck round bottom

and purged thrice with N2. Under nitrogen, 2.80 mL tributylphosphine (13.9 mmol) and 10 mL dry
acetone was added to the flask via syringe. The reaction mixture was refluxed for 16 h, forming a
light yellow gel precipitate. Once cooled, the solvent was removed under reduced pressure, and
the crude product was purified by precipitation into cold Et2O from DCM. The precipitate was
isolated by decanting and dried in vacuo at 50 °C, yielding a fine white powder. Yield = 89 %
(2.52 g) 'H NMR (400 MHz, CDCls, 8): 0.12-1.04 (br s, 102 H, H2, H22), 1.05-1.89 (br s, 134 H,
H1, H20, H21), 1.90-3.40 (br m, 55 H, H18, H19), 3.56-4.76 (br s, 11 H, H7), 5.67-8.01 (br m, 37
H, H4, H5, H9, H10, H14-H16) ppm. 3!P{"H} NMR (162 MHz, CDCls, §): 31.44 ppm. E.A.:

Anal. Calcd. C: 72.17, H: 9.31. Found: C: 71.46, H: 10.53.
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4.2.15 Synthesis of 4-Vinylbenzyl Triethylammonium Chloride (17)

Triethylamine (0.43 mL, 3.0 mmol) was added to a solution of VBC (0.46 mL, 3.0 mmol)
in 1.5 mL methanol and heated to 30 °C overnight. The solvent was removed in vacuo and
redissolved in minimal DCM (1 mL). The resultant mixture was purified by precipitation into
cold Et2O (10 mL), filtered, and dried in vacuo, yielding a fine white powder. fine white powder.
Yield 89 % (0.68 g) 'H NMR (400 MHz, CDCls, 8): 1.42 (t, 3Juu = 8.0 Hz, 9 H), 3.40 (q, 3Jun =
8.0 Hz, 6 H, H8), 4.77 (s, 2 H, H7), 5.31 (d, *Jn1cis-H2 = 12.0 Hz, 1 H, Hicis), 5.76 (d, *Jnitrans-+2
=16.0 Hz, 1 H, Hatrans), 6.65 (dd, 3Jn2-Hatrans = 16.0 Hz, 3Jnz-n1cis = 12.0 Hz, 1 H, H2), 7.38 (d,
3Jun = 8.0 Hz, 2 H, H4), 7.48 (d, 3Jun = 8.0 Hz, 2 H, H5) ppm. 3C{*H} NMR (101 MHz,
CDCl3, 8): 8.43 (s, C9), 52.81 (s, C8), 61.03 (s, C7), 116.22 (s, C1), 126.34 (s, C3), 126.86 (s,
C4), 132.67 (s, C5), 135.40 (s, C2), 139.70 (s, C6) ppm. HRMS (ESI-Q-TOF) m/z [M* -Cl] calcd

for C1sH24N: 218.1903, found: 218.1907. (Agrees with literature®®)
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4.2.16 Synthesis of 4-Vinylbenzyl Tributylphosphonium Chloride (18)

Tributylphosphine (0.83 mL, 3 mmol) was added to a solution of 4-vinylbenzyl chloride
(0.46 mL, 3 mmol) in 2.5 mL acetonitrile under nitrogen. The solution was refluxed for 16 hours.
Solvent was removed in vacuo and redissolved in minimal DCM (~1 mL). The resultant solution
was purified by precipitation into cold Et.O followed by filtering, washing, and drying in vacuo,
yielding a fine white powder. Yield 91 % (0.97 g). Melting point: 121.2-123.1 °C.*H NMR
(D20, 400 MHz, 8): 0.95 (t, 3Jun = 8.0 Hz, 9 H, H11), 1.50 (m, 12 H, H9, H10), 2.15 (m, 6 H,
H8), 3.69 (d, 2Jp = 16 Hz, 2 H, H7), 5.40 (d, ®JH1cis-H2 = 12.0 Hz, 1 H, H1cis), 5.92 (d, *Jnatrans-H2
=16.0 Hz, 1 H, Hatrans), 6.83 (dd, 3Jnz-H1trans = 16.0 Hz, 3Jnz-nicis = 12.0 Hz, 1 H, H2), 7.34 (d,
3Jun = 8.0 Hz, 2 H, H4), 7.58 (d, 3Jun = 8.0 Hz, 2 H, H5) ppm. C{*H} NMR (101 MHz, D0,
§): 12.75 (C11), 17.62 (d, YJcp = 47.5 Hz, C8), 22.74 (d, *Jcp = 5.1 Hz, C10), 23.36 (d, Jcp =
16.2 Hz, C9), 25.93 (d, Jcp = 45.5 Hz, C7), 115.00 (C1), 127.06 (d, *Jcp = 3.0 Hz, C4), 128.36
(d, %Jcp = 9.1 Hz, C3), 130.37 (d, 3Jcp = 5.1 Hz, C5), 135.97 (C2), 137.26 (d, 2Jcp = 4.0 Hz, C6)
ppm. 3P{*H} NMR (162 MHz, D20, §): 32.58 ppm. HRMS (ESI-Q-TOF) m/z [M* -Cl] calcd for

Ca1H36P: 319.2549, found: 319.2555. (Agrees with literature'%®)
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4.2.17 Synthesis of of 4-Vinylbenzyl Trimethylphosphonium Chloride (19)
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In a flame-dried microwave pressure vial, 3.29 mL of trimethylphosphine in toluene (1
M, 3.29 mmol) was added to a solution of 4-vinylbenzyl chloride (0.52 mL, 3.3 mmol) in 3 mL
anhydrous acetonitrile under nitrogen. The solution was stirred at 40 °C for 4.5 hours forming a
white precipitate. Solvent and residual trimethylphosphine was removed under vacuum and the
crude product was washed and filtered with anhydrous THF thrice followed by drying in vacuo,
yielding a white powder. Yield 95 % (0.71 g) *H NMR (400 MHz, CDCls, §): 2.12 (d, 2Jwp =
16.0 Hz, 9 H, H8), 4.25 (d, 2Jnp = 16.0, 2 H, H7), 5.29 (d, 3Jh1cis-H2 = 12.0 Hz, 1 H, Hicis), 5.75
(d, 3Jnitrans-H2 = 16.0 Hz, 1 H, Hitrans), 6.68 (dd, 3Jnz-Hatrans = 16.0 Hz, 3Jnz-n1cis = 12.0 Hz, 1 H,
H2), 7.36 (m, 4 H, H4, H5) ppm. 3C{*H} NMR (101 MHz, CDCls, 8): 7.96 (d, 1Jcp = 87.5 Hz,
C8), 29.86 (d, XJcr = 49.5 Hz, C7), 114.71 (s, C1), 126.88 (s, C4), 127.99 (s, C3), 130.36 (s, C5),
135.75 (s, C2), 137.35 (s, C6) ppm. 3P{*H} NMR (162 MHz, CDCls, §): 26.57 ppm. HRMS

(ESI-Q-TOF) m/z [M* -ClI] calcd for C1H1sP: 193.1141, found: 193.1144.
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4.2.18 Synthesis of 4-Vinylbenzyl Diethylsulfonium Chloride (20)

\2
3
4

5
Lo

2.

In a 25 mL round bottom, 2.0 mL VBC (14 mmol), 3.1 mL diethylsulfide (28 mmol), 2.4
mL MeOH and 0.4 mL dH20 was heated for 24 h at 50 °C. Solvent was removed under reduced
pressure leaving a creamy yellow gel. The crude product was purified by precipitation into cold
excess Et-O from MeOH. The solution was decanted and the precipitate was dried in vacuo,
yielding a tacky off-white powder. Yield: 72 % (2.5 g) *H NMR (400 MHz, CDCls, §): 1.39 (t,
2Jum = 8.0 Hz, 6 H, H9), 3.45 (s, 2 H, H7), 3.63 (M, 2 H, H8), 5.29 (d, 3Jn1cis-H2 = 12.0 Hz, 1 H,
Hlcis), 5.74 (d, ®Jnitrans-+z = 16.0 Hz, 1 H, Hiwans), 6.65 (dd, 3Jnz-Hatrans = 16.0 Hz, 3Jnz-H1cis = 12.0

Hz, 1 H, H2), 7.37 (d, 2 H, H4), 7.56 (d, 2 H, H5) ppm.
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4.2.19 Synthesis of 4-Vinylbenzyl Dimethyloctadecylammonium Chloride (21)
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In a 25 mL flame-dried round bottom, VBC (3.3 mL, 23.5 mmol) was added to a solution
of N,N-dimethyloctadecylamine (7 g, 8.75 mL, 23.5 mmol) in 16 mL methanol and stirred at 50
°C overnight. The solvent was removed in vacuo, and the crude product was purified by
precipitation in excess cold diethyl ether (~15 mL) from dichloromethane (~1 mL). The solution
was decanted and the precipitate was dried in vacuo. Yield 87% (8.46 g); white powder; melting
point: 174-176 °C. *H NMR (400 MHz, CDCls, 5): 0.83 (t, 2Jun = 8.0 Hz, 3 H, H12), 1.11-1.34
(m, 30 H, H11), 1.73 (s, 2 H, H10), 3.25 (s, 6 H, H8), 3.38-3.55 (s, 2 H, H9), 5.03 (s, 2 H, H7),
5.30 (d, *Jnicis-Hz2 = 8.0 Hz, 1 H, H1cis), 5.76 (d, *Jnatrans-H2 = 20.0 Hz, 1 H, Hagrans), 6.66 (dd, 3Jho-
Hitrans = 20.0 Hz, 3Jn2-n1cis = 8.0 Hz, 1 H, H2), 7.38 (d, 2Jun = 8.0 Hz, 2 H, H4), 7.58 (d, 2Jun = 8.0

Hz, 2 H, H5) ppm. (Agrees with literature'%4)
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4.2.20 Synthesis of 4-Vinylbenzyl Diethylamine (22)

VBC (1.08 g, 7.10 mmol), K>COz (1.98 g, 14.2 mmol), diethylamine (1.50 mL, 14.2
mmol), and 7.5 mL CHCI3s were added to a 25 mL round bottom. The reaction was stirred at 50 °C
for 24 h. The reaction mixture was extracted with 15 mL dH2O thrice and dried over MgSOs,
filtered, and solvent removed by rotary evaporation leaving a light orange oil. Excess diethylamine
was removed by reduced pressure. The crude product was then purified by flash column
chromatography with methanol, ethyl acetate and, hexanes (MeOH/EtOAC/Hexanes, 1:49.5:49.5,
R¢=0.26) as eluents. The product was dried in vacuo, yielding a light orange oil. Yield: 88 % (1.18
g) 'H NMR (400 MHz, CDCls, 8): 1.08 (t, 3Jun = 8.0 Hz, 6 H, H9), 2.57 (q, 3Jun = 8.0 Hz, 4 H,
H8), 3.59 (s, 2 H, H7), 5.24 (d, 3Jn1cis-H2 = 12.0 Hz, 1 H, H1lcis), 5.76 (d, 3Juatrans-Hz = 16.0 Hz, 1
H, Hitrans), 6.75 (dd, 3Jnz-ritrans = 16.0 Hz, 3Jno-nicis = 12.0 Hz, 1 H, H2), 7.33 (d, Jun = 8.0 Hz, 2
H, H4), 7.39 (d, *JuH = 8.0 Hz, 2 H, H5) ppm. BC{*H} NMR (101 MHz, CDCls, §): 11.85 (s, C9),
46.62 (s, C8), 57.20 (s, C7), 112.94 (s, C1), 125.66 (s, C4), 128.88 (s, C5), 135.99 (s, C3), 136.61

(s, C2), 139.61 (s, C6) ppm. (Agrees with literature value®)
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4.2.21 Synthesis of Poly(VBNEt3) (23)

The homopolymerization of monomer 17 was performed following a procedure previously
reported by Kaur et al.*® Monomer (0.50 g, 2.0 mmol) and TEMPO (3.7 mg, 0.024 mmol) was
dissolved in 1.2 mL of a 1:1 dH2O:ethylene glycol solution in a 25 mL three neck round bottom.
The flask was warmed at 60 °C solubilize the monomer, and 4.0 mg of K2S20s (0.015 mmol) and
3.6 mg of Na2S20s5 (0.019 mmol) was added to the flask and purged with nitrogen three times. The
reaction mixture was then degassed with N2 for 20 min, and heated in a preheated oil bath at 125
°C for 24 h. The crude mixture was then purified by precipitation into cold THF. The solution was
decanted and the purification step was repeated thrice. The precipitate was dried in vacuo at 50 °C
yielding a fine white powder. Yield: 82 % (0.42 g) Ty = 115.6 °C. Tm = 216.3 °C. *H NMR (400
MHz, D20, §): 0.88-1.84 (br m, 12 H, H1, H2, H9), 2.82-3.45 (br s, 6 H, H8), 4.18-4.59 (br s, 2

H, H7), 6.41-7.68 (br m, 4 H, H4, H5) ppm. (Agrees with literature'%)
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4.2.22 Synthesis of Poly(VBPBu3) (24)

In a three-neck flask equipped with a condenser, 0.30 g tributylphosphonium monomer
(0.85 mmol), 1.6 mg TEMPO (0.010 mmol), 1.7 mg K2S20s (6.3 pmol) and 1.6 mg of Na»S20s
(8.2 pmol) was dissolved in 2 mL dH20. The solution was gently warmed to aid with solubilization
of the monomer and degassed with N> for 20 min. The reaction proceeded for 24 h in a preheated
oil bath set at 125 °C. Once cooled, the solvent was removed under reduced pressure leaving a
light orange gel. The crude product was purified by precipitation into cold excess EtO from
MeOH. The solution was decanted and the precipitate was dried in vacuo at 50 °C. The product
was purified twice more, yielding a fine white powder. Yield: 67 % (0.18 g). *H NMR (400 MHz,
D20, 6): 0.66-1.11 (br s, 10 H, H2, H11), 1.22-1.77 (br s, 15 H, H1, H9, H10), 1.94-2.43 (br s, 7
H, H8), 3.50-4.12 (br s, 2 H, H7), 6.26-6.97 (br m, 2 H, H4), 6.98-7.61 (br m, 4 H, H5) ppm.
BC{*H} NMR (101 MHz, D;0, §): 12.81 (s, C11), 17.83 (d, 1Jcp = 46.5 Hz, C8) 23.13 (m, C9,
C10), 26.32 (br s, C7), 40.14 (br s, C1, C2), 126.11-132.01 (br m, C3, C4, C5), 144.97 (br s, C6)

ppm. 3'P{*H} NMR (162 MHz, D20, §): 31.77 ppm. (Agrees with literature'%)
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4.2.23 Synthesis of Poly(VBPMes) (25)

RSARCIAN
In a three-neck round bottom, 0.501 g of monomer 19 (2.19 mmol), 4.1 mg TEMPO (26

pmol), 4.4 mg K2S205 (16 pmol), and 4.0 mg of Na>S20s (21 pmol) were dissolved in 3.3 mL
dH20. The reaction mixture was gently heated to aid in solubilization of monomer and degassed
with N2 over ice for 20 min. The reaction was refluxed in a preheated oil bath set at 125 °C for 24
h under N2. Once cooled, the solvent was removed under reduced pressure leaving a creamy yellow
gel. The crude product was redissolved and precipitated into cold excess DCM and precipitate
collected. The product was purified twice and dried in vacuo at 40 °C yielding a fine white powder.
Yield: 72 % (0.36 g). H NMR (400 MHz, D0, §): 0.84-2.20 (br m, 12 H, H1, H2, H8), 3.31-3.95
(brs, 2 H, H7), 6.13-7.52 (br m, 4 H, H4, H5) ppm. 3C{*H} NMR (101 MHz, D0, ): 6.93 (d,
LJcp = 55.6 Hz, C8), 29.62 (d, Lpc = 55.6 Hz, C7), 40.22 (br s, C1, C2), 125.55 (br s, C3), 127.68-
131.29 (br m, C4, C5), 145.42 (br s, C6) ppm. *'P{*H} NMR (162 MHz, D,0, §): 25.75 ppm.

(Agrees with literature®)
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4.3 Preparation of Coatings

The quaternary polymers were dissolved at 10 % (w/v) in EtOH (6, 7, 15, 16), a mixture
of MeOH/EtOH (8, 9, 11), s-BuOH (10), or tol (2, 12) with 0.3 mas % of the UV photoinitiator,
BAPO. A uniform film was created by spin-coating 0.32 mL of the solution deposited on a piece
of plastic substrate of 3 cm x 2 cm at 1250 rpm for 10 s. The substrates were UV-cured using a
Novacure spot curing system with a mercury-arc discharge lamp for approximately 3 min, 10 s
with the energy and power density of UVA (9.994 J/cm?, 0.158 W/cm?), UVB (1.071 J/cm?, 0
W/cm?), and UVV (8.728 J/cm?, 0.140 W/cm?), determined by EIT UV Power Puck Il. The
surfaces were washed twice with a mixture of MeOH and distilled water (dH-O). Once dry, a

second coating (0.36 mL of solution) was deposited and the UV-cure procedure repeated.
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4.4 Antibacterial Testing of Coated Surfaces

4.41 Large Drop Inoculum Antimicrobial Testing of Coated Surfaces

Bacterial test species were grown overnight in 10 mL of 0.3 % (w/v) tryptic soy broth
(EMD Miillipore) at 30 °C (Arthrobacter sp.) or 37 °C (P. aeruginosa and E. coli) in a shaking
incubator. Cultures were washed twice with sterile tap water by centrifugation at 9000 G. The
cultures were diluted and used to inoculate the coated plastic substrates. Antimicrobial efficacy of
the surfaces at the solid/air interface were determined via the LDI protocol, a modified 1SO
22196/JIS Z 2801 standard procedure, illustrated in Figure 4.1.%%8 Triplicate treated and control
samples were inoculated with 100 pL of bacterial dilution (107 CFU), and after desiccation of the
droplet on the sample (typically 3 h), surviving cells were quantified by spot plating, described in

previous work.”

10 x dilution series

Cells washed 101 102 103

off surface 10°
V.
Desiccation (~ 3 h) { 41

Performed in Triplicate

Spot plated

Figure 4.1 Large drop inoculum protocol.>®
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4.42 Dynamic shake flask testing method of coated surfaces

The dynamic shake flask method was based off of procedures described in ASTM 2149-
13a and Cuthbert et al., illustrated in Figure 4.2.82 Films were formed by depositing 0.2 mL of 25
w/v % polymer in EtOH on a glass slide. The polymer was sandwiched between two glass slides
with one layer of electrical tape as a spacer. The slides and film were cured with 30 J of UV on
both sides and dried in the oven for 1 h. The film was removed from the glass, washed with water
for 5 h, and dried at 50 °C overnight. The film was ground to a fine powder in a mortar pestle.
Bacterial test species (Arthrobacter sp.) were grown and prepared as described above in 0.3 mM
phosphate buffered saline (PBS) and diluted to 10° CFU. Triplicate sample (2 mg) and control
were inoculated with 100 pL of the bacterial dilution and vortexed for 1 h. Samples were diluted

to 1 mL and serial diluted. Surviving cells were quantified by spot plating, as described above.

10 x dilution series

100

Polymer films

Ay \ 100 102 106
o Powder {
P v inoculated
>
Q Crushed Shaken 1 h
Performed
in
Triplicate

Spot plated

Figure 4.2 Dynamic shake flask method
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4.5 Determination of Coating Properties

4.51 Cationic Charge Density Determination

The density of cationic charges ([Q*Jcm™) of PS substrates coated and UV cured with
polymers 6-12, 15, and 16 were quantified following previously described fluorescein staining
technique.>®1%” Triplicate control and treated 4 cm? samples were stained in 1 % wi/v aqueous
fluorescein sodium salt solution on an orbital shaker at 150 rpm for 24 h. Excess unbound
fluorescein was exhaustively rinsed off with dH2O before destaining. The stain was removed and
collected by sonication in 9 mL 1 % wi/v cetyl trimethylammonium bromide (CTAB) in 10 % w/v
phosphate buffered saline (PBS) (BioShop cat. PBS404.100) solution for 1-2 h. The
CTAB/fluorescein solution was replaced with 9 mL of fresh CTAB/PBS solution and further
sonicated for 1 h. The aliquots of CTAB/fluorescein was collected in a 25 mL volumetric flask
and diluted to mark with fresh CTAB/PBS solution to form the stock solution. The solution was
further diluted 10 fold and analyzed by UV-vis spectroscopy using an Agilent Cary 60 UV-Vis
Spectrophotometer and quartz 1 cm path length (L) cuvette. The absorbance recorded at Amax =
501 nm (Aso1) was used to calculate the fluorescein concentration (C guorescein, Mol L) by the Beer-

Lambert law (Eq. 1) with an extinction coefficient of € = 77,000 Mt cm™ (e501).

_ Aso1
Cfluorescein - X L (1)
501

Charge density ([Q+], [Q*] cm™) was then calculated from the fluorescein concentration

following Eq. 2 below:

CriuoresceinX D X VXN

[Q*] = : 2)
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Where D represents the dilution (10), V represents volume of the stock solution (0.025 L),
N represents Avogado’s number (6.022 x 10%%), and A represents surface area of the coated

substrate (4 cm?).

4.52 Advancing Water Contact Angle Measurements

The water contact angle determination were performed on PS substrates treated with
compounds 6-12, 15, and 16 following ASTM D7334 at a humidity approximately 50 %. Droplets
of 5 pL were visualized on the surface using a Teli CCD camera with a Sony CMA-D camera

adapter. Triplicate measurements were taken using software tool SCAZ20.

4.53 Coating Preparation for AFM imaging

Coatings were prepared in a similar fashion described above by spin coating 6-9 in a 10
w/v % EtOH solution on PS substrates. The coating was UV cured with a dosage of 30 J with half
the surface photomasked for coating thickness determination. Unbound and uncured polymer was

thoroughly washed away until the wash solution did not stain blue with BPB.

4.54 Solvent Resistance Testing

PS substrates double coated with 6 were subjected to solvent resistance testing against
dH20, MeOH, IPA, and Windex® following ASTM D5402-15.% Using a cotton fabric soaked
with the respective solvent, the PS substrate underwent a series of double rubs on a top loading
balance with a pressure of ~10 N. Force applied was determined by the balance, applying a
pressure equivalent to 1-1.6 kg. Coating integrity was visualized with BPB staining overnight and

visually evaluated.
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4.55 Adhesion Testing

PS samples double coated with 6 were subjected to adhesion analysis by tape test.
Following ASTM D3359-17%, the coating was crosshatched with a scalpel to form a cross with
an acute angle running vertical on the surface. 3M Scotch Tape was applied evenly along the acute
angle and the tape was rapidly removed at angle parallel to the surface. Coating integrity was

visually determined after BPB staining for coating visualization.
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APPENDIX

Appendix A: NMR Spectra and Mass Spectra
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Figure A 1 'H NMR spectrum of VBBP (1) in CDCls
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Figure A 32D COSY NMR spectrum of VBBP (1) in CDCl3
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Figure A 4 2D HSQC NMR spectrum of VBBP (1) in CDCl3



(wdd) 14

0lcH
oomh
omrh
owrh
onrh
oorh
omrh
ovrh
omrh
ONFM
orvh
oovh

omh

ow“

0z-
owh

0G

SY 0'S g's 0L Sl 0’8 g8
1 1 1 n 1 1 1
o >
® co =&
o] = < ° g
N .
3
Gl e EE =g

Figure A 52D HMBC NMR spectrum of VBBP (1) in CDCls

129



(zjw) abieyn-0)-ssey "SA SJUNOD

SLLLE SLLE STLIE LLE SL9LE S9LE SC9LE 9LlE SLGLE S'GLE GC'GLE  SLE SLVLE SVIE GCvie

K

!
EEVLLLE

—
z1zsies]

I
00vL'9lE

l
LLELSLE

1enqgns pLgee 80€06 1 A0'GLL=Beld (suedg gz ‘ulw 62°L-18°0) UBIS |ST+ :ZO 8LH 220

Figure A 6 ESI-Q-TOF MS of VBBP (1)

130



880
06°0
1670
60
00l -7
10’1
vl ~
LG} —
€L —

LL'E—

Yav—

L0°G—

Yo~
cg9-

807/, ~
9¢' /L~
617'1'\_
69 L~
6L/~
18

Figure A 7 *H NMR spectrum of poly(VBBP-BP) (2) in CDCls
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Figure Aé 26 COSY NMR spectrum of poly(VBC-BP) (2) in CDCls
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Figure A 10 'H NMR spectrum of poly(VBBP-NEts) (6) in DMSO-ds
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Figure A 11. *H NMR spectrum of poly(VBBP-PMes) (7) in MeOD-d4
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Figure A 12. 3P NMR spectrum of poly(VBBP-PMe3) (7) in MeOD-dq4
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Figure A 15. 'H NMR spectrum of poly(VBBP-NC18) (10) in CDCls
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Figure A 18. 2D COSY NMR spectrum of poly(VBBP-10%-NC18) (12) in CDCls

142

8.5 8.0

-0.5

50 45 40 35 30 25 20 15 10 05 0.0
f2 (ppm)

70 65 6.0 55

7.5



600 —

98°0~L
0607

gg'L —
g8l —

c0'G—

049
16'9\
c0'.
612
9c'.
ZV'L%
VAN
617'1{
Al
7V
A
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Figure A 22 3P NMR spectrum of poly(VBBP-b-P"Bus) (15) in CDCls

146

-150

-120

0 -10

-180

-50 -70 -90

-30
1 (ppm)

100 80 60 40 20

120



10°0-—

¢80—

8¢l —

9€'Cc—

16C—

SY'v—

106G —

GE9—

9¢'L \
v L~
6y L~
99°/

Grease
|

41 51 9,
10, 14-16

*

Figure A 23 'H NMR spectrum of poly(VBBP-r-P"Bus) (16) in CDCls

147

F98°101

66°€€l

10°6S

80°L1

~ 007¢

61°6¢

EAA

1.0 05 0.0

95 90 85 80 75 70 65 6.0 55 50 45 40 35 30 25 20

-0.5

1.5

10.5

1.5

1 (ppm)



vyie— — =

108€ — } -

Figure A 24 3'P NMR spectrum of poly(VBBP-r-P"Bus) (16) in CDCls
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Figure A 27 2D COSY NMR spectrum of monomer 17 in CDCls
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Figure A 29 2D HMBC NMR spectrum of monomer 17 in CDCl3
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Figure A 30 HRMS ESI-Q-TOF spectrum of monomer 17
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Figure A 33 *C NMR spectrum of monomer 18 in D20
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Figure A 35 2D HSQC NMR spectrum of monomer 18 in D2O
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Figure A 37 HRMS ESI-Q-TOF spectrum of monomer 18
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Figure A 40 **C NMR spectrum of monomer 19 in CDCl3
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Figure A 43 2D HMBC NMR spectrum of monomer 19 in CDCl3
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Figure A 44 HRMS ESI-Q-TOF spectrum of monomer 19
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Figure A 47 'H NMR spectrum of monomer precursor 22 in CDCls
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Figure A 48 3C NMR spectrum of monomer precursor 22 in CDCl3
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Figure A 51 3'P NMR spectrum of poly(VBPBu3) (24) in D20
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Figure A 52 *C NMR spectrum of poly(VBPBus) (24) in D20
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Figure A 53 2D HSQC NMR spectrum of poly(VBPBu3) (24) in D20
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Figure A 58 2D COSY NMR spectrum of poly(VBPMes) (25) in D20
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Appendix B: GPC Analysis

GPC Trace of Poly(VBC-BP) (2)
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Figure B 1. GPC trace of poly(VBC-BP) (2)

GPC Trace of RAFT polymerization conditions with RAFT Agent CTAl
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Figure B 2. GPC trace of polymers 3 synthesized by RAFT polymerization with varying reaction
conditions using RAFT agent CTAL.
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GPC Trace of RAFT polymerization conditions with RAFT Agent CTA2
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Figure B 3 GPC trace of polymers 4 synthesized by RAFT polymerization with varying reaction
conditions using RAFT agent CTA2
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Figure B 4 GPC trace of polymers 5 synthesized by RAFT polymerization mediated by CTAL and
CTA2for5h
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GPC Trace of VBBP Homopolymer Copolymerization in the Synthesis of
the Diblock Copolymer
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Figure B 5 GPC trace of starting homopolymer 13 and diblock copolymer after copolymerization
(14)
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Appendix C: Thermoanalysis by DSC

DSC Trace of Poly(VBC-BP) (2)
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Figure C 1. DSC trace of poly(VBC-BP) (2)

DSC Trace of Poly(VBBP-NEt;) (6)

= N N w
[¢;] o ol o

Heat Flow (w/g)

[EEN
o

.,

0
20 40 60 80 100 120 140 160 180 200 220 240
Temperature (°C)

Figure C 2. DSC trace of poly(VBBP-NEt3) (6)
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DSC Trace of Poly(VBBP-NC12) (8)
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Figure C 3. DSC trace of poly(VBBP-NC12) (8)

DSC Trace of Poly(VBBP-TsSA) (9)
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Figure C 4. DSC Trace of poly(VBBP-TsSA) (9)
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DSC Trace of Poly(VBBP) (13) Homopolymer
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Figure C 5 DSC trace of poly(VBBP) (13) homopolymer
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Figure C 6 DSC trace of diblock copolymer poly(VBBC-b-VBC) (14)
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DSC Trace of Poly(VBNE:) (23)
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Figure C 7 DSC trace of poly(VBNEtz) (23)
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Appendix D: Composition Estimation by IH NMR and Elemental Analysis

Table D 1 Data obtained from proton integration analysis for composition estimates of polymers
6-11

H (CH2) & (ppm) Estimated % Loading
Polymer | Solvent VBBP:VBC:Q
VBBP | Q | VBC | VBBP Q
DMSO-d, 5.20 472 | 4.72 12 % 60 % 2:5:10
6 MeOD 5.25 4.50 | 4.50 7.7 % 69 % 1:3:9
MeOD 5.22 3.86 | 4.64 4.7 % 87 % 1:2:19
MeOD 5.28 348 | 4.61 5.7% 49 % 1:8:8.6
94 - - - - - - -
10 CDCls3 5.08 3.62 | 5.08 -4 55 % 4:5
11¢ - - - - - - -

¢ Undetermined due to solubility issues

Table D 2 Elemental analysis data of C, H, and N for estimation of polymer composition (6-11)

Estimated %
Polymer C H N Loading VBBP:VBC:Q

VBBP | Q
Found | 6516 | 926 | 431 . . .
° Theory | 7163 | 9047 | 426 | >~ | 8% 2:2:17

Found 61.34 7.87 -
Theory 64.60 7.86 -
Found | 7462 | 1211 | 4.00
Theory | 7537 | 1019 | 3.23
Found | 6008 | 717 | 6.02
0 O . .
) Theory | 6252 | 731 | 599 | °% | &% 1:2:17
Found | 7621 | 1341 | 301
0 0 4
10 Theory | 77.39 | 1094 | 273 | % | 62% 1:4:8
Found | 5800 | 679 | 631

0 0 . .
11 Theory | 56.66 | 8.12 494 | >1% | 8% 1:2:165

4.7 % 88 % 2:3:38

8 % 75 % 1:2:95
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Table D 3 Elemental analysis data of C and H for estimation for composition estimations of
polymers 15 and 16

Estimated %
Polymer H Loading VBBP:VBC:Q
VBBP Q
Found 72.08 9.18
0 0 "B
15 Theory 7549 3.69 9.7 % 49 % 14:6:7
Found 71.46 10.53
0 0 . .
16 Theory 7917 9.31 8.5% 67 % 14:4:11
Table D 4 Proton integration data for composition estimates of polymer 16
'H (CH2) & (ppm) Estimated % Loading
Polymer | Solvent VBBP:VBC:Q
VBBP Q VBC VBBP Q
16 CDCIs 5.07 297 | 4.45 7.4 % 52% 1:55:7
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Appendix E: AFM Images

0.30 pm

0.00 pm

Figure E 1 AFM image of PS coated with poly(VBBP-PMe3) (7)

0.27 ym

0.00 pm

Figure E 2 AFM image of PS coated with poly(VBBP-NC12) (8)
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Appendix F: Biological Data

Table F 1 Colony-forming unit (CFU) from antibacterial testing by LDI method against
Arthrobacter sp. Control and treated surfaces (coatings 2, 6-12, 15, 16) was inoculated with 10 pL
droplet of 107 CFU in sterile tap water for 3 h

Control Treated
Coatin Log Total Log Total
g Total CFU (Iogg(CFU)) Total CFU (|ogg(CFU))
Trial 1 8.30E+06 6.92 4.20E+06 6.62
Trial 2 9.25E+06 6.97 5.05E+06 6.70
Trial 3 1.02E+07 7.01 1.00E+07 7.00
2 Average 9.25E+06 6.96 6.42E+06 6.78
Std Error 5.48E+05 0.03 1.81E+06 0.11
t-statistic 2.151382
t-critical 2.91998558
Trial 1 5.70E+06 6.76 0 0
Trial 2 8.15E+06 6.91 0 0
Trial 3 8.25E+06 6.92 0 0
6 Average 7.37E+06 6.86 0 0
Std Error 8.34E+05 0.05 0 0
t-statistic 8.834700769
t-critical 2.91998558
Trial 1 5.50E+06 6.74 0 0
Trial 2 6.00E+06 6.78 0 0
Trial 3 6.80E+06 6.83 0 0
7 Average 6.10E+06 6.78 0 0
Std Error 3.79E+05 0.03 0 0
t-statistic 16.1122515857589
t-critical 2.91998558035373
Trial 1 9.65E+06 6.98 1.01E+07 7.00
Trial 2 7.75E+06 6.89 7.90E+06 6.90
Trial 3 4.05E+06 6.61 6.30E+06 6.80
8 Average 7.15E+06 6.83 8.08E+06 6.90
Std Error 1.64E+06 0.11 1.09E+06 0.06
t-statistic -1.40927894
t-critical 2.91998558
Trial 1 5.50E+06 6.74 5.30E+05 5.72
Trial 2 6.00E+06 6.78 5.00E+05 5.70
9 Trial 3 6.80E+06 6.83 6.40E+05 5.81
Average 6.10E+06 6.78 5.57E+05 5.74
Std Error 3.79E+05 0.03 4.26E+04 0.03
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t-statistic 16.10469649
t-critical 2.91998558
Trial 1 7.60E+03 3.88 2.50E+04 4.40
Trial 2 5.00E+03 3.70 2.00E+04 4.30
Trial 3 1.89E+05 5.28 4.50E+05 5.65
10 Average 6.70E+04 4.29 1.65E+05 4.78
Std Error 6.07E+04 0.50 1.43E+05 0.44
t-statistic -1.198081738
t-critical 2.91998558
Trial 1 7.60E+03 3.88 1.62E+05 5.21
Trial 2 5.00E+03 3.70 5.95E+04 4.77
Trial 3 1.89E+05 5.28 1.05E+05 5.02
11 Average 6.70E+04 4.29 1.09E+05 5.00
Std Error 6.07E+04 0.50 2.95E+04 0.13
t-statistic -0.601102906
t-critical 2.91998558
Trial 1 8.30E+06 6.92 6.35E+06 6.80
Trial 2 9.25E+06 6.97 1.84E+06 6.26
Trial 3 1.02E+07 7.01 9.05E+06 6.96
12 Average 9.25E+06 6.96 5.75E+06 6.67
Std Error 5.48E+05 0.03 2.10E+06 0.21
t-statistic 2.151382
t-critical 2.91998558
Trial 1 7.30E+06 6.86 5.70E+03 3.76
Trial 2 6.50E+06 6.81 2.40E+04 4.38
Trial 3 6.55E+06 6.82 1.09E+04 4.04
15 Average 6.78E+06 6.83 1.35E+04 4.06
Std Error 2.59E+05 0.02 5.44E+03 0.18
t-statistic 25.75225
t-critical 2.91998558
Trial 1 2.90E+06 6.46 0 0
Trial 2 6.90E+06 6.84 0 0
Trial 3 4.30E+06 6.63 0 0
16 Average 4.70E+06 6.64 0 0
Std Error 1.17E+06 0.11 0 0
t-statistic 4.010604874
t-critical 2.91998558

196




Table F 2 Colony-forming unit (CFU) from antibacterial testing by LDI method against E. coli
wt36. Control and treated surfaces (coatings 2, 6-12, 15, 16) was inoculated with 10 pL droplet of

10" CFU in sterile tap water for 3 h

Control Treated
Coatin Log Total Log Total
g Total CFU (Iogg(CFU)) Total CFU (|ogg(CFU))
Trial 1 1.22E+04 4.09 9.30E+04 497
Trial 2 2.65E+04 4.42 7.65E+04 4.88
Trial 3 2.27E+04 4.36 1.68E+04 4.22
6 Average 2.04E+04 4.29 6.21E+04 4.69
Std Error 4.26E+03 0.10 2.32E+04 0.24
t-statistic -1.641179397
t-critical 2.91998558
Trial 1 1.22E+04 4.09 5.20E+04 472
Trial 2 2.65E+04 4.42 5.60E+04 4.75
Trial 3 2.27E+04 4.36 2.64E+04 4.42
7 Average 2.04E+04 4.29 4.48E+04 4.63
Std Error 4.26E+03 0.10 9.29E+03 0.10
t-statistic -2.267095283
t-critical 2.91998558
Trial 1 1.37E+05 5.14 1.37E+05 5.14
Trial 2 2.03E+05 5.31 1.37E+04 4.14
Trial 3 1.41E+06 6.15 7.00E+05 5.85
8 Average 5.83E+05 5.53 2.83E+05 5.04
Std Error 4.14E+05 0.31 2.11E+05 0.50
t-statistic 1.413756022
t-critical 2.91998558
Trial 1 1.37E+05 5.14 1.14E+04 4.05
Trial 2 2.03E+05 5.31 9.45E+04 4.98
Trial 3 1.41E+06 6.15 1.52E+05 5.18
9 Average 5.83E+05 5.53 8.58E+04 4.74
Std Error 4.14E+05 0.31 4.07E+04 0.35
t-statistic 1.307596778
t-critical 2.91998558
Trial 1 3.60E+03 3.56 5.10E+04 4,71
Trial 2 6.05E+04 4,78 1.63E+04 421
Trial 3 1.66E+04 4.22 1.50E+02 2.18
10 Average 2.69E+04 4.19 2.25E+04 3.70
Std Error 1.72E+04 0.35 1.50E+04 0.77
t-statistic 0.163406293
t-critical 2.91998558
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Trial 1 3.60E+03 3.56 8.45E+04 4,93
Trial 2 6.05E+04 4,78 6.95E+03 3.84
Trial 3 1.66E+04 4.22 5.70E+03 3.76
11 Average 2.69E+04 4.19 3.24E+04 4.17
Std Error 1.72E+04 0.35 2.61E+04 0.38
t-statistic -0.138232695
t-critical 2.91998558
Trial 1 3.70E+03 3.57 4.90E+04 4.69
Trial 2 2.25E+04 4.35 5.30E+04 4.72
Trial 3 3.05E+03 3.48 1.74E+04 4.24
15 Average 9.73E+03 3.80 3.98E+04 4.55
Std Error 6.36E+03 0.28 1.13E+04 0.16
t-statistic -3.35663
t-critical 2.91998558
Trial 1 3.70E+03 3.57 7.95E+04 4.90
Trial 2 2.25E+04 4.35 1.97E+04 4.29
Trial 3 3.05E+03 3.48 5.55E+04 4.74
16 Average 9.73E+03 3.80 5.16E+04 4.65
Std Error 6.36E+03 0.28 1.74E+04 0.18
t-statistic -1.79436
t-critical 2.91998558

Table F 3 Colony-forming unit (CFU) from antibacterial testing by DSF method against
Arthrobacter sp. Control and treated film (coating 8) was inoculated with 10 pL solution of 10°

CFU in 0.3 mM KH2PO4 for 1 h

Control Treated
Coatin Log Total Log Total
g Total CFU (Iog%CFU)) Total CFU (Iog%CFU))
Trial 1 1.13E+06 6.05 <10? -
Trial 2 1.15E+06 6.06 <10! -
Trial 3 1.19E+06 6.07 <10t -
8 Average 1.16E+06 6.06 <10t -
Std Error 1.61E+04 0.01 - -
t-statistic 71.86075
t-critical 2.91998558
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Appendix G: X-Ray Crystallography Data

Table G 1 Crystal data and structure refinement for 17

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.679°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter
Extinction coefficient
Largest diff. peak and hole

d1877_a

C15H24 CIN

253.80

150(2) K

1.54178 A

Orthorhombic

P212121

a=7.9778(2) A a= 90°.
b=12.7633(4) A b= 90°.
c=14.0317(5) A g =90°.
1428.75(8) A3

4

1.180 Mg/m3

2.177 mm-1

552

0.120 x 0.100 x 0.060 mm3
4.683 to 68.148°.

-9<=h<=9, -15<=k<=15, -16<=I<=16
21967

2544 [R(int) = 0.0774]

98.7 %

Semi-empirical from equivalents
0.7529 and 0.6064

Full-matrix least-squares on F2
2544 / 286 / 218

1.152

R1=0.0927, wR2 = 0.2017
R1=0.1015, wR2 = 0.2068
0.103(10)

n/a

0.356 and -0.644 e.A-3
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Table G 2 Atomic coordinated and equivalent isotropic displacement parameters for 17

X y z U(eq)
Cl(2) 8584(2) 9467(2) 4853(2) 61(1)
C(2) 6111(9) 7052(7) 3015(8) 46(2)
C@3) 4949(10) 6325(7) 2680(6) 39(2)
C4) 4120(10) 6482(8) 1821(7) 48(2)
C(5) 4367(11) 7380(7) 1267(7) 48(2)
C(6) 5509(11) 8123(8) 1630(8) 55(3)
C(7) 6354(12) 7959(7) 2485(8) 56(3)
C(8) 3437(13) 7464(9) 336(8) 59(3)
C(9) 3690(13) 8194(9) -296(10) 77(4)
C(@2) 6994(9) 6911(6) 3937(6) 42(2)
N(1) 8602(11) 6234(6) 3821(7) 43(2)
C(10) 9810(13) 6696(10) 3119(9) 46(2)
C(11) 10717(17) 7682(11) 3370(12) 55(4)
C(12) 8112(14) 5142(7) 3495(11) 44(2)
C(13) 9532(18) 4371(11) 3395(15) 59(3)
C(14) 9413(13) 6169(10) 4804(9) 46(2)
C(15) 8492(19) 5516(12) 5524(10) 51(3)
C(1A) 6994(9) 6911(6) 3937(6) 42(2)
N(1A) 8610(14) 6259(8) 4129(9) 45(2)
C(10A) 10012(14) 6664(15) 3495(11) 47(2)
C(11A) 9890(30) 6405(19) 2457(12) 53(4)
C(12A) 8309(17) 5115(9) 3916(15) 46(2)
C(13A) 9780(20) 4392(12) 4040(20) 47(4)
C(14A) 9141(17) 6382(13) 5157(10) 43(2)
C(15A) 8150(30) 5828(17) 5906(12) 48(4)
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Table G 3 Bond lengths [A] and angles [°] for 17

C(2)-C(7)
C(2)-C(3)
C(2)-C(1A)
C(2)-C(2)
C(3)-C(4)
C(3)-H(3A)
C(4)-C(5)
C(4)-H(4A)
C(5)-C(6)
C(5)-C(8)
C(6)-C(7)
C(6)-H(6A)
C(7)-H(TA)
C(8)-C(9)
C(8)-H(8A)
C(9)-H(9A)
C(9)-H(9B)
C(1)-N(1)
C(1)-H(1A)
C(1)-H(1B)
N(1)-C(10)
N(1)-C(12)
N(1)-C(14)
C(10)-C(11)
C(10)-H(10A)
C(10)-H(10D)
C(11)-H(11A)
C(11)-H(11B)
C(11)-H(11C)
C(12)-C(13)
C(12)-H(12A)
C(12)-H(12B)
C(13)-H(13A)

1.390(14)
1.393(11)
1.483(12)
1.483(12)
1.389(13)
0.9500
1.399(14)
0.9500
1.409(13)
1.507(14)
1.392(15)
0.9500
0.9500
1.302(15)
0.9500
0.9500
0.9500
1.555(11)
0.9900
0.9900
1.499(10)
1.518(9)
1.525(10)
1.494(12)
0.9900
0.9900
0.9800
0.9800
0.9800
1.507(11)
0.9900
0.9900
0.9800
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C(13)-H(13B) 0.9800

C(13)-H(13C) 0.9800
C(14)-C(15) 1.501(12)
C(14)-H(14A) 0.9900
C(14)-H(14B) 0.9900
C(15)-H(15A) 0.9800
C(15)-H(15B) 0.9800
C(15)-H(15C) 0.9800
C(LA)-N(1A) 1.558(12)
C(LA)-H(1AA) 0.9900
C(LA)-H(LAB) 0.9900
N(LA)-C(12A) 1.510(10)
N(LA)-C(14A) 1.512(10)
N(LA)-C(10A) 1.520(10)
C(10A)-C(11A) 1.497(12)
C(10A)-H(10B) 0.9900
C(10A)-H(10C) 0.9900
C(11A)-H(11D) 0.9800
C(11A)-H(11E) 0.9800
C(L1A)-H(11F) 0.9800
C(12A)-C(13A) 1.506(12)
C(12A)-H(12C) 0.9900
C(12A)-H(12D) 0.9900
C(13A)-H(13D) 0.9800
C(13A)-H(13E) 0.9800
C(13A)-H(13F) 0.9800
C(14A)-C(15A) 1.493(12)
C(14A)-H(14C) 0.9900
C(14A)-H(14D) 0.9900
C(15A)-H(15D) 0.9800
C(15A)-H(15G) 0.9800
C(15A)-H(15E) 0.9800
C(7)-C(2)-C(3) 117.8(9)
C(7)-C(2)-C(1A) 120.1(8)
C(3)-C(2)-C(1A) 122.0(9)
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C(7)-C(2)-C(1)
C(3)-C(2)-C(1)
C(4)-C(3)-C(2)
C(4)-C(3)-H(3A)
C(2)-C(3)-H(3A)
C(3)-C(4)-C(5)
C(3)-C(4)-H(4A)
C(5)-C(4)-H(4A)
C(4)-C(5)-C(6)
C(4)-C(5)-C(8)
C(6)-C(5)-C(8)
C(7)-C(6)-C(5)
C(7)-C(6)-H(6A)
C(5)-C(6)-H(6A)
C(2)-C(7)-C(6)
C(2)-C(7)-H(7A)
C(6)-C(7)-H(7A)
C(9)-C(8)-C(5)
C(9)-C(8)-H(8A)
C(5)-C(8)-H(8A)
C(8)-C(9)-H(9A)
C(8)-C(9)-H(9B)
H(9A)-C(9)-H(9B)
C(2)-C(1)-N(1)
C(2)-C(1)-H(1A)
N(1)-C(1)-H(1A)
C(2)-C(1)-H(1B)
N(1)-C(1)-H(1B)
H(LA)-C(1)-H(1B)
C(10)-N(1)-C(12)
C(10)-N(1)-C(14)
C(12)-N(1)-C(14)
C(10)-N(1)-C(1)
C(12)-N(1)-C(1)
C(14)-N(1)-C(1)
C(11)-C(10)-N(1)

120.1(8)
122.0(9)
120.9(9)
119.5
119.5
122.2(8)
118.9
118.9
116.2(9)
118.0(8)
125.7(10)
121.6(10)
119.2
119.2
121.2(9)
119.4
119.4
124.4(10)
117.8
117.8
120.0
120.0
120.0
111.6(6)
109.3
109.3
109.3
109.3
108.0
109.2(6)
110.1(7)
109.4(6)
112.3(6)
109.2(6)
106.6(6)
119.2(9)
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C(11)-C(10)-H(10A)
N(L)-C(10)-H(10A)
C(11)-C(10)-H(10D)
N(1)-C(10)-H(10D)
H(10A)-C(10)-H(10D)
C(10)-C(11)-H(11A)
C(10)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
C(10)-C(11)-H(11C)
H(11A)-C(11)-H(11C)
H(11B)-C(11)-H(11C)
C(13)-C(12)-N(1)
C(13)-C(12)-H(12A)
N(1)-C(12)-H(12A)
C(13)-C(12)-H(12B)
N(1)-C(12)-H(12B)
H(12A)-C(12)-H(12B)
C(12)-C(13)-H(13A)
C(12)-C(13)-H(13B)
H(13A)-C(13)-H(13B)
C(12)-C(13)-H(13C)
H(13A)-C(13)-H(13C)
H(13B)-C(13)-H(13C)
C(15)-C(14)-N(1)
C(15)-C(14)-H(14A)
N(L)-C(14)-H(14A)
C(15)-C(14)-H(14B)
N(1)-C(14)-H(14B)
H(14A)-C(14)-H(14B)
C(14)-C(15)-H(15A)
C(14)-C(15)-H(15B)
H(15A)-C(15)-H(15B)
C(14)-C(15)-H(15C)
H(15A)-C(15)-H(15C)
H(15B)-C(15)-H(15C)
C(2)-C(1A)-N(1A)

1075
1075
1075
1075
107.0
109.5
109.5
109.5
109.5
109.5
109.5
115.7(8)
108.4
108.4
108.4
108.4
107.4
109.5
109.5
109.5
109.5
109.5
109.5
115.5(8)
108.4
108.4
108.4
108.4
107.5
109.5
109.5
109.5
109.5
109.5
109.5
127.5(7)
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C(2)-C(1A)-H(1AA)
N(1A)-C(1A)-H(1AA)
C(2)-C(1A)-H(1AB)
N(1A)-C(1A)-H(1AB)
H(1AA)-C(1A)-H(1AB)
C(12A)-N(1A)-C(14A)
C(12A)-N(1A)-C(10A)
C(14A)-N(1A)-C(10A)
C(12A)-N(1A)-C(1A)
C(14A)-N(1A)-C(1A)
C(10A)-N(1A)-C(1A)
C(11A)-C(10A)-N(1A)
C(11A)-C(10A)-H(10B)
N(1A)-C(10A)-H(10B)
C(11A)-C(10A)-H(10C)
N(1A)-C(10A)-H(10C)
H(10B)-C(10A)-H(10C)
C(10A)-C(11A)-H(11D)
C(10A)-C(11A)-H(11E)
H(11D)-C(11A)-H(L1E)
C(10A)-C(11A)-H(11F)
H(11D)-C(11A)-H(11F)
H(11E)-C(11A)-H(11F)
C(13A)-C(12A)-N(1A)
C(13A)-C(12A)-H(12C)
N(1A)-C(12A)-H(12C)
C(13A)-C(12A)-H(12D)
N(1A)-C(12A)-H(12D)
H(12C)-C(12A)-H(12D)
C(12A)-C(13A)-H(13D)
C(12A)-C(13A)-H(13E)
H(13D)-C(13A)-H(13E)
C(12A)-C(13A)-H(13F)
H(13D)-C(13A)-H(13F)
H(13E)-C(13A)-H(13F)
C(15A)-C(14A)-N(1A)

105.4
105.4
105.4
105.4
106.0
109.5(8)
109.3(7)
108.5(8)
110.5(7)
110.0(7)
109.0(7)
116.5(10)
108.2
108.2
108.2
108.2
107.3
109.5
109.5
109.5
109.5
109.5
109.5
116.5(9)
108.2
108.2
108.2
108.2
107.3
109.5
109.5
109.5
109.5
109.5
109.5
118.3(10)
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C(15A)-C(14A)-H(14C) 107.7
N(1A)-C(14A)-H(14C) 107.7
C(15A)-C(14A)-H(14D) 107.7
N(1A)-C(14A)-H(14D) 107.7
H(14C)-C(14A)-H(14D) 107.1
C(14A)-C(15A)-H(15D) 109.5
C(14A)-C(15A)-H(15G) 109.5
H(15D)-C(15A)-H(15G) 109.5
C(14A)-C(15A)-H(15E) 109.5
H(15D)-C(15A)-H(15E) 109.5
H(15G)-C(15A)-H(15E) 109.5

Table G 4 Anisotropic displacement parameters for 17

ull u22 u33 u23 ul3 ul2
CI(2) 22(1) 37(2) 123(2) -4(1) 3(1) -2(2)
C(2) 19(4) 34(4) 84(7) -25(5) 2(4) 7(3)
C(3) 28(4) 49(5) 41(5) -19(4) 3(4) -4(4)
C(4) 30(4) 60(6) 55(6) -24(5) 0(4) -1(4)
C(5) 30(4) 48(5) 64(6) -17(5) 4(4) -4(4)
C(6) 36(5) 46(5) 84(8) -16(5) 13(5) 6(4)
C(7) 29(4) 41(5) 97(8) -23(5) -10(6) 7(4)
C(8) 40(5) 71(7) 66(7) -71(5) 8(5) -4(5)
C(9) 40(5) 81(8) 110(10) -13(7) -1(7) -4(6)
C(1) 20(3) 41(3) 67(4) -30(3) -9(3) 11(2)
N(1) 21(2) 42(3) 66(4) -29(3) -9(3) 11(3)
C(10) 22(3) 47(4) 70(5) -25(4) -10(4) 8(4)
C(11)  29(6) 65(7) 72(8) -30(7) 5(6) -2(6)
C(12) 25(4) 39(4) 67(5) -29(4) -9(4) 11(3)
C(13) 43(6) 55(6) 80(8) -22(7) -9(7) 19(6)
C(14) 244 47(4) 67(5) -24(4) -11(4) 13(4)
C(15)  32(6) 55(7) 66(8) -10(6) -6(6) 19(6)
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C(1A) 20(3) 41(3) 67(4) -30(3) -9(3) 11(2)

N(LA)  22(3) 43(3) 69(4) -26(3) -9(3) 11(3)
C(10A) 23(4) 46(4) 71(5) -24(5) -9(4) 9(4)
C(11A) 32(7) 55(8) 73(9) -18(8) -6(8) 9(8)
C(12A) 25(4) 41(4) 70(5) -29(5) -8(4) 10(4)
C(13A) 31(7) 39(7) 71(8) -27(8) -15(7) 18(6)
C(14A) 20(4) 41(4) 67(5) -26(4) -9(4) 16(4)
C(15A) 30(7) 42(8) 73(9) -13(7) -9(7) 17(7)

Table G 5 Hydrogen coordinates and isotropic displacement parameters for 17

X y z U(eq)
H(3A) 4721 5713 3044 47
H(4A) 3361 5961 1602 58
H(6A) 5706 8750 1283 66
H(7A) 7110 8478 2711 67
H(8A) 2610 6949 200 71
H(9A) 4507 8721 -183 92
H(9B) 3058 8199 -869 92
H(1A) 6231 6569 4397 51
H(1B) 7304 7606 4196 51
H(10A) 10664 6155 2976 55
H(10D) 9186 6827 2521 55
H(11A) 11454 7883 2843 83
H(11B) 9903 8242 3488 83
H(11C) 11389 7567 3946 83
H(12A) 7292 4854 3955 52
H(12B) 7539 5202 2871 52
H(13A) 9090 3694 3182 89
H(13B) 10339 4634 2926 89
H(13C) 10091 4285 4012 89
H(14A) 10557 5880 4730 55
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H(14B) 9525 6889 5060 55
H(15A) 9106 5522 6129 77
H(15B) 7367 5805 5621 77
H(15C) 8401 4795 5291 77
H(1AA) 6141 6630 4381 51
H(1AB) 7252 7628 4163 51
H(10B) 10057 7436 3559 56
H(10C) 11086 6383 3738 56
H(11D) 10853 6703 2119 80
H(11E) 9884 5642 2375 80
H(11F) 8851 6699 2196 80
H(12C) 7394 4865 4335 55
H(12D) 7910 5055 3251 55
H(13D) 9448 3674 3882 71
H(13E) 10692 4611 3612 71
H(13F) 10175 4420 4700 71
H(14C) 10319 6145 5209 51
H(14D) 9127 7140 5310 51
H(15D) 8633 5977 6534 73
H(15G) 6987 6071 5889 73
H(15E) 8184 5071 5788 73
Table G 6 Torsion angles [°] for 17

C(7)-C(2)-C(3)-C(4) 2.9(12)
C(1A)-C(2)-C(3)-C(4) 179.1(8)
C(1)-C(2)-C(3)-C(4) 179.1(8)
C(2)-C(3)-C(4)-C(5) -1.9(13)
C(3)-C(4)-C(5)-C(6) 0.0(13)
C(3)-C(4)-C(5)-C(8) 178.6(8)
C(4)-C(5)-C(6)-C(7) 0.8(13)
C(8)-C(5)-C(6)-C(7) -177.7(9)
C(3)-C(2)-C(7)-C(6) -2.2(13)
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C(LA)-C(2)-C(7)-C(6)
C(1)-C(2)-C(7)-C(6)
C(5)-C(6)-C(7)-C(2)
C(4)-C(5)-C(8)-C(9)
C(6)-C(5)-C(8)-C(9)
C(7)-C(2)-C(1)-N(1)
C(3)-C(2)-C(1)-N(1)
C(2)-C(1)-N(1)-C(10)
C(2)-C(1)-N(1)-C(12)
C(2)-C(1)-N(1)-C(14)
C(12)-N(1)-C(10)-C(11)
C(14)-N(1)-C(10)-C(11)
C(1)-N(1)-C(10)-C(11)
C(10)-N(1)-C(12)-C(13)
C(14)-N(1)-C(12)-C(13)
C(1)-N(1)-C(12)-C(13)
C(10)-N(1)-C(14)-C(15)
C(12)-N(1)-C(14)-C(15)
C(1)-N(1)-C(14)-C(15)
C(7)-C(2)-C(1A)-N(1A)
C(3)-C(2)-C(1A)-N(1A)
C(2)-C(1A)-N(1A)-C(12A)
C(2)-C(1A)-N(1A)-C(14A)
C(2)-C(1A)-N(1A)-C(10A)
C(12A)-N(1A)-C(10A)-C(11A)
C(14A)-N(1A)-C(10A)-C(11A)
C(1A)-N(1A)-C(10A)-C(11A)
C(14A)-N(1A)-C(12A)-C(13A)
C(10A)-N(1A)-C(12A)-C(13A)
C(1A)-N(1A)-C(12A)-C(13A)
C(12A)-N(1A)-C(14A)-C(15A)
C(10A)-N(1A)-C(14A)-C(15A)
C(1A)-N(1A)-C(14A)-C(15A)

-178.4(8)
-178.4(8)
0.3(14)

-171.9(10)

6.6(16)
-97.7(9)
86.2(9)
58.0(9)
-63.2(9)
178.7(7)

-168.9(11)

-48.7(14)
69.9(13)
59.7(15)
-60.9(14)

-177.2(12)
-167.4(10)

-47.4(13)
70.5(11)
-99.9(10)
84.1(11)
-62.4(12)
176.5(9)
57.7(11)
48.1(19)
167.4(15)
-72.8(17)
-60.7(19)
58(2)
177.9(17)
-47.4(17)

-166.6(14)

74.3(16)
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Table G 7 Crystal data and structure refinement for 19

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.243°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

d1876_a

C21 H36 CIP
354.92

150(2) K
1.54178 A
Triclinic

P-1
a=12.6560(5) A
b =13.1527(5) A
c=13.6289(5) A
2212.70(15) A3
4

1.065 Mg/m3
2.175 mm-1

776

0.530 x 0.170 x 0.010 mm3
3.324 t0 67.243°.

-14<=h<=15, -15<=k<=15, -16<=I<=16

50255

7798 [R(int) = 0.0679]

98.3 %

Semi-empirical from equivalents
0.7529 and 0.5374

Full-matrix least-squares on F2
7798 /134 / 507

1.029

R1=0.0391, wR2 = 0.0938
R1 =0.0550, wR2 = 0.1037
n/a

0.285 and -0.313 e.A-3
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Table G 8 Atomic coordinates and equivalent isotropic displacement parameters for 19

X y z U(eq)
Cl(2) 4698(1) 4251(1) 3106(1) 40(1)
Cl(2) 5437(1) 736(1) 7937(1) 34(1)
P(1A) 5452(1) 1930(1) 985(1) 25(1)
C(1A) 5446(2) 1770(1) 2300(1) 26(1)
C(2A) 6553(2) 1643(1) 2526(1) 26(1)
C(3A) 7013(2) 678(2) 2546(1) 31(1)
C(4A) 8020(2) 546(2) 2768(2) 39(1)
C(5A) 8596(2) 1378(2) 2992(2) 42(1)
C(6A) 8139(2) 2338(2) 2962(2) 43(1)
C(7A) 7130(2) 2477(2) 2735(1) 34(1)
C(8A) 9649(2) 1266(2) 3278(2) 64(1)
C(9A) 10114(2) 421(3) 3489(3) 82(1)
C(10A) 6268(2) 975(2) 228(1) 31(1)
C(11A) 7480(2) 1198(2) -83(2) 36(1)
C(12A) 8115(2) 341(2) -698(2) 54(1)
C(13A) 9313(2) 564(3) -997(3) 83(1)
C(14A) 5958(2) 3171(2) 588(1) 30(1)
C(15A) 5832(2) 3455(2) -477(1) 34(1)
C(16A) 6454(2) 4412(2) -873(2) 46(1)
C(17A) 7670(2) 4245(2) -1161(2) 67(1)
C(18A) 4090(2) 1818(2) 811(2) 33(1)
C(19A) 3283(2) 2638(2) 1341(2) 39(1)
C(20A) 2676(2) 2354(2) 2386(2) 45(1)
C(21A) 1926(2) 3206(2) 2889(2) 57(1)
P(1B) 4552(1) 3079(1) 6179(1) 29(1)
C(10) 4555(2) 3208(2) 7496(1) 30(1)
C(20) 3463(7) 3196(6) 8239(10) 30(2)
C(3C) 2904(5) 4078(5) 8631(5) 36(2)
C(4C) 1887(4) 4054(5) 9284(5) 41(1)
C(5C) 1355(4) 3148(5) 9564(5) 41(1)
C(6C) 1906(7) 2268(6) 9167(9) 40(2)
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C(7C) 2928(10)  2291(7) 8532(18) 34(2)

C(8C) 303(5) 3105(6)  10300(6) 60(2)
C(9C) -157(5) 3835(5)  10910(4) 71(2)
C(1B) 4555(2) 3208(2) 7496(1) 30(1)
C(2B) 3425(6) 3283(6) 8107(9) 31(2)
C(3B) 2945(4) 4240(5) 8290(5) 37(1)
C(4B) 1890(4) 4304(4) 8838(5) 43(1)
C(5B) 1342(4) 3441(5) 9241(5) 42(1)
C(6B) 1834(7) 2493(5) 9061(8) 42(2)
C(7B) 2883(10)  2413(6) 8493(16) 37(2)
C(8B) 225(4) 3528(6) 9839(5) 68(2)
C(9B) -240(6) 2888(6)  10544(5) 79(2)
C(10B) 3674(2) 4005(2) 5790(2) 38(1)
C(11B) 2466(2) 3756(2) 6033(2) 48(1)
C(12B) 1771(2) 4664(2) 5865(3) 74(1)
C(13B) 565(3) 4448(3) 6159(4) 114(2)
C(14B) 4116(2) 1820(2) 5964(1) 31(1)
C(15B) 4264(2) 1558(2) 4844(1) 37(1)
C(16B) 3687(2) 575(2) 4700(2) 48(1)
C(17B) 2476(2) 712(2) 4860(2) 64(1)
C(18B) 5907(2) 3266(2) 5474(2) 37(1)
C(19B) 6740(2) 2480(2) 5688(2) 42(1)
C(20B) 7379(5) 2857(4) 6397(4) 49(2)
C(21B) 8216(7) 2072(7) 6573(6) 62(2)
C(19C) 6740(2) 2480(2) 5688(2) 42(1)
C(20C) 7797(9) 2874(6) 5848(14) 74(4)
C(21C) 8553(15)  2066(11)  6139(15) 93(5)
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Table G 9 Bond lengths [A] and angles [°] for 19

P(LA)-C(10A)
P(LA)-C(14A)
P(LA)-C(18A)
P(1A)-C(1A)
C(1A)-C(2A)
C(1A)-H(1AA)
C(1A)-H(1AB)
C(2A)-C(7A)
C(2A)-C(3A)
C(3A)-C(4A)
C(3A)-H(3AA)
C(4A)-C(5A)
C(4A)-H(4AA)
C(5A)-C(6A)
C(5A)-C(8A)
C(6A)-C(7A)
C(6A)-H(6AA)
C(7A)-H(TAA)
C(8A)-C(9A)
C(8A)-H(8AA)
C(9A)-H(9A1)
C(9A)-H(9A2)
C(10A)-C(11A)
C(10A)-H(10A)
C(10A)-H(10B)
C(11A)-C(12A)
C(11A)-H(11A)
C(11A)-H(11B)
C(12A)-C(13A)
C(12A)-H(12A)
C(12A)-H(12B)
C(13A)-H(13A)
C(13A)-H(13B)

1.7948(19)
1.797(2)
1.800(2)
1.8025(17)
1.507(2)
0.9900
0.9900
1.389(3)
1.393(3)
1.382(3)
0.9500
1.394(3)
0.9500
1.387(3)
1.474(3)
1.389(3)
0.9500
0.9500
1.311(4)
0.9500
0.9500
0.9500
1.530(3)
0.9900
0.9900
1.519(3)
0.9900
0.9900
1.512(4)
0.9900
0.9900
0.9800
0.9800
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C(13A)-H(13C)
C(14A)-C(15A)
C(14A)-H(14A)
C(14A)-H(14B)
C(15A)-C(16A)
C(15A)-H(15A)
C(15A)-H(15B)
C(16A)-C(17A)
C(16A)-H(16A)
C(16A)-H(16B)
C(17A)-H(17A)
C(17A)-H(17B)
C(17A)-H(17C)
C(18A)-C(19A)
C(18A)-H(18A)
C(18A)-H(18B)
C(19A)-C(20A)
C(19A)-H(19A)
C(19A)-H(19B)
C(20A)-C(21A)
C(20A)-H(20A)
C(20A)-H(20B)
C(21A)-H(21A)
C(21A)-H(21B)
C(21A)-H(21C)
P(1B)-C(18B)
P(1B)-C(10B)
P(1B)-C(14B)
P(1B)-C(1C)
P(1B)-C(1B)
C(1C)-C(2C)
C(1C)-H(1CA)
C(1C)-H(1CB)
C(2C)-C(7C)
C(2C)-C(3C)
C(3C)-C(4C)

0.9800
1.540(3)
0.9900
0.9900
1.524(3)
0.9900
0.9900
1.516(4)
0.9900
0.9900
0.9800
0.9800
0.9800
1.543(3)
0.9900
0.9900
1.510(3)
0.9900
0.9900
1.523(3)
0.9900
0.9900
0.9800
0.9800
0.9800
1.790(2)
1.795(2)
1.7966(19)
1.8054(18)
1.8054(18)
1.523(5)
0.9900
0.9900
1.390(6)
1.397(6)
1.394(6)
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C(3C)-H(3CA)
C(4C)-C(5C)
C(4C)-H(4CA)
C(5C)-C(6C)
C(5C)-C(8C)
C(6C)-C(7C)
C(6C)-H(6CA)
C(7C)-H(7CA)
C(8C)-C(9C)
C(8C)-H(8CA)
C(9C)-H(9C1)
C(9C)-H(9C2)
C(1B)-C(2B)
C(1B)-H(1BA)
C(1B)-H(1BB)
C(2B)-C(7B)
C(2B)-C(3B)
C(3B)-C(4B)
C(3B)-H(3BA)
C(4B)-C(5B)
C(4B)-H(4BA)
C(5B)-C(6B)
C(5B)-C(8B)
C(6B)-C(7B)
C(6B)-H(6BA)
C(7B)-H(7BA)
C(8B)-C(9B)
C(8B)-H(8BA)
C(9B)-H(9B1)
C(9B)-H(9B2)
C(10B)-C(11B)
C(10B)-H(10C)
C(10B)-H(10D)
C(11B)-C(12B)
C(11B)-H(11C)
C(11B)-H(11D)

0.9500
1.386(6)
0.9500
1.393(6)
1.482(6)
1.389(6)
0.9500
0.9500
1.316(7)
0.9500
0.9500
0.9500
1.490(5)
0.9900
0.9900
1.383(6)
1.390(5)
1.380(5)
0.9500
1.385(6)
0.9500
1.385(6)
1.471(6)
1.385(6)
0.9500
0.9500
1.316(7)
0.9500
0.9500
0.9500
1.530(3)
0.9900
0.9900
1.521(4)
0.9900
0.9900
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C(12B)-C(13B)
C(12B)-H(12C)
C(12B)-H(12D)
C(13B)-H(13D)
C(13B)-H(13E)
C(13B)-H(13F)
C(14B)-C(15B)
C(14B)-H(14C)
C(14B)-H(14D)
C(15B)-C(16B)
C(15B)-H(15C)
C(15B)-H(15D)
C(16B)-C(17B)
C(16B)-H(16C)
C(16B)-H(16D)
C(17B)-H(17D)
C(17B)-H(17E)
C(17B)-H(L7F)
C(18B)-C(19C)
C(18B)-C(19B)
C(18B)-H(18C)
C(18B)-H(18D)
C(19B)-C(20B)
C(19B)-H(19C)
C(19B)-H(19D)
C(20B)-C(21B)
C(20B)-H(20C)
C(20B)-H(20D)
C(21B)-H(21D)
C(21B)-H(21E)
C(21B)-H(21F)
C(19C)-C(20C)
C(19C)-H(19E)
C(19C)-H(19F)
C(20C)-C(21C)
C(20C)-H(20E)

1.520(5)
0.9900
0.9900
0.9800
0.9800
0.9800
1.537(2)
0.9900
0.9900
1.527(3)
0.9900
0.9900
1.508(4)
0.9900
0.9900
0.9800
0.9800
0.9800
1.540(3)
1.540(3)
0.9900
0.9900
1.480(5)
0.9900
0.9900
1.525(6)
0.9900
0.9900
0.9800
0.9800
0.9800
1.501(7)
0.9900
0.9900
1.529(8)
0.9900
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C(20C)-H(20F)
C(21C)-H(21G)
C(21C)-H(21H)
C(21C)-H(211)

C(10A)-P(1A)-C(14A)
C(10A)-P(1A)-C(18A)
C(14A)-P(1A)-C(18A)
C(10A)-P(1A)-C(1A)
C(14A)-P(1A)-C(1A)
C(18A)-P(1A)-C(1A)
C(2A)-C(1A)-P(1A)
C(2A)-C(1A)-H(1AA)
P(LA)-C(LA)-H(1AA)
C(2A)-C(1A)-H(1AB)
P(LA)-C(LA)-H(1AB)

H(1AA)-C(1A)-H(1AB)

C(7A)-C(2A)-C(3A)
C(7A)-C(2A)-C(1A)
C(3A)-C(2A)-C(1A)
C(4A)-C(3A)-C(2A)
C(4A)-C(3A)-H(3AA)
C(2A)-C(3A)-H(3AA)
C(3A)-C(4A)-C(5A)
C(3A)-C(4A)-H(4AA)
C(5A)-C(4A)-H(4AA)
C(6A)-C(5A)-C(4A)
C(6A)-C(5A)-C(8A)
C(4A)-C(5A)-C(8A)
C(5A)-C(6A)-C(7A)
C(5A)-C(6A)-H(6AA)
C(7A)-C(6A)-H(6AA)
C(6A)-C(7A)-C(2A)
C(6A)-C(7A)-H(7TAA)
C(2A)-C(7A)-H(7TAA)
C(9A)-C(8A)-C(5A)

0.9900
0.9800
0.9800
0.9800

109.87(9)
107.80(9)
109.55(10)
111.63(9)
108.94(8)
109.02(9)
114.48(12)
108.6
108.6
108.6
108.6
107.6
118.52(17)
121.13(17)
120.33(16)
121.10(18)
119.5
119.5
120.7(2)
119.7
119.7
117.98(19)
119.6(2)
122.4(2)
121.7(2)
119.2
119.2
120.0(2)
120.0
120.0
127.4(3)
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C(9A)-C(8A)-H(BAA)
C(5A)-C(8A)-H(BAA)
C(8A)-C(9A)-H(9A1)
C(8A)-C(9A)-H(9A2)
H(9A1)-C(9A)-H(9A2)
C(11A)-C(10A)-P(1A)
C(11A)-C(10A)-H(10A)
P(1A)-C(10A)-H(10A)
C(11A)-C(10A)-H(10B)
P(1A)-C(10A)-H(10B)
H(10A)-C(10A)-H(10B)
C(12A)-C(11A)-C(10A)
C(12A)-C(11A)-H(11A)
C(10A)-C(11A)-H(11A)
C(12A)-C(11A)-H(11B)
C(10A)-C(11A)-H(11B)
H(11A)-C(11A)-H(11B)
C(13A)-C(12A)-C(11A)
C(13A)-C(12A)-H(12A)
C(11A)-C(12A)-H(12A)
C(13A)-C(12A)-H(12B)
C(11A)-C(12A)-H(12B)
H(12A)-C(12A)-H(12B)
C(12A)-C(13A)-H(13A)
C(12A)-C(13A)-H(13B)
H(13A)-C(13A)-H(13B)
C(12A)-C(13A)-H(13C)
H(13A)-C(13A)-H(13C)
H(13B)-C(13A)-H(13C)
C(15A)-C(14A)-P(1A)
C(15A)-C(14A)-H(14A)
P(1A)-C(14A)-H(14A)
C(15A)-C(14A)-H(14B)
P(1A)-C(14A)-H(14B)
H(14A)-C(14A)-H(14B)
C(16A)-C(15A)-C(14A)

116.3
116.3
120.0
120.0
120.0
115.63(13)
108.4
108.4
108.4
108.4
107.4
112.27(18)
109.2
109.2
109.2
109.2
107.9
112.0(2)
109.2
109.2
109.2
109.2
107.9
109.5
109.5
109.5
109.5
109.5
109.5
113.26(13)
108.9
108.9
108.9
108.9
107.7
112.16(16)
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C(16A)-C(15A)-H(15A)
C(14A)-C(15A)-H(15A)
C(16A)-C(15A)-H(15B)
C(14A)-C(15A)-H(15B)
H(15A)-C(15A)-H(15B)
C(17A)-C(16A)-C(15A)
C(17A)-C(16A)-H(16A)
C(15A)-C(16A)-H(16A)
C(17A)-C(16A)-H(16B)
C(15A)-C(16A)-H(16B)
H(16A)-C(16A)-H(16B)
C(16A)-C(17A)-H(17A)
C(16A)-C(17A)-H(17B)
H(17A)-C(17A)-H(17B)
C(16A)-C(17A)-H(17C)
H(17A)-C(17A)-H(17C)
H(17B)-C(17A)-H(17C)
C(19A)-C(18A)-P(1A)

C(19A)-C(18A)-H(18A)
P(1A)-C(18A)-H(18A)

C(19A)-C(18A)-H(18B)
P(1A)-C(18A)-H(18B)

H(18A)-C(18A)-H(18B)
C(20A)-C(19A)-C(18A)
C(20A)-C(19A)-H(19A)
C(18A)-C(19A)-H(19A)
C(20A)-C(19A)-H(19B)
C(18A)-C(19A)-H(19B)
H(19A)-C(19A)-H(19B)
C(19A)-C(20A)-C(21A)
C(19A)-C(20A)-H(20A)
C(21A)-C(20A)-H(20A)
C(19A)-C(20A)-H(20B)
C(21A)-C(20A)-H(20B)
H(20A)-C(20A)-H(20B)
C(20A)-C(21A)-H(21A)

109.2
109.2
109.2
109.2
107.9
113.4(2)
108.9
108.9
108.9
108.9
107.7
109.5
109.5
109.5
109.5
109.5
109.5
115.29(14)
1085
108.5
108.5
108.5
107.5
114.51(19)
108.6
108.6
108.6
108.6
107.6
112.3(2)
109.2
109.2
109.2
109.2
107.9
109.5
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C(20A)-C(21A)-H(21B)
H(21A)-C(21A)-H(21B)
C(20A)-C(21A)-H(21C)
H(21A)-C(21A)-H(21C)
H(21B)-C(21A)-H(21C)

C(18B)-P(1B)-C(10B)
C(18B)-P(1B)-C(14B)
C(10B)-P(1B)-C(14B)
C(18B)-P(1B)-C(1C)
C(10B)-P(1B)-C(1C)
C(14B)-P(1B)-C(1C)
C(18B)-P(1B)-C(1B)
C(10B)-P(1B)-C(1B)
C(14B)-P(1B)-C(1B)
C(2C)-C(1C)-P(1B)
C(2C)-C(1C)-H(1CA)
P(1B)-C(1C)-H(1CA)
C(2C)-C(1C)-H(1CB)
P(1B)-C(1C)-H(1CB)
H(LCA)-C(1C)-H(1CB)
C(7C)-C(2C)-C(3C)
C(7C)-C(2C)-C(1C)
C(3C)-C(2C)-C(1C)
C(4C)-C(3C)-C(2C)
C(4C)-C(3C)-H(3CA)
C(2C)-C(3C)-H(3CA)
C(5C)-C(4C)-C(3C)
C(5C)-C(4C)-H(4CA)
C(3C)-C(4C)-H(4CA)
C(4C)-C(5C)-C(6C)
C(4C)-C(5C)-C(8C)
C(6C)-C(5C)-C(8C)
C(7C)-C(6C)-C(5C)
C(7C)-C(6C)-H(6CA)
C(5C)-C(6C)-H(6CA)
C(6C)-C(7C)-C(2C)

109.5
109.5
109.5
109.5
109.5
109.02(10)
109.93(10)
109.84(10)
107.90(9)
111.41(9)
108.72(9)
107.90(9)
111.41(9)
108.72(9)
117.3(6)
108.0
108.0
108.0
108.0
107.2
115.4(5)
121.3(6)
123.3(6)
122.5(5)
118.8
118.8
121.8(5)
119.1
119.1
115.8(5)
122.4(5)
121.6(6)
122.4(6)
118.8
118.8
122.1(6)
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C(6C)-C(7C)-H(7CA)
C(2C)-C(7C)-H(7CA)
C(9C)-C(8C)-C(5C)
C(9C)-C(8C)-H(8CA)
C(5C)-C(8C)-H(8CA)
C(8C)-C(9C)-H(9C1)
C(8C)-C(9C)-H(9C2)
H(9C1)-C(9C)-H(9C2)
C(2B)-C(1B)-P(1B)
C(2B)-C(1B)-H(1BA)
P(1B)-C(1B)-H(1BA)
C(2B)-C(1B)-H(1BB)
P(1B)-C(1B)-H(1BB)
H(1BA)-C(1B)-H(1BB)
C(7B)-C(2B)-C(3B)
C(7B)-C(2B)-C(1B)
C(3B)-C(2B)-C(1B)
C(4B)-C(3B)-C(2B)
C(4B)-C(3B)-H(3BA)
C(2B)-C(3B)-H(3BA)
C(3B)-C(4B)-C(5B)
C(3B)-C(4B)-H(4BA)
C(5B)-C(4B)-H(4BA)
C(4B)-C(5B)-C(6B)
C(4B)-C(5B)-C(8B)
C(6B)-C(5B)-C(8B)
C(7B)-C(6B)-C(5B)
C(7B)-C(6B)-H(6BA)
C(5B)-C(6B)-H(6BA)
C(2B)-C(7B)-C(6B)
C(2B)-C(7B)-H(7BA)
C(6B)-C(7B)-H(7BA)
C(9B)-C(8B)-C(5B)
C(9B)-C(8B)-H(8BA)
C(5B)-C(8B)-H(8BA)
C(8B)-C(9B)-H(9B1)

118.9
118.9
126.9(7)
116.5
116.5
120.0
120.0
120.0
110.4(5)
109.6
109.6
109.6
109.6
108.1
121.3(5)
120.0(5)
118.7(5)
118.4(5)
120.8
120.8
120.8(4)
119.6
119.6
120.1(4)
120.0(5)
119.9(5)
119.8(6)
120.1
120.1
119.5(6)
120.3
120.3
125.5(7)
117.3
117.3
120.0
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C(8B)-C(9B)-H(9B2)
H(9B1)-C(9B)-H(9B2)
C(11B)-C(10B)-P(1B)
C(11B)-C(10B)-H(10C)
P(1B)-C(10B)-H(10C)
C(11B)-C(10B)-H(10D)
P(1B)-C(10B)-H(10D)
H(10C)-C(10B)-H(10D)
C(12B)-C(11B)-C(10B)
C(12B)-C(11B)-H(11C)
C(10B)-C(11B)-H(11C)
C(12B)-C(11B)-H(11D)
C(10B)-C(11B)-H(11D)
H(11C)-C(11B)-H(11D)
C(13B)-C(12B)-C(11B)
C(13B)-C(12B)-H(12C)
C(11B)-C(12B)-H(12C)
C(13B)-C(12B)-H(12D)
C(11B)-C(12B)-H(12D)
H(12C)-C(12B)-H(12D)
C(12B)-C(13B)-H(13D)
C(12B)-C(13B)-H(13E)
H(13D)-C(13B)-H(13E)
C(12B)-C(13B)-H(13F)
H(13D)-C(13B)-H(13F)
H(13E)-C(13B)-H(13F)
C(15B)-C(14B)-P(1B)
C(15B)-C(14B)-H(14C)
P(1B)-C(14B)-H(14C)
C(15B)-C(14B)-H(14D)
P(1B)-C(14B)-H(14D)
H(14C)-C(14B)-H(14D)
C(16B)-C(15B)-C(14B)
C(16B)-C(15B)-H(15C)
C(14B)-C(15B)-H(15C)
C(16B)-C(15B)-H(15D)

120.0
120.0
116.05(16)
108.3
108.3
108.3
108.3
107.4
112.0(2)
109.2
109.2
109.2
109.2
107.9
112.8(3)
109.0
109.0
109.0
109.0
107.8
109.5
109.5
109.5
109.5
109.5
109.5
113.43(14)
108.9
108.9
108.9
108.9
107.7
111.38(17)
109.4
109.4
109.4
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C(14B)-C(15B)-H(15D)
H(15C)-C(15B)-H(15D)
C(17B)-C(16B)-C(15B)
C(17B)-C(16B)-H(16C)
C(15B)-C(16B)-H(16C)
C(17B)-C(16B)-H(16D)
C(15B)-C(16B)-H(16D)
H(16C)-C(16B)-H(16D)
C(16B)-C(17B)-H(17D)
C(16B)-C(17B)-H(17E)
H(17D)-C(17B)-H(17E)
C(16B)-C(17B)-H(17F)
H(17D)-C(17B)-H(17F)
H(17E)-C(17B)-H(17F)
C(19C)-C(18B)-P(1B)

C(19B)-C(18B)-P(1B)

C(19B)-C(18B)-H(18C)
P(1B)-C(18B)-H(18C)

C(19B)-C(18B)-H(18D)
P(1B)-C(18B)-H(18D)

H(18C)-C(18B)-H(18D)
C(20B)-C(19B)-C(18B)
C(20B)-C(19B)-H(19C)
C(18B)-C(19B)-H(19C)
C(20B)-C(19B)-H(19D)
C(18B)-C(19B)-H(19D)
H(19C)-C(19B)-H(19D)
C(19B)-C(20B)-C(21B)
C(19B)-C(20B)-H(20C)
C(21B)-C(20B)-H(20C)
C(19B)-C(20B)-H(20D)
C(21B)-C(20B)-H(20D)
H(20C)-C(20B)-H(20D)
C(20B)-C(21B)-H(21D)
C(20B)-C(21B)-H(21E)
H(21D)-C(21B)-H(21E)

109.4
108.0
112.9(2)
109.0
109.0
109.0
109.0
107.8
109.5
109.5
109.5
109.5
109.5
109.5
114.60(15)
114.60(15)
108.6
108.6
108.6
108.6
107.6
113.0(3)
109.0
109.0
109.0
109.0
107.8
111.7(5)
109.3
109.3
109.3
109.3
107.9
109.5
109.5
109.5
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C(20B)-C(21B)-H(21F)
H(21D)-C(21B)-H(21F)
H(21E)-C(21B)-H(21F)
C(20C)-C(19C)-C(18B)
C(20C)-C(19C)-H(19E)
C(18B)-C(19C)-H(19E)
C(20C)-C(19C)-H(19F)
C(18B)-C(19C)-H(19F)
H(L9E)-C(19C)-H(19F)
C(19C)-C(20C)-C(21C)
C(19C)-C(20C)-H(20E)
C(21C)-C(20C)-H(20E)
C(19C)-C(20C)-H(20F)
C(21C)-C(20C)-H(20F)
H(20E)-C(20C)-H(20F)
C(20C)-C(21C)-H(21G)
C(20C)-C(21C)-H(21H)
H(21G)-C(21C)-H(21H)
C(20C)-C(21C)-H(21l)

H(21G)-C(21C)-H(21I)

H(21H)-C(21C)-H(21I)

109.5
109.5
109.5
117.4(4)
107.9
107.9
107.9
107.9
107.2
114.9(9)
1085
108.5
108.5
108.5
107.5
109.5
109.5
109.5
109.5
109.5
109.5
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Table G 10 Anisotropic displacement parameters for 19

ull u22 u33 u23 ul3 ul2
CI(2) 58(1) 25(1) 40(1) -5(2) -18(1) -2(2)
Cl(2) 51(1) 26(1) 28(1) 3(1) -16(1) -5(2)
P(1A) 35(1) 23(1) 20(2) 0(1) -11(1) -4(2)
C(1A)  33(1) 25(1) 21(1) 1(1) -8(1) -4(2)
C(2A)  34(1) 31(2) 16(1) 2(1) -6(1) -4(2)
C(3A) 34(1) 33(1) 27(1) 3(1) -10(1) -4(1)
C(4A) 38(1) 43(1) 36(1) 8(1) -10(1) 1(1)
C(5A)  34(1) 58(2) 36(1) 7(1) -11(1) -7(2)
C(6A) 44(1) 51(2) 36(1) 1(1) -14(1) -18(1)
C(7TA)  43(1) 34(1) 26(1) -1(2) -10(1) -7(2)
C(8A) 41(1) 86(2) 72(2) 6(2) -25(1) -13(1)
C(9A) 48(2) 110(3) 101(2) 21(2) -41(2) -4(2)
C(10A) 43(1) 28(1) 21(1) -2(2) -9(2) -4(1)
C(11A) 42(1) 38(1) 28(1) -2(2) -6(1) -2(2)
C(12A) 54(2) 52(2) 51(1) -10(1) -2(1) 5(1)
C(13A) 55(2) 97(3) 90(2) -27(2) 2(2) 15(2)
C(14A) 39(1) 27(1) 26(1) -1(2) -14(1) -4(1)
C(15A) 48(1) 30(2) 28(1) 7(1) -16(1) -6(1)
C(16A) 67(2) 36(1) 42(1) 17(1) -25(1) -14(1)
C(17A) 66(2) 76(2) 63(2) 31(2) -19(1) -31(2)
C(18A) 42(1) 31(2) 31(2) 2(1) -16(1) -6(1)
C(19A) 38(1) 38(1) 43(1) 6(1) -15(1) -2(2)
C(20A) 39(1) 45(1) 49(1) 5(1) -10(1) -2(2)
C(21A) 48(1) 60(2) 61(2) -6(1) -3(1) -5(1)
P(1B) 43(1) 22(1) 24(1) 0(1) -12(2) -2(1)
C(1C) 38(2) 27(1) 28(1) -4(1) -14(2) 0(1)
C(2C) 38(3) 33(3) 25(3) -4(2) -19(2) 8(3)
C(3C) 49(3) 33(3) 31(3) -5(2) -16(2) 2(2)
C(C) 46(2) 42(3) 35(3) -2(2) -10(2) 11(2)
C(C) 40(2) 46(3) 40(3) 7(2) -13(2) 3(2)
C(@®C) 43(3) 41(3) 40(3) 4(3) -15(2) 5(2)
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C(7C)
C(8C)
C(9C)
C(1B)
C(2B)
C(3B)
C(4B)
C(5B)
C(6B)
C(7B)
C(8B)
C(9B)
C(10B)
C(11B)
C(12B)
C(13B)
C(14B)
C(15B)
C(16B)
C(17B)
C(18B)
C(198B)
C(20B)
C(21B)
C(19C)
C(20C)

C(21C) 104(11)

40(3)
41(4)
53(4)
38(1)
36(3)
43(2)
42(2)
35(2)
37(3)
40(3)
43(3)
56(4)
54(1)
55(1)
65(2)
63(2)
48(1)
57(1)
83(2)
92(2)
51(1)
44(1)
48(3)
51(3)
44(1)
86(8)

36(3)
75(6)
97(6)
27(1)
41(3)
38(3)
43(3)
49(3)
52(3)
48(4)
74(5)
98(6)
26(1)
41(1)
56(2)
121(4)
26(1)
31(1)
35(1)
60(2)
29(1)
38(1)
52(3)
73(4)
38(1)
40(5)
65(7)

30(3)
59(5)
55(4)
28(1)
19(3)
31(3)
42(3)
41(3)
36(3)
24(3)
77(5)
67(4)
39(1)
57(1)
111(3)
169(4)
22(1)
22(1)
27(1)
52(2)
31(1)
40(1)
49(3)
65(4)
40(1)
116(11)
137(14)

33)
12(4)
14(3)
-4(1)
-10(2)
-11(2)
-12(2)
-5(2)
33)
-4(3)
-18(4)
-19(4)
1)
5()
8(2)
17(3)
0(1)
0(1)
-2(1)
18(1)
4(1)
3(1)
1(2)
8(3)
3(1)
2(6)
0(8)

-14(3)
-2(4)
3(3)

-14(1)
-14(2)
-8(2)
-3(2)
-4(2)
-11(2)
-1(3)
8(3)
25(3)
-22(1)
-31(1)

-42(2)

-47(2)

-11(1)

-10(1)

-16(1)

-42(1)
-9(1)
-3(2)

-16(2)

-19(3)
-3(1)

-63(7)

-84(11)

7(3)
7(4)
11(3)
0(1)
1(2)
2(2)
6(2)
1(2)
0(3)
5(3)
0(3)

-15(4)

-1(1)
-2(1)
11(2)
20(2)
-4(1)
-7(1)

-19(1)
-35(2)

-4(1)
1(1)
3(2)
12(3)
1(1)
-2(5)
5(7)
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Table G 11 Hydrogen coordinates and isotropic displacement parameters for 19

X y z U(eq)
H(1AA) 5084 2369 2672 31
H(1AB) 5010 1166 2555 31
H(3AA) 6629 100 2405 37
H(4AA) 8323 -119 2768 46
H(6AA) 8526 2915 3100 51
H(7AA) 6834 3142 2722 41
H(8AA) 10034 1875 3314 77
H(9A1) 9766 -211 3465 99
H(9A2) 10799 441 3666 99
H(10A) 6176 325 605 37
H(10B) 5990 878 -389 37
H(11A) 7585 1833 -483 43
H(11B) 7767 1305 528 43
H(12A) 8008 -295 -300 65
H(12B) 7833 237 -1312 65
H(13A) 9692 -5 -1391 125
H(13B) 9424 1187 -1402 125
H(13C) 9598 654 -391 125
H(14A) 5568 3682 1070 35
H(14B) 6735 3197 608 35
H(15A) 6097 2883 -939 41
H(15B) 5054 3564 -467 41
H(16A) 6201 4661 -1469 56
H(16B) 6287 4946 -350 56
H(17A) 8023 4885 -1408 101
H(17B) 7931 4014 -571 101
H(17C) 7844 3729 -1690 101
H(18A) 4109 1845 81 40
H(18B) 3813 1143 1060 40
H(19A) 3685 3272 1382 47
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H(19B)

H(20A)
H(20B)
H(21A)
H(21B)
H(21C)
H(1CA)
H(1CB)
H(3CA)
H(4CA)
H(6CA)
H(7CA)
H(8CA)
H(9C1)
H(9C2)
H(1BA)
H(1BB)
H(3BA)
H(4BA)
H(6BA)
H(7BA)
H(8BA)
H(9B1)
H(9B2)
H(10C)

H(10D)
H(11C)

H(11D)
H(12C)

H(12D)
H(13D)
H(13E)

H(13F)

H(14C)

H(14D)
H(15C)

2751
3203
2243
1550
2353
1393
5007
4915
3228
1550
1572
3273

191
-838
4927
4958
3334
1536
1453
3227
-196

152
-967
3768
3911
2338
2247
1933
1964

156

396

365
4530
3341
3972

2783
2186
1739
2988
3812
3365
2650
3855
4719
4675
1629
1667
2484
4471
3725
2612
3825
4836
4948
1900
1766
4093
2312
3002
4662
4100
3185
3534
5246
4860
5055
3883
4268
1322
1756
2122

228

922
2804
2347
3563
2942
2486
7681
7585
8446
9543
9337
8290

10336
10905
11355
7721
7598
8044
8940
9327
8371
9706
10702
10895
6110
5053
5603
6743
6264
5146
6036
5756
6874
6282
6296
4495

47
54
54
86
86
86
36
36
44
49
48
41
72
85
85
36
36
44
52
50
45
82
95
95
46
46
57
57
89
89

172

172

172
38
38
44



H(15D)
H(16C)
H(16D)
H(17D)
H(17E)
H(17F)
H(18C)
H(18D)
H(19C)
H(19D)
H(20C)
H(20D)
H(21D)
H(21E)
H(21F)
H(19E)
H(19F)
H(20E)
H(20F)
H(21G)
H(21H)
H(211)

5047
3976
3846
2148
2181
2312
5906
6141
6356
7241
6883
7752
8622
7847
8716
6395
6901
7643
8180
9220
8193
8731

1482
318
57
61
952
1213
3245
3953
1857
2294
3023
3488
2347
1451
1915
2089
1997
3395
3212
2387
1738
1555

4538
4011
5179
4759
5547
4379
4748
5624
5970
5046
7047
6125
7045
6854
5933
6294
5118
6384
5223
6228
6769
5605

44
57
57
95
95
95
44
44
50
50
58
58
93
93
93
50
50
89
89
139
139
139
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Table G 12 Torsion angles [°] for 19

C(10A)-P(1A)-C(1A)-C(2A)
C(14A)-P(1A)-C(1A)-C(2A)
C(18A)-P(1A)-C(1A)-C(2A)
P(LA)-C(LA)-C(2A)-C(7A)
P(LA)-C(LA)-C(2A)-C(3A)
C(7A)-C(2A)-C(3A)-C(4A)
C(1A)-C(2A)-C(3A)-C(4A)
C(2A)-C(3A)-C(4A)-C(5A)
C(3A)-C(4A)-C(5A)-C(6A)
C(3A)-C(4A)-C(5A)-C(8A)
C(4A)-C(5A)-C(6A)-C(7A)
C(8A)-C(5A)-C(6A)-C(7A)
C(5A)-C(6A)-C(7A)-C(2A)
C(3A)-C(2A)-C(7A)-C(6A)
C(LA)-C(2A)-C(7A)-C(6A)
C(6A)-C(5A)-C(8A)-C(9A)
C(4A)-C(5A)-C(8A)-C(9A)
C(14A)-P(1A)-C(10A)-C(11A)
C(18A)-P(1A)-C(10A)-C(11A)
C(1A)-P(1A)-C(10A)-C(11A)
P(LA)-C(10A)-C(11A)-C(12A)
C(10A)-C(11A)-C(12A)-C(13A)
C(10A)-P(1A)-C(14A)-C(15A)
C(18A)-P(1A)-C(14A)-C(15A)
C(LA)-P(1A)-C(14A)-C(15A)
P(LA)-C(14A)-C(15A)-C(16A)
C(14A)-C(15A)-C(16A)-C(17A)
C(10A)-P(1A)-C(18A)-C(19A)
C(14A)-P(1A)-C(18A)-C(19A)
C(1A)-P(1A)-C(18A)-C(19A)
P(LA)-C(18A)-C(19A)-C(20A)
C(18A)-C(19A)-C(20A)-C(21A)
C(18B)-P(1B)-C(1C)-C(2C)
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49.70(16)
-71.81(16)
168.68(13)
90.88(18)
-90.14(19)
0.03)

-178.99(17)

0.9(3)
-1.5(3)
177.1(2)
1.2(3)
-177.4(2)
-0.3(3)
-0.3(3)
178.66(17)
169.0(3)
-9.6(4)
36.21(17)
155.53(15)
-84.76(16)
178.58(16)
-179.6(2)
66.49(17)
-51.76(17)

-170.94(14)
-169.07(16)

73.1(2)

-175.36(15)

-55.83(17)
63.29(17)
-91.8(2)
177.70(19)
173.3(4)



C(10B)-P(1B)-C(1C)-C(2C)
C(14B)-P(1B)-C(1C)-C(2C)
P(1B)-C(1C)-C(2C)-C(7C)
P(1B)-C(1C)-C(2C)-C(3C)
C(7C)-C(2C)-C(3C)-C(4C)
C(1C)-C(2C)-C(3C)-C(4C)
C(2C)-C(3C)-C(4C)-C(5C)
C(3C)-C(4C)-C(5C)-C(6C)
C(3C)-C(4C)-C(5C)-C(8C)
C(4C)-C(5C)-C(6C)-C(7C)
C(8C)-C(5C)-C(6C)-C(7C)
C(5C)-C(6C)-C(7C)-C(2C)
C(3C)-C(2C)-C(7C)-C(6C)
C(1C)-C(2C)-C(7C)-C(6C)
C(4C)-C(5C)-C(8C)-C(9C)
C(6C)-C(5C)-C(8C)-C(9C)
C(18B)-P(1B)-C(1B)-C(2B)
C(10B)-P(1B)-C(1B)-C(2B)
C(14B)-P(1B)-C(1B)-C(2B)
P(1B)-C(1B)-C(2B)-C(7B)
P(1B)-C(1B)-C(2B)-C(3B)
C(7B)-C(2B)-C(3B)-C(4B)
C(1B)-C(2B)-C(3B)-C(4B)
C(2B)-C(3B)-C(4B)-C(5B)
C(3B)-C(4B)-C(5B)-C(6B)
C(3B)-C(4B)-C(5B)-C(8B)
C(4B)-C(5B)-C(6B)-C(7B)
C(8B)-C(5B)-C(6B)-C(7B)
C(3B)-C(2B)-C(7B)-C(6B)
C(1B)-C(2B)-C(7B)-C(6B)
C(5B)-C(6B)-C(7B)-C(2B)
C(4B)-C(5B)-C(8B)-C(9B)
C(6B)-C(5B)-C(8B)-C(9B)

C(18B)-P(1B)-C(10B)-C(11B)
C(14B)-P(1B)-C(10B)-C(11B)
C(1C)-P(1B)-C(10B)-C(11B)

53.7(4)
-67.5(4)
79.0(14)
-97.6(11)
1.0(16)
177.7(9)
-1.7(10)
1.0(10)
176.5(6)
0.2(16)
-175.3(14)
-1(3)
0(2)
-176.6(16)
-13.7(11)
161.6(9)
167.8(3)
48.2(3)
-73.0(3)
90.9(13)
-90.2(9)
-2.5(15)
178.7(8)
3.3(9)
-2.7(10)
178.8(6)
1.2(15)
179.7(12)
12)
179.9(14)
0(2)
-153.7(7)
27.9(11)
160.15(16)
39.64(19)
-80.89(17)
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C(1B)-P(1B)-C(10B)-C(11B)
P(1B)-C(10B)-C(11B)-C(12B)
C(10B)-C(11B)-C(12B)-C(13B)
C(18B)-P(1B)-C(14B)-C(15B)
C(10B)-P(1B)-C(14B)-C(15B)
C(1C)-P(1B)-C(14B)-C(15B)
C(1B)-P(1B)-C(14B)-C(15B)
P(1B)-C(14B)-C(15B)-C(16B)
C(14B)-C(15B)-C(16B)-C(17B)
C(10B)-P(1B)-C(18B)-C(19C)
C(14B)-P(1B)-C(18B)-C(19C)
C(1B)-P(1B)-C(18B)-C(19C)
C(10B)-P(1B)-C(18B)-C(19B)
C(14B)-P(1B)-C(18B)-C(19B)
C(1C)-P(1B)-C(18B)-C(19B)
P(1B)-C(18B)-C(19B)-C(20B)
C(18B)-C(19B)-C(20B)-C(21B)
P(1B)-C(18B)-C(19C)-C(20C)
C(18B)-C(19C)-C(20C)-C(21C)

-80.89(17)
168.74(19)
-176.8(3)
-52.26(18)
67.70(18)

-170.16(15)
-170.16(15)
-168.91(16)

76.0(2)

-176.59(15)

-56.14(17)
62.27(17)

-176.59(15)

-56.14(17)
62.27(17)
-99.2(3)
-178.5(4)
-134.1(8)
175.4(8)
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