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ABSTRACT

The development of new grafting and attachment chemistries is of high importance in
the materials science community. This work looks at the functionalization of the highly
inert substrate Kevlar using sulfonyl azide containing polymers to generate sulfonyl nitrene
groups for aryl C-H insertion. The covalent coating of polymers is demonstrated, as well
as the retention of critical mechanical properties.

In addition the use of Sulfur(\VI) Fluoride Exchange (SuFEXx) chemistry in
functionalizing polymer brushes is examined. SUFEX is a new form of click chemistry that
uses sulfonyl fluorides or fluorosulfates and silyl ethers in the presence of certain bases to
form sulfonate or sulfate linkages. It is highly orthogonal to most other described forms of
click chemistry, and the precursors are generally redox, thermally, radical, and UV stable.
This post-polymerization modification technique provides access to the inclusion of free-
radical incompatible moieties in polymer brush in a single step. Using this motif, new
pathways for orthogonal functionalization and patterning of polymer brush surfaces should
be possible.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW
Introduction

Protective or decorative coatings are of significant interest in polymer chemistry. Coatings
from lacquer to paint are produced on a massive scale, and utilized in every facet of daily life. In
the U.S. alone, the coatings market produces 1.2 billion gallons of product yearly.! Most of these
coatings depend on noncovalent interactions such as hydrogen bonding and van der Waals forces
to maintain adhesion between the coating and the substrate. However, these coatings and films
have limited resistance to mechanical wear and are highly susceptible to dissolution in solvents.
While simple coatings like paint are generally easy to reapply, advanced “smart” coatings often
necessitate covalent attachment to a substrate to retain their usefulness.

Covalent attachment of coatings can take advantage of a wide variety of chemistries. Virtually
any coupling reaction can be used if an appropriate partner functional group is on the surface;
however, for coating applications, only a few specific reactions are the most widely used. Epoxides
are the most common grafting chemistry and are excellent at forming tightly crosslinked network
polymers. They react with surface nucleophiles as well as themselves in the presence of catalytic
water.? In fact, epoxides are so reactive and dependable that they form the main ingredient in
common “epoxy” glues, used in both commercial and residential applications.® This high
reactivity, however, means that epoxides will react indiscriminately with several functionalities in

a polymer, and once exposed to ambient conditions they must be used quickly.



A similar surface grafting chemistry is the use of chloro- or alkoxysilanes.*® Polymers or small
molecules incorporating these functional groups can condense with surface -OHs and form
covalent bonds to the substrate. However, silane chemistry is sensitive to water, so while it is
extremely flexible and widely used, it is not appropriate for functionalizing substrates without
native —OH’s or surfaces prone to exposure to aqueous solution.

While commercially relevant and dependable, grafting polymers to surfaces with these popular
chemistries have significant drawbacks aside from their water sensitivity. Foremost, there is a
necessity of the surface containing a nucleophile or —-OH. Additionally, films made by this method
tend to be very thin (<10 nm) and of low functional group density.” Finally, the high reactivity and
nonspecific nature of the grafting reactions limits the ability to include or add new functional
groups to the polymer in a precise manner. Addressing these concerns is a major topic in the
polymer thin film community, and new approaches are discussed herein.

Grafting to vs grafting from functionalization

In solution, an ordinary polymer chain naturally exists in a random coil formation which can
be thought of occupying, on average, a spherical volume of space. The amount of space being
occupied is dependent on the functional groups, molecular weight, and solvent interactions. This
space is known as the hydrodynamic volume. When deposited in the dry state on a surface, solvent
interactions are removed, and the polymer will have a different, but still roughly spherical shape.
Polymers that are grafted to a surface will retain this spherical shape, but, more importantly, block
any underlying, unreacted functional groups, rendering these groups unreachable by the reactive
moieties on still dissolved polymer and further grafting to the surface. This self-limiting process
will result only in very thin films consisting of polymer in its random coil state. The number of

chains per unit area is characterized by the grafting density, o:



o= % (Equation 1.1)

where h is the height, p is the bulk density, Na is Avogadro’s number, and Mn is the molecular
weight of the attached polymer chain. At low grafting densities, there is minimal interaction
between neighboring chains on the surface.

To achieve higher grafting densities, a different approach to surface functionalization must be
used, namely grafting from. In grafting from, a surface bound initiator is activated in the presence
of a monomer solution, causing polymer to grow directly from the surface. Low molecular weight
monomers are not blocked from the surface even sterically congested environment, allowing them
to diffuse towards a growing chain end, which means new chains can grow beneath the steric
shadow of already formed surface-bound polymer. As more chains grow on the surface, polymers
must extend normal to the surface due to excluded volume effects (Figure 1.1). This upward
stretching of chains leads to a polymer architecture known as “brushes.” Brushes afford thicker

films (up to hundreds of nm), high functional group density, and unique interfacial properties.’



Grafting to

Grafting from

Figure 1.1. Illustration demonstrating the differences of grafting from surfaces vs grafting to

surfaces.
it

polymerizations, such as free radical polymerization, require moderately specialized conditions
such as the removal of oxygen.® Also, the initiator molecule typically must be grafted to the
surface.. As such, grafting to is a more commercially viable method for functionalizing large

surface areas, whereas grafting from is most useful for conducting specialized small surface area



experiments in the biomedical and material science fields. Most grafting to techniques involve dip
or spray coating, followed by curing.
High reactivity grafting to chemistries

While silane and epoxide grafting reactions are usually spontaneous in the presence of their
reactive counterparts, some of the most useful grafting reactions are ones that require a stimulus
such as light or heat. Benzophenone is a prime example of such a reaction. Benzophenone is a
generally inert aryl ketone that, upon exposure to UV light can be excited to a diradicaloid triplet
state.® In this triplet state, the oxygen abstracts a nearby alkyl hydrogen, leaving two carbon
centered radicals, which can then recombine to form a covalent bond. If the benzophenone is
attached along a polymer backbone, then the result of this is to graft to polymer to wherever the
carbon center is being created, such as an inert plastic surface like polypropylene. Our group
previously took advantage of this chemistry to attach non-leaching antimicrobial quaternary amine
polymers to a variety of inert substrates.

However, some substrates are even more inert than polypropylene, which contains only alkyl
C-H bonds. Polyaramids like Kevlar® (Figure 1.2) consist of aryl groups connected by conjugated
amides. Conjugated amides are poor reactive handles. Also, the amides serve as electron
withdrawing groups to make the benzene rings of the aramid less reactive to electrophilic aromatic
substitution reactions. There are techniques for covalently coating Kevlar; however, these
techniques usually involve purposeful degradation of the backbone with acid or base to create
reactive handles or electrophilic aromatic substitution reactions that have byproducts, which may

cause chain scission along the backbone and degrade the mechanical properties of the material..t*-
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Figure 1.2. Structure of Kevlar.

To react with such a unique inert substrate, new attachment chemistries must be explored. The use
of nitrenes, an excited state of nitrogen, is promising in this field and is one of the topics of this
dissertation.
Post-polymerization modification and click chemistry

As discussed earlier, polymer brushes are a unique surface functionalization methodology that
allows for exquisite control of the surface chemistry. Brushes can be grown using free-radical
polymerization,'® atom transfer radical polymerization,’ nitroxide mediated polymerization,®®
reversible addition-fragmentation transfer polymerization,*® ring opening polymerization,?® and
ring opening metathesis polymerization.?! With such a huge selection of types of surface initiated
polymerizations for brushes, the monomer scope, reactivity, and polymer architecture control of
polymer brushes is immense.??> While it is possible through many of these techniques to synthesize
monomers with unique or stimuli responsive pendant groups, this can be time consuming,
synthetically inefficient, or simply incompatible with polymerization conditions. A simpler and

more effective method to produce specialized polymer brush films is to find easily accessible



reactive monomers to polymerize, then add advanced functionality to the brushes using reactive
chemistry, a technique known as post-polymerization modification.

While many reactions are suitable for post polymerization modification, “click” reactions are
uniquely qualified.® A click reaction is defined by Barry Sharpless as:

“The reaction must be modular, wide in scope, give very high yields, generate only
inoffensive byproducts that can be removed by nonchromatographic methods, and be
stereospecific (but not necessarily enantioselective). The required process characteristics
include simple reaction conditions (ideally, the process should be insensitive to oxygen
and water), readily available starting materials and reagents, the use of no solvent or a
solvent that is benign (such as water) or easily removed, and simple product isolation.
Purification--if required--must be by nonchromatographic methods, such as
crystallization or distillation, and the product must be stable under physiological
conditions.”?*Furthermore, he asserts that the reaction should be “spring-loaded” with a
thermodynamic driving force of higher than 20 kcal/mol, giving the reaction a single
trajectory.

The premier examples of click chemistry involve the formation of triazoles from azides and
alkynes. The copper(l) mediated (terminal)alkyne-azide cycloaddition (CUAAC) reaction was
discovered concurrently by Sharpless and Meldal.? 2® The immense modularity of this reaction
was immediately apparent, as both azides and alkynes have orthogonal reactivity to biologically
present functional groups, the reaction is efficient and high-yielding in water, and as long as some
effort is made to limit oxidation of the copper species (oxygen exclusion, including a reducing
agent), the reaction appears quantitative at room temperature over reasonable times. A copper-free

version of this reaction involves the use of strained internal alkynes. Strain-promoted alkyne-azide



cycloaddition (SPAAC) reactions have the same advantages of CUAAC, except that they are
insensitive to oxygen, since no metal catalyst is needed. The downside of SPAAC is that strained
alkynes can complex to synthesize and can also suffer from stability issues.

There are multiple click-type reactions that have been used to modify brush substrates, such as
the aforementioned CUAAC and SPAAC,%"? activated esters,* thio-Michael addition,®! thiol-
ene,* thiol-yne,® 3 and Diels-Alder.® *However, most click reactions have flaws that whereby
critical functionality involves thermally unstable, chain transferring, or polymerizable groups,
which make them unsuitable for polymerizations involving radical chemistry. The use of a new
type of click chemistry to circumvent this issue, the sulfur(VI) fluoride exchange reaction (SUFEX)
in post polymerization modification is another aspect of this dissertation.*’

Generation of complex surfaces

In order to create surfaces that truly mimic biological substrates, a methodology for imparting
complexity onto synthetic surfaces is a useful development. Observation on how individual cells
interact with complex surfaces is a critical tool for deconvoluting biological processes.®*° The
growth pattern of tissues such as nerves and bone has already been studied using artificially
patterned surfaces, which allows scientists to make structure/property deductions about such
interactions.** > Complex surfaces may also be useful as a method to produce multifunctional
biosensors, which can give signals in response to a complex physiological fluid. ** Additionally,
the modulus and micro- or nanomorphology of a surface can also influence cellular behavior.**
45,46

Polymer brushes offer a unique platform for multifunctional surfaces due to their ability to
incorporate widely varying functional groups in a closely controlled envirnoment. Both statistical

distributions, and patterning are relatively easily attainable, especially using click reactions.?” 2*



4749 While the concept of patterning functionalities onto brush surfaces using click chemistry is
not new, the expansion in the complexity of the surfaces able to be generated from a single reaction
solution is a crucial step forward in our ability to begin to mimic the immense complexity of true
biological surface. Our work in the field of orthogonal multi-surface functionalization by click
reactions makes up another part of this dissertation.>
Mechanism of antimicrobial polyquaternary amine biocidal activity

As mentioned earlier, our lab previously synthesized an antimicrobial polymer capable of
covalent attachment to surfaces via benzophenone chemistry.’® This work represents a unique
fusion of two known concepts: the C-H insertion chemistry of benzophenone with polymers
invented by Ruhe®!, and the non-leaching biocidal activity of poly-quaternary amines on surface
discovered by Klibanov.>> > However, the mechanism by which these coatings destroy bacteria
(and perhaps fungi and viruses), and the times scales over which they are effective, are poorly
studied.

There are two main hypothesized mechanisms of action involving leaching alkyl “-onium”

biocidal activity. Both rely on the electrostatic attraction between the net-negatively charged lipid

[3

bilayer surface and the positive charge of the “-onium” cations. First, the alkyl “-onium”
functionality must permeate through the peptidoglycan layer of Gram-positive bacteria, or through
the lipopolysaccharide and peptidoglycan of Gram-negative bacteria. The first mechanism
suggests an electrostatic interaction in which the alkyl “-onium” cations displace the divalent
cations of the lipid bilayer (primarily Mg?* and Ca?") which serve as counterions to the anionic
phosphate groups which populate the membrane.> This displacement damages the structural

integrity and organization of the surface of the lipid bilayer, which increases its permeability and

facilitates leaking of internal cellular content out of the cell.



However, there is some indication that neither of these are mechanism of surface-bound
quaternary amines. Work by Klibanov demonstrated that some bacteria, such as P. aeruginosa,
that are immune to quaternary amines (QA) in solution,®® are still susceptible to similar

functionalities that are tethered to a surface.>® Klibanov also demonstrated that S. aureus and E.

Control DMDC-Q-g-EM hydrogel

P. aeruginosa

E. coli

S. aureus

F. solani

Figure 1.3. SEM of bacteria on a control sample (left) and on a quaternary amine hydrogel (right).
Arrows indicate hole formation in cellular membrane. There is also notable deformation of the
cell membrane of each bacterium on the hydrogel surface. Reprinted by permission from
Macmillan Publishers Ltd: Nature Materials (P. Li, Y. F. Poon, W. Li, H.-Y. Zhu, S. H. Yeap, Y.
Cao, X. Qi, C. Zhou, M. Lamrani, R. W. Beuerman, E.-T. Kang, Y. Mu, C. M. Li, M. W. Chang,

S. S. Jan Leong and M. B. Chan-Park, Nat. Mater., 2011, 10, 149. Copyright 2011.

coli do not develop resistance to surface bound polyquaternary amines.>® Based on this evidence,

10



it is possible that the biocidal mechanism of action in surface bound, non-leaching “-onium”
cations may deviate from that of free, solvated, “-onium” salts.

It is still too early to definitively identify one mechanism as the primary biocidal route of
surface tethered “-onium” cations, although there appear to be differences between the mechanism
of action of solutions containing poly”-onium” salts and cations that are confined to a surface.
However, the ultimate result involving any of these mechanisms is formation of holes in the cell
membrane, which has been demonstrated by several groups, and is illustrated by the excellent
scanning electron microscope (SEM) images published by the Li group.®” The final topic of this
dissertation is a comprehensive literature review of the methods of attachment chemistry for such
compounds and their effectiveness.*®
Objectives and Outline

This dissertation has two main focuses. The first is on the use of sulfonyl nitrene chemistry
to attach copolymers covalently to Kevlar surfaces. This unique chemistry allows for thermal
curing of a thin coating onto an unusually inert fabric substrate. It is also a classic example of small
molecule chemistry which has received little attention since the late 1960s being revived for more
advanced applications in modern materials science.

The second major focus is the use of the SUFEX reaction along with other click functionalities
to post-polymerization modify polymer brush substrates. This work focuses on using click
reactions on the surface to create polymer surfaces that would be difficult to synthesize by other
methods. It also opens the door for the use of such chemistries to make micropatterned surfaces.

The final section is a literature examination to direct the field in elucidating the mechanism of

biocidal activity and chronicle the state of the art of tethering chemistries of poly“-onium” cations

11



to both organic surface such as polyethylene or cellulose, and inorganic surfaces such as gold or

steel.
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Abstract

Generating innovative methods to functionalize fibers and interfaces are important strategies for
developing coatings that impart new or improved properties to a given material. In this work, we
present a method for functionalizing highly inert poly(p-phenylene terephthalamide) (Kevlar®)
fibers via thermal generation of an electrophilic nitrene, while preserving the mechanical
properties of the aramid. Because of the high affinity of the sulfonyl nitrene singlet state for
aromatic rings, the use of a sulfonyl azide-based copolymer allows the covalent grafting of a wide
variety of common commercial polymers to Kevlar. Also, by using reactive ester copolymers, an
avenue for the attachment of more exotic or delicate functionalities like small molecules, dyes,

and biomolecules through postpolymerization modification is described.
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Introduction

Since the development of poly(p-phenylene terepthalamide) fibers by Stephanie Kwolek at
DuPont in 1965, Kevlar® and other polyaramids have found utility in hundreds of different
applications due to their remarkable chemical and mechanical properties. Pristine Kevlar fibers
display high tensile strength,? thermal stability,> 4 and resistance to mechanical degradation.’
These superior properties are primarily derived from the highly conjugated and extensively
hydrogen bonded nature of the aramid backbone. This same high degree of conjugation, along
with the deactivated nature of the aryl backbone and lack of reactive functional groups, also makes
Kevlar and other aramids difficult to process and derivatize using reactive coating methods, which
are effective strategies used to impart new properties onto textiles such as anti-wrinkle
technology,® hydrophobic,’ or antimicrobial coatings.®1°

Current methods that have been used to functionalize Kevlar include epoxy resins,*3
electrochemical deposition,** impregnation,® isocyanates,® radiation, plasma, or chemical radical
generation,!’2° conventional solution-based electrophilic aromatic substitution,?% silanation,?*2°
or hydrolysis with strong acids to generate reactive end groups.?® Each of these approaches has
critical issues that limit their widespread utility. Most employ harsh chemistry that leads to
degradation of the fibers or a functionalizing moiety, while others involve exotic strategies and
unstable compounds. Among these approaches are techniques that do not generate covalent bonds
between the coating and the aramid fibers, and therefore produce coatings that are subject to
dewetting, delamination, and leaching. It is also important to note that several of these techniques
depend on exposure to chloride ions, which are known to damage Kevlar.?’

In order to circumvent these issues, we have developed a simple strategy that utilizes a p-
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styrene sulfonyl azide (SSAZz) monomer?® to generate covalent graft points between a copolymer
coating and Kevlar fabric. SSAzs can form covalent bonds via an excited nitrene,? which is
generated through the decomposition and subsequent elimination of nitrogen gas from the azide.
The elimination occurs in the presence of UV light or heat.®% 3! This reactive nitrene can perform
several chemistries: C-H or O-H insertions, addition across double bonds to form aziridines,
trigger homolytic cleavage of C-H bonds followed by recombination, or electrophilic addition to
aromatic rings.3 There are two mechanisms of nitrene C-H insertion: either a direct insertion

from the singlet state into a double bond, or hydrogen atom extraction by a triplet state nitrene

singlet state

o o]
m

m

m

Figure 2.1. Arrow pushing mechanism of the grafting of a styrene sulfonyl azide

containing copolymer onto a Kevlar substrate.
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and subsequent radical-radical recombination between the radical center and the sulfonyl
nitrogen radical, both of which lead to covalent bond formation.

SSAzs differ from other C-H grafting chemistries like diradicaloid benzophenone,® 33 34 or
carbenes derived from diaryldiazonium salts,®>%" qa-diazoesters,®® or diazirines®® in several
important ways. First, polymers incorporating SSAz as a comonomer afford the unique
combination of long-term stability under ambient conditions, easy synthetic accessibility, a choice
of either photochemical or thermal activation, and the high affinity of the sulfonyl nitrene singlet
state for aromatic rings. Perfluorophenylazide based grafting chemistry, which has been used
extensively by the Yan group,*® #! has a similar reactivity as SSAzs; however the high fluorine
content of perfluorophenylazides leads to incompatible wetting on different polymer interfaces,
which prevents thin coatings with consistent thickness and uniformity. SSAzs on the other hand
are generally more compatible with respect to wetting and do not suffer from this issue. The SSAz
copolymers described in this work were all synthesized from low-cost, commercially available
starting materials and are stable indefinitely under ambient conditions.

The SSAz monomer starts to undergo thermal decomposition and nitrene generation at
approximately 120 °C, with maximum nitrene generation kinetics occurring at 180 °C.2¢ The most
important aspect of these materials for this work is that while sulfonyl nitrenes facilely insert into
alkyl C-H bonds, this functionality is even more reactive towards aryl groups,®* which is critical
in covalent grafting to substrates like Kevlar with high aryl content. One recent example that
demonstrates the reactivity of nitrenes with a polyaramid substrate is work by McVerry et al. in
which a perfluorophenyl azide-terminated polyethyleneglycol was grafted onto a polyaramid

reverse-osmosis filter using photochemical activation.*?
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The copolymerization of SSAz with other monomers allows for the grafting of a large variety
of heat or UV stable polymeric functionalities to the surface of Kevlar via the mechanism in Figure
2.1. Since Kevlar and other polyaramids are known to have high thermal stability but are
susceptible to UV-catalyzed degradation,***> we have used thermal grafting in this work. Thermal
grafting also provides access to the entire geometry of the fibers, rather than just the immediate
surface where UV light is limited by substrate transparency and penetration depth. To demonstrate
the versatility of thermal grafting onto aramid substrates, we have synthesized several different
SSAz containing copolymers. Common monomers such as acrylonitrile and 4-vinyl benzyl
chloride were copolymerized with SSAz to display the effectiveness of covalent grafting despite
highly variable polymer wettability and solubility conditions. Poly-4-vinyl-N-benzyl-N-
methylbutan-1-amine and polymethacrylic acid copolymers were also synthesized as suitable
cationic and anionic base polymers for layer-by-layer (LBL) deposition on the surface of Kevlar.
This was followed with precipitation of TiOz in order to directly observe the coating via EDS
(energy-dispersive X-ray spectroscopy), WDS (wavelength-dispersive X-ray spectroscopy) and
SEM (scanning electron microscopy). We also copolymerized SSAz with the pentafluorophenol
acrylate (PFPA) monomer, an activated ester with superior utility for post-polymerization
modification of surfaces.*® The use of PFPA allows the attachment of more delicate or complex
functionality that would not survive the initial polymerization or grafting procedures, or would be
difficult to synthesize as a copolymer. Most of the previous work for functionalizing Kevlar
surfaces focused on small molecule derivatization; however by using SSAz we can take advantage

of the fact that polymeric materials are easier to process and have superior coating properties.
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Materials and Procedure

Materials: All compounds were purchased from Alpha-Aesar, TCI, or Sigma-Aldrich and unless
otherwise noted were used as received. Methylmethacrylate and 4-vinylbenzyl chloride were
purified by flashing through basic alumina plugs. Acrylonitrile was purified by flashing though a
neutral alumina plug. Methacrylic acid was purified by vacuum distillation. Pentafluorophenol
acrylate was synthesized according to a previously published procedure.*” 850 Denier Kevlar KM2
was obtained from Barrday, and was cleaned by sonicating in acetone for 30 minutes, sonicating
in hexane for 30 minutes, stirring in 2% w/w sodium borate solution for 1 hr at 85 °C, and then
stirring in water at 75 °C for 1 hr, followed by drying in a vacuum oven at room temperature.
Equipment: *H NMR and 3C NMR of small molecules were taken on a Varian Mercury 300 MHz
NMR. Polymer spectra were taken on a Varian Inova 500 MHz NMR. FTIR studies were done
using a Thermo-Nicolet model 6700 spectrometer equipped with a variable angle grazing angle
attenuated total reflection (GATR-ATR) accessory (Harrick Scientific) at 64 scans with 4 cm™
resolution. Electron dispersive spectroscopy and wavelength dispersive spectroscopy were taken
on a JEOL JXA-8600 Electron Microprobe at 20 kV. Scanning electron microscopy was taken on
a FEI Inspec F FEG SEM at 20 kV. Fluorescence microscopy pictures were taken using an 8
megapixel digital camera on a Zeiss AX10 Observer inverted microscope with an X-cite Series
120 fluorescent light source and Chroma Technology filter model 11000 FITC UV filter (350 nm
excitation, >430 nm emission). Tensile testing was done on an Instron 5500R Series Model 4302
with reported values being the average of 15 pulled yarns from the warp direction of the Kevlar
sample. The tensile testing procedure from ASTM D279/D7269M was used, with a 1 kN load cell,
and 10 inch yarns with 2.8 twists/inch in the Z direction. A Mettler Toledo TGA/SDTA851 was

used to perform thermogravimetric analysis on samples at a heating rate of 10 °C/min. Nitrogen at
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50 mL/min was used as the carrier gas.

Styrene sulfonyl chloride: Synthesized using the procedure developed by Schuh et al.? The crude
product was passed through a silica plug in 1:1 ethyl acetate:hexane (78% yield) and stored in the
freezer at -20 °C. 'H NMR (300 MHz, CDCls) 6= 7.99 (td, J = 8.4 Hz, 2.4 Hz, 2H, H-C=C-S05)
7.60 (td, J =6.9 Hz, 1.5 Hz, 2H, H-C=C-CH,) 6.78 (dd J = 17.7 Hz, 10.8 Hz, H-C=CH,) 5.97 (d,
J = 17.7 Hz, HcisCH-C=CH,) 5.54 (d, J = 10.8 Hz, HyransCH-C=CH,). ¥C NMR (75 MHz,
CDCI3) §=144.4 (Car-SO2N3), 142.9 (Car-CH), 134.7 (CH=CHy), 127.4 (2 x Ca), 1 27.1 (2 x
Car), 119.3 (-CH>=CH).

Styrene sulfonyl azide (1): Synthesized according to Schuh et al. (74% yield).?® When handling
the SSAz monomer, it is important to note that it is stable under cold (-20 °C) storage, but will
form an insoluble solid if stored neat at room temperature after 24 hours in the presence of light.
It should also not be subjected to temperatures above ~30 °C in a concentrated form, as this can
also result in an insoluble mass. *H NMR (300 MHz, CDCls) 6= 7.91 (d, 8.4 Hz, H-C=C-S0O,)
7.61 (d, 8.4 Hz, H-C=C-CHy) 6.78 (dd, 17.1 Hz, 11.1 Hz, H-C=CH>) 5.95 (d, 17.7 Hz, HisCH-
C=CHy) 5.52 (d, 10.8 Hz, HtransCH-C=CH,). ). 3C NMR (75 MHz, CDCls3) = 143.7 (Car-SO2N3),
136.7 (C-CHar), 134.6 (CH=CH,), 127.6 (2 x Ca), 1269 (2 x Ca), 118.6 (CH,=CH). IR
(neat cm™): 3094, 3069 2128, 1593, 1400, 1372, 1190, 1169, 1088, 989, 927, 844, 759, 748, 650,
597.

Polymethylmethacrylate-co-styrene sulfonyl azide (pMMA-co-SSAz) (2): 1.0 g (9.98 mmol)
methylmethacrylate, 140 mg (0.5 mmol) styrene sulfonyl azide, and 18 mg (0.11 mmol) of AIBN
were added to an oven dried Shlenk flask with 10 mL dry toluene. The solution was degassed for
30 minutes with argon, before placing on a Shlenk line under nitrogen for reaction, and the

headspace purged. The reaction was conducted at 65 °C for 24 hours, then precipitated into cold
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methanol and suction filtered to obtain 270 mg of off-white solid (23% yield). *H NMR (500 MHz,
CDCl3) 8= 7.87 (bd, 2H) 7.20 (bd, 2H) 3.60 (bs, 27H) 3.01 (bm, 2H) 0.5-2.1 (bm, 46H).
Poly-4-vinylbenzylchloride-co-styrene sulfonyl azide (p4VBC-co-SSAz) (3): 2 g (13.1 mmol) of 4-
vinylbenzyl chloride, 144 mg (0.69 mmol) styrene sulfonyl azide, and 47 mg (0.28 mmol) of AIBN
were added to an oven dried Shlenk flask with 10 mL dry toluene. The solution was degassed for
30 minutes with argon, before placing on a Shlenk line under nitrogen for reaction, and the
headspace purged. The reaction was conducted at 65 °C for 54 hours, then precipitated into cold
methanol and suction filtered to obtain 1.95 g of off-white solid (91% yield). ). *H NMR (500
MHz, DMSO-dg) &= 7.5-7.6 (bm, 4H) 6.9-7.5 (bm, 20H) 6.3-6.9 (bm, 20H) 4.6-4.9 (bs, 20H) 1.0-
2.3 (bm, 30H).

Poly-4-vinyl-N-benzyl-N-methylbutan-1-amine-co-styrene sulfonyl azide (p4VBA-co-SSAz) (4):
0.94g of P4VBC-co-SSAz was dissolved in 18 mL dry THF, and 1.17 g (13.4 mmol) of 4-methyl-
butan-1-amine which had been dried over molecular sieves for 24 hours was added and the reaction
conducted on a Shlenk line under nitrogen at room temperature. After 72 hours the developed
amine salt was vacuum filtered off, the solvent removed by evaporation, and the crude product
redissolved in boiling acetone. The polymer was precipitated by quickly adding this solution to
water and suction filtering the solid to obtain 1.25 g of off-white solid. (95% vyield) Note: this
polymer should be stored as a stock solution in chloroform. *H NMR (500 MHz, CDCls) 6= 6.4-
8.0 (bd, 5H) 3.2-3.7 (bs, 2H) 0.7-2.9 (bm, 16 H).

Polyacrylonitrile-co-styrene sulfonyl azide (pAN-co-SSAz) (5): 1 g (18.8 mmol) of acrylonitrile,
210 mg (1 mmol) styrene sulfonyl azide, and 68 mg (0.4 mmol) of AIBN was added to an oven
dried Shlenk flask with 10 mL dry toluene. The solution was degassed for 30 minutes with argon,

before placing on a Shlenk line under nitrogen for reaction, and the headspace purged. The
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reaction was conducted at 65 °C for 24 hours. Toluene was evaporated off, and the solid was
redissolved in DMF and precipitated into ethyl acetate twice. The solid polymer was suction
filtered to obtain 0.40 g of yellow solid (33% yield). *H NMR (500 MHz, DMSO-dg) &= 7.4-8.2
(bm 4H) 3.0-3.3 (bm, 11H) 1.6-2.3 (bm 28H).

Polymethacrylic acid-co-styrene sulfonyl azide (pMAA-co-SSAz) (6): 1 g (11.6 mmol) of
methacrylic acid, 130 mg styrene sulfonyl azide, and 42 mg of AIBN was added an oven dried
Shlenk flask with 10 mL acetonitrile. The solution was degassed for 30 minutes with argon, before
placing on a Shlenk line under nitrogen, and the headspace purged. The reaction was conducted at
65 °C for 24 hours, then 10 mL of methanol was then added to the reaction to fully solubilize the
crude polymer. The solution was then precipitated into ethyl acetate and suction filtered to obtain
0.67 g of off-white solid (59% yield). *H NMR (500 MHz, DMSO-ds) = 12.1-12.5 (bs, 20H) 7.9-

8.0 (bm, 2H) 7.6-7.7 (bm, 2H) 1.3-2.1 (bm, 40H) 0.5-1.3, 60H).
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Figure 2.2. Styrene sulfonyl azide monomer (1) and copolymer structures used in this work:
polymethylmethacrylate (2), polyvinylbenzyl chloride (3), Poly-4-vinyl-N-benzyl-N-
methylbutan-1-amine (4), polyacrylonitrile  (5), polymethacrylic acid (6), and

polypentafluorophenol acrylate (7).

Polypentafluorophenolacrylate-co-styrene sulfonyl azide (pPFPA-co-SSAz) (7): 1.0 g (4.2 mmol)
of pentafluorophenol acrylate, 46 mg (0.22 mmol) styrene sulfonyl azide, and 15 mg AIBN were
added to an oven dried Shlenk flask with 10 mL benzene. The solution was degassed for 1 hour,
before placing on nitrogen line for reaction, and the headspace purged. The reaction was conducted
at 65 °C for 24 hours, then the solvent was removed by rotary evaporation. The clear viscous liquid
remaining was redissolved in THF, precipitated into cold methanol, and suction filtered to obtain
0.42 g of white solid (26% yield). ). 'H NMR (500 MHz, CDCls) = 7.87 (bd, 2H) 7.41 (bd, 2H)
1.5-3.1 (bm, 65H).
Kevlar coating: A clean 2.54 cm x 2.54 cm swatch of Kevlar was dipcoated in a 10 mg/mL solution

of polymer in a favorable solvent, then dried in a vacuum oven at room temperature. The swatch
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was then placed on a hotplate held at 180 °C in a nitrogen atmosphere under a piece of stainless
steel that had been previously heated to the same temperature. After 1 hour, the swatch was
removed, heavily sonicated in the original coating solvent and dried in a vacuum oven at room
temperature.

Layer-by-layer (LbL) deposition and titania precipitation: A coated swatch of Kevlar was soaked
for 2 minutes in 0.1 mM HCI solution (pH=4). Dipcoating was done by alternating between 0.1%
wi/w polystyrene sulfonate and 0.1% w/w branched polyethyleneimine solutions, with a deionized
water washing step between each dip. This process was repeated to form 5 layers. After LbL, the
swatch was dried in a vacuum oven at room temperature. TiO> was precipitated by placing the
coated swatch in 25 mL of a 25 mM (0.076 g/25 mL) Tris buffer solution, then adding 0.5 mL of
50% wi/w aqueous dihydroxybis(ammoniumlactato)titanium(lV) and placing on a shaker at 250
rpm for 6 hours.*® The swatch was removed, rinsed with deionized water, and dried in a vacuum
oven at room temperature.

Attachment of 1-pyrenemethylamine: A Kevlar swatch was dipped in 50 mg/mL PPFPA-co-SSAz
THF solution, dried at room temperature in a vacuum oven, then cured for 1 hr at 180 °C. After
curing, the swatch was sonicated in THF to remove any physisorbed polymer. The swatch was
then placed in an oven dried Shlenk flask under inert atmosphere. Solutions of 40 mM 1-
pyrenemethylamine hydrochloride and 80 mM triethylamine were prepared in DMF and added to
the flask, and the mixture was stirred for 1 hour at room temperature under nitrogen. The swatch
was Soxlet extracted with acetone overnight in the dark to wash away excess 1-pyrenemethylamine

and dried in a vacuum oven at room temperature.
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Results and Discussion

Scheme 2.2 shows the variety of monomers that were copolymerized with SSAz (1) in this
work, including: methyl methacrylate (2), 4-vinylbenzyl chloride (3), poly-4-vinyl-N-benzyl-N-
methylbutan-1-amine (4), acrylonitrile (5), methacrylic acid (6), and pentafluorophenol acrylate
(7), amonomer easily synthesized in one step from methacroyl chloride and pentafluorophenol.*®
All of these polymerizations were successful, provided the reaction was conducted under suitably
dilute conditions. It is of importance to note that all SSAz free radical polymerizations should be
performed at concentrations of no more than ~10-20% v/v monomer, as more concentrated
reactions gel after several hours at polymerization temperature. Regardless of feed monomer, this
gel was insoluble in common solvents, likely indicating a crosslinked polymer network. Nitrene
formation at 65 °C is negligible, however Breslow et al. found that in the presence of a
hydroperoxide radical initiator, benzene sulfonyl azide showed evidence of decomposition to a
benzene sulfonyl radical.®® It follows that in this system, AIBN can initiate the radical
decomposition of SSAz, creating free radicals along the polymer backbone, leading to premature
crosslinking. By avoiding more concentrated or neat polymerizations, this side reaction can be
circumvented.

All the polymers synthesized in this work contained the SSAz crosslinker at 5 mol%, which
was chosen to provide a balance between sufficient crosslinking points for grafting while still
preserving the properties of a homopolymer prepared from the primary monomer. The resulting
polymers were stable for months under ambient conditions with one exception. To produce an
amine functionalized polymer, poly-4-vinylbenzylchloride-co-styrene sulfonyl azide (p4VBC-co-
SSAz) was post-polymerization modified with N-butylmethylamine to yield poly-4-vinyl-N-

benzyl-N-methylbutan-1-amine-co-styrene sulfonyl azide (p4VBA-co-SSAz). After purification,
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if left in the dry state, pVBA-c0o-SSAz becomes completely insoluble after several hours. This is
surprising because the precursor, p4AVBC-co-SSAz, is stable under ambient conditions. Because
water is used to precipitate the polymer and remove leftover N-methylbutylamine, we hypothesize
that a small proportion of the benzyl chloride groups may remain after post-polymerization

modification, which can result in the amine catalyzed formation of dibenzyl ether

Figure 2.3 (A-D) Scanning electron microscope images of (A) SSAz copolymer coated Kevlar
with SSAz copolymer cross-bridges; (B) high magnification image of the coated Kevlar fibers
which shows the smooth morphology; (C) LBL coated Kevlar with precipitated TiO2; (D) high
magnification image of TiO. nanoparticles precipitated on coated Kevlar. (E-H) SSAZ
copolymer coated Kevlar elemental mapped at 4.511 keV (Ti Ka line) using (E) backscattered

electrons (F) EDS, (G) WDS, and (H) overlaid EDS and WDS data.
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crosslinks. Sufficient crosslinking renders the polymer insoluble. However, pAVBA-c0-SSAz is
stable for months if immediately dissolved and kept in an anhydrous chloroform solution.

The polymers produced in this study were cured onto Kevlar swatches at 180 °C for 1 hour,
and produced coatings such as those seen in the SEM images in Figure 2.3A and B. These images
of polymer coated Kevlar demonstrate the nature of the attachment chemistry. The clearest features
are the crosslinked polymer bridges that extend between Kevlar strands (Figure 2.3A), and the
highly smooth coating on the yarn surface (Figure 2.3B). The coating is homogeneous across all
the strands in a given sample, which indicates uniform distribution and wetting. There were few,
if any, defects or voids observed via SEM.

By using SSAzs to attach a base polymer like pVBA-co-SSAz or poly(methacrylic acid-co-
styrene sulfonyl azide) (PMAA-c0-SSAz), a surface was prepared that was conducive to LbL
deposition of anionic poly(styrenesulfonate) and cationic poly(ethyleneimine). After 5 dipping
cycles, a coating of titania nanoparticles were precipitated on the Kevlar substrate using previously
described methods.*® The titania nanoparticles were observable by SEM, EDS, and WDS. Figure
2.3C shows an increased surface roughness along with a morphological change due to the
precipitated TiO2, and under high magnification (Figure 2.3D), TiO2 nanoparticles are evident. The
presence of titanium on the surface is also apparent in the elemental maps (Figure 2.3 F-H)
generated from EDS and WDS from the Ti Ka peak at 4.511 keV.

To determine whether the mechanical properties were damaged during the curing process or
by the presence of the polymer coating, Kevlar yarns were subjected to tensile testing on an Instron,
the results of which are shown in Table 2.1. p4VBA-co-SSAz coated and cured (PCC) Kevlar was
compared to Kevlar that had been thermally cured without any coating (TC), and to virgin Kevlar.

The results indicated that there was minimal difference in the mechanical properties between all
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three samples. With respect to the virgin Kevlar and the TC Kevlar, there was a slight decrease in
tensile stress at max load and energy at break, and a slight increase in Young’s modulus. There is
essentially no statistical difference in these properties between the PCC Kevlar and the TC Kevlar.
The net difference between the virgin Kevlar and the PC Kevlar across the properties measured is
6-14%, which borders the standard deviation (4-7%) of the measurements. The close values of the
TC and PCC Kevlar tensile results also indicated that the small change in mechanical properties is
unrelated to the polymer coating. The thermal curing is done under nitrogen atmosphere to avoid
oxidative damage, and it is likely that some molecular rearrangement of water between the
amorphous and crystalline regions in the Kevlar is the source of slight mechanical losses.*® *
There was, however, a greater tensile strength loss when curing with pMAA-c0-SSAz (Supporting
information). Curing with this polymer derivative caused a 14% loss in tensile stress at max load
and modulus, and a 25% loss of energy at break. We originally hypothesized that acid-catalyzed
hydrolysis at the curing temperature is caused some chain-scission in Kevlar, resulting in more
significant deterioration of the mechanical properties with this acid containing coating. However,
after presenting this data at the American Chemical Society meeting in Philadelphia in 2015, a
DuPont scientist informed us that molecular rearrangement of the Kevlar chains occurs at raised

temperatures, and causes slight changes in the mechanical properties.

Table 2.1 Tensile data for untreated Kevlar, thermally cured Kevlar, and Kevlar cured in the

presence of p4VBA-co-SSAzZ.

Tensile stress at max load (MPa) | Young’s modulus (gf/den) Eneroy at break (J)
Virgin Kevlar 20.158 +/- 0.818 726985 +/-7.531 0.923 +- 0.070
Thermal Control (TC) 19281 +/- 0.757 743 618 +/- 6.991 0.837 +/- 0.055
p4VBA-co-8SAZ (PCC) 18.930 +/- 0.783 744 818 +/-10.376 0.808 +/- 0.062

Thermal gravimetric analysis of a PMMA-co-SSA coated Kevlar sample showed little change
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in the thermal properties of the material as compared to the control sample (Figure 2.4). The coated
sample had a ~5% weight loss between 250-550 °C, before the decomposition temperature of

Kevlar that occurs around 550 °C, which likely corresponds to the degradation of the PMMA-co-

SSA coating.
—— PMMA-co-SSA Kevlar
Kevlar
—— PMMA-co-SSA
1004 =
80
< 60 -
Ko
[
2
X 40 -
20 4
0 T

I : 1 I 5 I i I S I 4 I v 1

——r ,
0 100 200 300 400 500 600 700 800 900
Temperature (Celcius)

Figure 2.4. Thermal gravimetric analysis data of Kevlar coated in PMMA-co-SSA

(black), virgin Kevlar (red), and PMMA-co-SSA (blue).

The pMMA-c0-SSAz copolymer was also used to provide direct spectroscopic evidence of the
incorporation of a PSAz containing polymer onto Kevlar. Poly(methylmethacrylate) has two
distinct IR peaks at 1728 cm™ and 1149 cm™ (attributed to the ester C=0 and C-O stretches) that
can be differentiated from bulk Kevlar. Both pMMA-co-SSAz and commercial pMMA were
applied to and cured at 180°C on Kevlar swatches, and the FTIR spectra recorded. Kevlar has a

primarily C=0 amide | (1645 cm™), an amide Il primarily N-H mode, a C=Caromatic band (1515,
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cm™), an amide 111 with complex contributions (1319 cm™), a C-Oaromatic Stretch (1262 cm™?), and
a C-Haromatic in-plane vibration peak (1018 cm™). Figure 2.4 shows that after curing and prior to
rinsing, both pMMA and pMMA-co-SSAz coated Kevlar contain the pMMA ester carbonyl peak
at 1728 cm™ and the C-O peak at 1149 cm™. However after sonication in dichloromethane, only
the Kevlar cured with the pMMA-co-SSAz retains the ester C=0 and C-O peaks, indicating that
the polymer is still covalently attached. Finally, in order to demonstrate the flexibility and

modularity of this thermal grafting approach, the activated ester monomer PFPA was
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Figure 2.5. FTIR spectra demonstrating the robust attachment of PMMA-co-SSAz
copolymer to Kevlar. After coating with PMMA or PMMA-c0-SSAz the Kevlar
swatches display the methacrylic 1728 cm™ ester peak. After rinsing, it is evident that
the coating is retained only on the swatch that underwent thermal grafting PMMA-co-

SSAz.
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1 mm

Figure 2.6. Fluorescence micrographs of (a) Virgin Kevlar, (b) Kevlar coated with
PPFPA- co-SSAz; (c) Plain Kevlar immersed in 1-pyrenemethylamine solution; (d).
Kevlar coated with pPFPA-co-SSAz that has undergone post-polymerization

modification with 1- pyrenemethylamine.

copolymerized with SSAz. PFPA is notable for its fast and selective reactions with amines
(pseudo-first order rate constant of 0.246 s with primary alkyl amines), and reduced susceptibility
to hydrolysis.*® pPFPA-co-SSAz allows the functionalization of Kevlar with moieties not
amenable to high temperature curing or inclusion directly as a monomer by acting as an excellent
substrate for post-polymerization modification. To demonstrate that the PFPA functionality
remains reactive after grafting to Kevlar, 1-pyrenemethylamine was reacted with the coated
surface to produce a copolymer containing pendant pyrene moieties. Figure 3 shows fluorescence
microscopy images of the pPFPA-co-SSAz functionalized Kevlar after post-polymerization

modification with 1-pyrenemethylamine. The polymer containing pendant pyrene moieties shows
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a strong blue fluorescence (Figure 2.6), whereas the controls (plain Kevlar, plain Kevlar exposed
to 1-pyrenemethyl amine, and Kevlar cured with pPFPA-co-SSAZz) only exhibit the inherent green
fluorescence of Kevlar (Figure 2.6 A-C).
Conclusion

In this work, we have adapted a versatile monomer, p-styrene sulfonyl azide, for use in the
robust coating of inert aramid textiles. Using this approach, a variety of free radical compatible
monomers are amenable to covalent grafting, along with the postpolymerization or post-grafting
modification of reactive ester containing copolymers with nucleophilic substrates. The copolymers
in this study were cured for 1 hour at 180 °C to ensure full crosslinking, however this curing time
and high temperature are likely not necessary in all cases. All the polymers synthesized in this
study except the unique case of pVBA-c0o-SSAz did not display any change in properties over
several months of experimentation, demonstrating that the SSAz functionality in these polymers
is highly stable and can be stored under ambient conditions. It has also been demonstrated that the

curing process does not significantly damage the mechanical integrity of Kevlar.
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CHAPTER 3:

SUFEX ON THE SURFACE: A FLEXIBLE PLATFORM FOR POSTPOLYMERIZATION

MODIFICATION OF POLYMER BRUSHES '

YYatvin, J.; Brooks, K; and Locklin, J. 2015. Angew. Chem. Int. Ed. 54:13370-13373.

Reprinted with permission from publisher.
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Abstract

Polymer brushes present a unique architecture for tailoring surface functionalities due to their
distinctive physicochemical properties. However, the polymerization chemistries used to grow
brushes place limitations on the monomers that can be grown directly from the surface. Several
forms of click chemistry have previously been used to modify polymer brushes via
postpolymerization modification with high efficiency, however it is usually difficult to include
the unprotected moieties in the original monomer. We present the use a new form of click
chemistry known as SuFEx (sulfur(V1) fluoride exchange), which allows a silyl ether to be
rapidly and quantitatively clicked to a polymer brush containing native -SO2F groups with rapid
pseudofirst order rates as high as 0.04 s™*. Furthermore, we demonstrate the use of SUFEX to
facilely add a variety of other chemical functional groups to brush substrates that have highly

useful and orthogonal reactivity, including alkynes, thiols, and dienes.
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Introduction

Over the past decade, click chemistries have become essentially a standard coupling strategy used
to covalently immobilize or conjugate a variety of simple and complex molecules in the chemical
and biological sciences.!? These chemistries have also had an equally important impact on surface
science, as they allow the attachment of complex or delicate molecules with high fidelity, speed,
and conversion to solid or particle supports.>’ Conversely, click chemistries can be used to attach
polymers to substrates, one another, or add functionality along the backbone in an efficient and
orthogonal manner.81° Polymer brushes have emerged at the forefront of surface functionalization
due to the unique physicochemical properties of stretched polymer chains and the ability to have
a high density of functional groups in a given area. Also, the functionalization of reactive polymer
brushes via highly efficient forms of postpolymerization modification (PPM) reactions has
emerged as an expanding field.*1” By combining the unique properties of polymer brushes and

click chemistry PPM, surfaces with desirable and unique properties can be quickly generated
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Figure 3.1. Synthetic scheme for SUFEX brushes. (bottom) Selection of reactive
functionalities for PPM of p(FSPMA) brushes.

without laborious monomer or polymer synthesis. The ability to use a variety of coupling
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strategies, especially highly robust and efficient click chemistries, is particularly important for
decorating surfaces with multiple functionalities. 82! However, some click reactions have inherent
drawbacks such as oxygen sensitivity or difficult synthetic access. Our lab has already
demonstrated several uses of PPM click chemistry on polymer brushes to design complex
interfaces.?! Herein, we demonstrate the application of a new form of click chemistry, sulfur(VI)
fluoride exchange (SUFEX), for the efficient functionalization of polymer brushes, with the aim
towards increasing the ability to functionalize surfaces in an orthogonal fashion. We also believe
that SUFEX provides a simple platform to graft other challenging functional groups that are
intolerant of the required polymerization conditions, such as other click motifs, to brush surfaces.
The sulfur-fluoride exchange reaction, which was recently revived from an unrecognized state by
the Sharpless group,? is based on the unique reactivity of sulfonyl fluorides. Unlike electrophilic
sulfonyl chlorides, sulfonyl fluorides are generally unreactive under a wide variety of harsh
reaction conditions.?? However, in the presence of certain non-nucleophilic bases, such as
diazabicycloundec-7-ene (DBU), or 2-tert-butyl-imino-2-diethylamino-1,3-dimethylperhydro-
1,3,2-diaza-phosphorine (BEMP), it has been previously demonstrated that sulfonyl fluorides will
undergo exchange with silyl ethers in a highly selective fashion to form a new S-O bond (Scheme
1). This reaction is driven by the thermodynamically favorable formation of a Si-F bond (bond
dissociation energy = 565 kJ'mol™).2% Other sulfonyl halides are much less suitable for this reaction
due to their higher degree of SO,-X bond hydrolyzability and the lower Si-X bond formation
energy (Si-Cl = 456 kJ'mol™?, Si-Br = 343 kJ'mol™, Si-1=399 kJ'mol?). The exact mechanism of
the exchange has not been completely elucidated, but Gembus et al. hypothesized that a sulfonyl
ammonium fluoride salt is formed by the reaction of an amine with the sulfonyl fluoride, which

can then react with the silyl ether to form a sulfonate ester plus inert silyl fluoride.?
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Equipment and Materials

All compounds were purchased from Alpha-Aesar, TCI, or Sigma-Aldrich and unless otherwise
noted used as received. DMF and DCM were obtained dry after passing through an MBraun MB-
SPS. Imidazole was recrystallized in DCM. Acetonitrile, triethylamine, DBU, propargyl alcohol,
furfuryl alcohol, and mercaptoethanol were dried over 4 A molecular sieves.

FTIR studies were done using a Thermo-Nicolet model 6700 spectrometer equipped with a
variable angle grazing angle attenuated total reflection (GATR-ATR) accessory (Harrick
Scientific) at 64 scans with 4 cm™ resolution. Polymerization was conducted in a Rayonet RPR-
600 Mini UV reactor using 350 nm bulbs. Thickness was determined on a J.A. Woollam M-2000
V spectroscopic ellipsometer with a white light source at three angles of incidence (65°, 70°, and
75°) to the silicon wafer normal. A Cauchy model was used to fit the film thickness, extinction
coefficient, and refractive index of the polymer brush layer. Static contact angle measurements
were taken on a Kriiss DSA 100 using a 1 pL drop of 18 MQ water (pH 7). UV-Vis studies were
performed on a Varian Cary 50 UV-Vis Spectrophotometer. *H and °F NMR were taken on a
Varian Mercury 300 MHz NMR. The number- and weight-average molecular weights of the
copolymer were estimated using gel permeation chromatography (Viscotek, Malvern Inc.) with
two high-molecular-weight columns (I-MBHMW-3078) and one low-molecular-weight column
(I-MBLMW-3078) with THF as the eluent at 40 °C. Triple-point detection, consisting of the
refractive index, light scattering, and viscometry, was used. Polystyrene standards were used to
determine the molecular weight from the universal calibration. AFM images were taken using
Peakforce Quantitative Nanomechanical Mapping on a Bruker Multimode AFM with Scanasyst-

AIR, k=0.4 N/m, resonant frequency (fo)=50-90 kHz.
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Synthesis of p(FSPMA\) brushes: In a glovebox, plasma cleaned slides were immersed for 16 hr in
a 10 mM dry toluene solution of azo-based silane initiator prepared according to Arnold et al. to
form an photoinitiator monolayer.? Slides were removed from the glovebox and sonicated in dry
toluene. FSPMA was degassed with Ar for 2 hours. Both the slides and degassed FSPMA were
then brought into the glovebox. Slides were placed in glass vials with 0.3 mL FSPMA and tightly
sealed using Teflon tape. Vials were removed from the glovebox and irradiated with 350 nm light
(1.25 mW/cm?) in a UV reactor for 2 hours. Slides were removed from the vials and sonicated
with THF to remove any physisorbed polymer.

Postpolymerization modification of brushes: 0.1 mmol of a silyl ether protected molecule was
dissolved in 2 mL of MeCN, and the substrate was added along with a small stir bar. 0.02 mmol
of either DBU or TBD was added, and the p(FSPMA) substrate immersed in the solution for 2
hours at room temperature for DBU or 3 minutes for TBD. The substrate was then washed with
CH.CI; and isopropanol.

Synthesis

3-(chlorosulfonyl)propyl  methacrylate: 10.00 g (483 mmol) of sodium 3-
(methacryloyloxy)propane-1-sulfonate was added to a round bottom flask followed by 16 mL (82
mmol) of thionyl chloride and 2 drops of catalytic DMF. The reaction was refluxed overnight and
then quenched by slowly adding the reaction mixture to ice. The water layer was extracted 2x with
ether. The ether layer was then extracted 2x with water and dried over MgSOa. Solvent was
removed under reduced pressure to yield 6.2g (73% yield) of a pale yellow oil, which was stored
at -20 °C. 'H NMR (300 MHz, CDCl3) 8= 6.12 (s, 1H) 5.63 (s, 1H) 4.33 (t, J = 6.0 Hz, 2H) 3.78

(t, J = 9.0 Hz, 2H) 2.43 (quintet, J = 6 Hz, 2H) 1.95 (s, 3H).
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3-(fluorosulfonyl)propyl methacrylate: 6.20 g of 3-chlorosulfopropyl methacrylate was dissolved
in 10 mL of MeCN, and the solution was added to 10.6 g of KFHF dissolved in 33 mL of water in
a polyethylene container. The solution was stirred vigorously at room temperature to elicit an
unstable emulsion for 7 hours and then extracted with ether. The ether layer was washed 2x with
saturated sodium bicarbonate solution, dried over MgSOs, and then flashed through a neutral
alumina plug. Solvent was removed under reduced pressure, and the monomer was further purified
by vacuum distillation to yield 4.67 g (81% yield) of clear oil which was stored at -20 °C. *Caution
KFHF etches glass, and spills should be treated similarly to HF solution spills. *H NMR (300
MHz, CDCls) 8= 6.12 (s, 1H) 5.63 (s, 1H) 4.30 (t, J = 6.0 Hz, 2H) 3.49 (m, 2H) 2.34 (m, 2H) 1.95

(s, 3H). 1°F NMR (282 MHz, MeCN-ds) 5= 52.03 (t, J = 0.56, 1 F).
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Figure 3.2. *H NMR of 3-(fluorosulfonyl)propyl methacrylate.
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Figure 3.3. F NMR of 3-(fluorosulfonyl)propyl methacrylate.

TMS-Disperse Red 1: 3.00 g (9.54 mmol) of Disperse Red 1 and 1.46 mL (10.49 mmol) of
triethylamine were dissolved in 50 mL of DCM in a 3-neck round bottom flask. 1.27 mL (10.02
mmol) of trimethylchlorosilane was added to the flask, and the reaction stirred overnight at room
temperature. DCM was removed by evaporation under reduced pressure and ether added. The
solution flashed through a Celite plug then solvent was removed under vacuum to yield 1.13 g
(31% vyield) of a dark red solid, which was stored under an inert atmosphere. *H NMR (300 MHz,
CDCl3) = 8.31 (d, J = 9.0 Hz, 2H) 7.95 (d, J = 9.0 Hz, 4H) 6.79 (d, J = 9.0 Hz, 2H) 3.80 (t, J =

6.0 Hz, 2H) 3.5-3.6 (M, 4H) 1.26 (t, J = 6.0 Hz, 3H).
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tert-butyldimethyl(prop-2-yn-1-yloxy)silane(a): 1 g (17.8 mmol) of propargyl alcohol, 2.43 g
(35.70 mmol) of imidazole, and 2.70 g (17.90 mmol) of TBDMS-CI, were dissolved in 7 mL of
DCM, and the reaction was stirred overnight at room temperature. The reaction was extracted with
2x with water then the DCM removed by evaporation under reduced pressure. The crude product
was distilled under reduced pressure to yield 2.20 g (72% yield) of a clear oil. *H NMR (300 MHz,
CDCl3) 8= 4.31 (dd, J = 3.0, 3.0 Hz, 2H) 2.38 (m, 1H) 0.91 (s, 9H) 0.12 (s, 6H).
2-((tert-butyldimethylsilyl)oxy)ethane-1-thiol(b): 1 g (12.80 mmol) of 1-octanol, 1.45 g (13.06
mmol) of imidazole, and 1.56 g (26.88 mmol) of TBDMS-CI were dissolved in 7 mL of DCM,
and the reaction was stirred overnight at room temperature. The reaction was extracted with 2x
with water then the DCM removed by evaporation under reduced pressure to yield 1.06 g (49%
yield) of a clear oil. *H NMR (300 MHz, CDCls) 6= 3.75 (t, J = 6 Hz, 2H) 2.63 (m, 2H) 1.53 (t, J
= 9 Hz, 1H) 0.88 (s, 9H) 0.07 (s, 6H).
tert-butyl(cyclopenta-1,3-dien-1-ylmethoxy)dimethylsilane: 1 g (10.19 mmol) of furfuryl alcohol,
1.10 g (10.38 mmol) of tert-butyldimethychlorosilane, and 1.18 g (21.40 mmol) of imidazole were
dissolved in 7 mL of DCM, and the reaction was stirred overnight at room temperature. The
reaction was extracted with 2x with water then the solvent evaporated under reduced pressure to
yield 1.06 g (57% vield) of a yellow oil. T8 NMR (300 MHz, CDCls) &= 7.37 (dd, J= 0.1 Hz, 1H)
6.31 (m, 1H), 6.22 (dd, J= 3.0, 0.2, Hz 1H) 4.64 (s, 1H) 0.91 (s, 9H) 0.08 (s, 6H).
TBDMS-Disperse Red 1: 1.00 g (2.59 mmol) of Disperse Red 1, 0.42 g (6.22 mmol) of imidazole,
and 0.43 g (2.84 mmol) of tert-butyldimethylchlorosilane were dissolved in 20 mL DMF. The
reaction was stirred overnight. Water and ether were added, and the organic layer was extracted
3x with water. Ether was removed by evaporation under reduced pressure to yield 0.92 g of a dark

red powder (86% yield). *H NMR (300 MHz, CDCls) 6= 8.32 (d, J = 9.0 Hz, 2H) 7.90 (d, J = 9.0
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Hz, 4H) 6.76 (d, J = 9.0 Hz, 2H) 3.83 (t, J = 6.0 Hz, 2H) 3.45-3.60 (m, 4H) 1.24 (t, J = 6.0 Hz,
3H) 0.89 (s, 9H) 0.04 (s, 6H).
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Figure 3.4. Triple detection GPC data for isolated solution polymer generated by surface initiated

polymerization of FSPMA.

M - (Daltons) 171218
My - (Daltons) 283145
M; - (Daltons) 400284

Dispersity - 1.65

56



Absorbance data
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Figure 3.5. Absorbance vs. time of DR1-TMS surface SuFEx catalyzed by DBU.
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Figure 3.6. Absorbance vs. time of DR1-TBDMS surface SuFEx catalyzed by DBU.
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Grafting density calculation

The p(FSPMA) from solution polymer’s number-average molecular weight, which was assumed
to be similar to the brush polymer’s number-average molecular weight, was determined to be
171,218 Da. The density of the polymer was assumed to be close to that of the monomer (1.5),
Using these values in Equation (1), where h is the thickness (25 nm), p is the bulk density, Na is

Avogadro’s number, and M, is the number-average molecular weight,

Equation 3.1. o = h;ﬂ

the grafting density (o) of the brushes was determined to be 0.14 chains/nm?,
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Rate constant calculation
Since the number of silyl ether and catalyst molecules in solution is several orders of magnitude
more than the number of sulfonyl fluorides on the surface, the reaction kinetics can be considered

as pseudo-first order, which can be described by the equation:

Equation 3.2. k't =1n (M)

Ar—Aco

where k' is the pseudo-first-order rate constant, and Ao, A, and A: correlate to the initial
absorbance, the final absorbance, and absorbance at time t, respectively. By plotting the
absorbance vs time, an area of the graph where there is a linear increase with time with respect to
absorbance at the beginning of the reaction is observed. The slope of the line obtained by plotting
IN((Ag — Ax)/( Ay — Aw)) Vversus time from this linear area of the graph time gives k.

Dye functional group density calculation

The number of molecules in a given unit area can be calculated by using a rearrangement of Beer’s

law

A*NA
£%1000 cm?

Equation 3.3. d=

where d is the surface coverage in molecules/cm?, A is absorbance, Na is Avogadro’s number, and
¢ is the extinction coefficient of Disperse Red 1 at 485 nm (3.6x10* M™*L1). d=1.02x10
molecules/cm? for the substrate, and by taking the thickness of the film into account (30 nm), the

functional group density per unit volume is calculated to be 3.62 dye molecules/nm?®,
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Electron Dispersive X-Ray Spectroscopy
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Figure 3.8. pFSPMA brush. The fluorine peak is found at 0.7 keV.
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Figure 3.9. pFSPMA brush SuFEXx reacted with TBDMS-mercaptoethanol
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Figure 3.10. pFSPMA brush SuFEx reacted with TBDMS-propargyl alcohol.
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Figure 3.11. pFSPMA brush SuFEx reacted with TBDMS-furfuryl alcohol.

Results and Discussion

In order to explore SuFEx chemistry on surfaces, a sulfonyl fluoride monomer, 3-

(fluorosulfonyl)propyl methacrylate (FSPMA) monomer, was synthesized in two steps from

sodium 3-(methacryloyloxy)propane-1-sulfonate (Supporting Information). Next, p(FSPMA)

brushes were grown from an azo-based silane initiator monolayer using radical polymerization
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initiated with UV light.?® Brushes of ~25 nm were grown via this method, and the solution polymer
was isolated and analyzed via GPC to obtain molecular weight data in order to estimate the grafting
density of the brushes (0.14 chains/nm?). The p(FSPMA) brushes demonstrated excellent reactivity
with silyl ethers in the presence of certain non-nucleophilic amines, which is consistent with the
SUFEX reaction in solution, albeit with some interesting differences. These brushes were then
explored to examine the suitability for efficient and highly specific postpolymerization
modification. Triazabicyclodecene (TBD), a new catalyst for this reaction, was also investigated
for its suitability for SUFEX.

Many of the chemical functional groups involved in the most widely used click chemistries are
poorly compatible with free radical polymerization conditions. These functionalities include
unprotected terminal alkynes and azides for CUAAC (Cu(l) catalyzed azide/alkyne cycloaddition),
thiols and alkenes for Michael addition, and dienes or dienophiles for Diels-Alder. Thiol-ene/yne
chemistry, which, while not strictly a click reaction, shares several important traits such as fast
kinetics and modularity, and is also not compatible with radical polymerization to high molecular
weight because of chain transfer and/or cross-linking. Sulfonyl fluorides are tolerant of free radical
polymerization conditions, and we also illustrate that p(FSPMA) brushes are an excellent platform
to add some of these other reactive moieties to surface via easily synthesized tert-

butyldimethylsilyl (TBDMS) protected alcohol precursors (Scheme 1).
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Figure 3.12. GATR-FTIR spectra of p(FSPMA) brush and PPM brushes. (A) p(FSPMA)

(B) propargyloxy brush (C) mercaptoethoxy brush (D) furfuryloxy brush.

Figure 3.12 shows the grazing incidence attenuated total reflection infrared spectrum (GATR-IR)
of the p(FSPMA) brushes grown via free radical polymerization along with subsequent PPM with
the different TBDMS precursors shown in Scheme 1. The p(FSPMA) brushes (Figure 3.12 A)
display the spectral features apparent in the monomer, such as C=0 ester stretches at 1731 and
1236 cm™*, symmetrical and asymmetrical S=O stretches of the sulfonyl fluoride at 1405 and 1200
cm™, and an S-F stretch at 816 cm™. After immersion in acetonitrile (MeCN) with DBU or TBD
and a silyl ether protected molecule (propargyloxy-TBDMS, mercaptoethoxy-TBDMS,
furfuryloxy-TBDMS, Figure 3.12 (B-D) respectively) at ambient temperature and open to
atmosphere, spectral features of sulfonate ester formation appear. The S=O symmetrical stretch
completely shifts to 1338 cm™, while the peaks at 1158 and 1038 cm™ are assigned to the S-O

stretches. Also in each case, the S-F stretch at 816 cm™ disappears. We also observed the
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disappearance of fluorine on the surface via electron dispersive X-ray spectroscopy (Supplemental

Information).
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Figure 3.13. Pseudo-first order kinetic plot of the linear region of DR1-silyl ether derivatives
undergoing SUFEx with p(FSPMA) brush glass substrates. (#) TMS-DR1 catalyzed by DBU (o)

TBDMS-DR1 catalyzed by DBU (*) TBDMS-DR1 catalyzed by TBD.

UV-Vis data was obtained by dipping p(FSPMA) brush functionalized glass slides in solutions
containing a catalyst and silyl ether protected Disperse Red 1, rinsing with good solvent, then
monitoring the appearance of the Disperse Red 1 dye peak at 486 nm. These studies established
that in the brush system, assuming pseudo-first order Kinetics, the rates of reaction for the TMS
and TBDMS protected Disperse Red 1 (DR1) in the presence of DBU were similar (ktms = 0.001
vs ktepms = 0.0007) (Figure 2). Rate constants were obtained during the portion of the
functionalization reaction where substrate absorbance increased linearly with reaction time, before
steric constraints and lowered SOF availability changed reaction dynamics (Supporting
Information). The similarity of DBU surface reaction rate constants of TMS and TBDMS

derivatives contradicts other reports where the reaction is carried out in homogeneous solution,
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and it was observed that SUFEX reactions with TBDMS derivatives are generally less favorable
and may require heating to start the reaction.?*2® Also, we observed when using TBD as a catalyst,
the reaction rate increased more than an order of magnitude (k” = 0.038 s) with the same TBDMS-
DR1. The fact that TBD exhibits more than an order of magnitude faster SUFEX Kinetics than DBU
while still using the TBDMS derivative makes it a superior choice as a catalyst for SUFEX. A brush
reaction rate constant of k> = 0.038 s is comparable to the rate constant previously established for
CuAAC in polymer brushes (k> = 0.02).2” The functional group density of dye molecules on the
surface after reaction completion is similar to what was obtained using activated ester brushes
(3.62 dye molecules/nm® for SuFEx vs 3.60 dye molecules/nm?® for pentafluorophenol based
activated esters), indicating that the reaction has proceeded to very high conversion.

With the much greater hydrolytic stability of the TBDMS protecting group (which can survive
aqueous workup), and the high reaction rate constant in the presence of TBD, it was selected as
the silyl ether protecting group of choice for surface SUFEx. Dry MeCN was used to start the
experiments, but no precautions were taken to exclude air or water in any of the PPM experiments.
In the interest of widening the scope of molecules that can be attached to polymer brush coatings,
we used SUFEX to graft a cross-section of moieties that are suitable for additional PPM reactions.
After synthesizing the TBDMS protected versions, propargyl alcohol, mercaptoethanol, and
furfuryl alcohol were all successfully reacted with brush surfaces via SUFEx. Table 1 shows the
increase in thickness measured via spectroscopic ellipsometry and changes in the contact angle of
the substrates for each PPM, along with the GATR-IR spectra in Figure 3.12(B-D). These
functionalities can then be used for subsequent PPM through CuAAC, thiol-ene/yne, thio-Michael

addition, and furan/maleimide Diels-Alder cycloaddition.
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Table 3.1: Thickness increases and contact angle changes after PPM of p(FSPMA) brush surfaces

with reactive molecules.

Substrate coating Thickness increase (%)  Contact angle (°)
p(FSPMA) brush (25 nm)  N/A 78
propargyloxy 38 67
mercaptoethoxy 34 15
furfuryloxy 27 83

Conclusion

The use of SUFEX to functionalize polymer brushes is simple, quantitative and proceeds with rapid
reaction kinetics. In fact, in our experience, surface PPM using SUuFEXx is even more facile to
conduct than previously reported SUFEX in homogenous solution as the reaction proceeds rapidly
with TBDMS derivatives at room temperature, which are considerably more hydrolytically stable
than TMS derivatives. In addition, the surface reaction requires only minute amounts of catalyst
and reagent. We have also confirmed that TBD, which is a commonly available commercial ring
opening polymerization catalyst, is an excellent new choice for the expedient SuFEX
functionalization of brushes. Using TBD, PPM is completed in just a few minutes and should
replace DBU as an economical catalyst for these reactions, and perhaps in solution SUFEX as well.
Sharpless et al. also noted the efficacy of BEMP, an exotic, extremely powerful, highly hindered
phosphazene base as a catalyst for SUFEx bulk or solution polymerization?®, which was not
explored in this study.

The selection of highly efficient, robust, and specific chemistries available for efficient PPM of

polymer brush surfaces has generally been limited to systems with oxygen sensitivity or
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incompatibility with free-radical polymerization conditions (CuAAc, Diels-Alder, thio-Michael
addition, and thiol-ene/yne), hydrolytic instability (activated esters), or more difficult handling or
synthesis (oximes and tetrazoles). SUFEX appears to be an alternative click chemistry with a broad
functionality scope, tolerance to ambient conditions, easy synthesis, and compatibility with a wide
variety of reaction conditions, most notably radical polymerization. The reaction is unidirectional,
fast, high yielding, and produces only highly stable silyl fluorides as a byproduct. In addition, the
functional group counterparts (TBDMS ethers and sulfonyl fluorides) can coexist in a dormant
state under ambient conditions until activated by the addition of a catalyst. SUFEX is highly suitable
for the addition of new functionalities to polymer brush backbones, especially other click moieties,
which opens a vast library of compounds that can now be attached to polymer surfaces after a

single facile PPM step.
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Abstract

Polymer brushes are excellent substrates for the covalent immobilization of a wide variety of
molecules due to their unique physicochemical properties and high functional group density. By
using reactive microcapillary printing, poly(pentafluorophenyl acrylate) brushes with rapid kinetic
rates toward aminolysis can be partially patterned with other click functionalities such as strained
cyclooctyne derivatives and sulfonyl fluorides. This tri-reactive surface can then react locally and
selectively in a one pot reaction via three orthogonal chemistries at room temperature: activated
ester aminolysis, strain promoted azide-alkyne cycloaddition, and sulfur(\V1) fluoride exchange,
all of which are tolerant of ambient moisture and oxygen. Furthermore, we demonstrate that these
reactions can also be used to create areas of morphologically distinct surface features on the
nanoscale, by inducing buckling instabilities in the films and the grafting of nanoparticles. This
approach is modular, and allows for the development of highly complex surface motifs patterned

with different chemistry and morphology.
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Introduction

The ability to pattern synthetic and biological molecules is useful for designing model surfaces
to observe cell-surface interactions. For instance, the growth of different tissues, such as bone,*
or neurons,® can be guided and studied using patterned surfaces, which is critical in establishing
structure/property relationships in the field of tissue engineering.% 7 Such surfaces are also
attractive for integration into multifunctional bio-sensors, which can be used to monitor biological
responses from complex mixtures such as physiological fluids.® In addition to the chemical content
of a surface, the modulus® and the micro- and nanomorphology of a surface coating have immense
impact on the interactions between a live cell and a surface.%! Ultimately, with greater control of
the spatial, chemical, and morphological complexity of synthetic surfaces, one can begin to mimic
biological surfaces such as cell membranes and extracellular matrices.?°

Reactive polymer brush coatings have become a common platform for the addition of densely
packed chemical functionalities onto surfaces through post-polymerization modification, with
click-type reactions being especially promising due to their fast kinetics, quantitative yields, and
lack of side-reactions. 68 The specificity inherent in click reactions also allows for the covalent
addition of chemistries to the surface in an orthogonal manner from a complex mixture of
components in solution. By employing different click reactions in localized areas of a substrate, a
surface can be patterned with a variety of chemically distinct molecules.*®%

In this work, three different surface chemistries have been used to pattern substrates in an
orthogonal fashion: aminolysis of activated esters, strain promoted azide-alkyne cycloaddition
(SPAAC), and silyl ether sulfur-fluoride exchange (SUFEX).? 2426 These reactions are premier
click-type reactions that can all be performed under ambient conditions with rapid rates at room

temperature, do not utilize metal catalysts, and produce zero or only innocuous by-products. By
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using reactive microcapillary printing (R-uCaP),?® a highly adaptable and simple patterning
technique, to add the initial SUFEx and SPAAC functionalities to the surface by aminolysis, tri-

functional surfaces can easily be fabricated with high fidelity.

H’\/ One-pot
Aminolysis u/\/*/ﬁ/‘

HN™ S0

SuFEx

Fittl

HCap printing

e LAr a2
HN" o

S N x

Figure 4.1. Reaction scheme for the formation of a tri-reactive surface, followed by the

addition of 3 different molecules to the surface.

To illustrate the versatility of this method, two different types of tri-functional surfaces have
been prepared. The first utilizes three different dyes to illustrate the high resolution of R-uCaP
functionalization, orthogonal reactivity, and the quantitative attachment of three different dye
molecules to the surface from one solution (Figure 4.1). The second example uses reactive
nanoparticles and stress-induced creasing with a reactive polymer to create three distinct
morphological subdivisions on the surface.?’ For each tri-reactive substrate, the surface contains

pentafluorophenyl acrylate (PFPA), oxa-dibenzocyclooctyne (ODIBO),?® and an aryl sulfonyl
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fluoride (PEFABLOC), which can undergo aminolysis, SPAAC, and SuFEx on the surface,
respectively. The click functionality counterparts to these surface moieties (amines, azides, and
silyl ethers) are easily accessible as commercial compounds or through straightforward synthesis
from a variety of biological or synthetic substrates.

Experimental Section

Materials: Silicon wafers (orientation <100>, native oxide) were purchased from University
Wafer. Jeffamine M-2070 was provided as a gift by Huntsman Chemical. All organic solvents
were dried and freshly distilled before use. Tetrahydrofuran was distilled from
sodium/benzophenone ketyl and dichloromethane was distilled from CaH . Other reagents were
obtained from Sigma-Aldrich, TCIl, or VWR and used as received unless noted. Flash
chromatography was performed using 40-63 um silica gel. All NMR spectra were recorded in
CDCls unless otherwise noted using both 300 and 400 MHz instruments.

Polymer Brush Fabrication: PFPA was synthesized following previously reported methods.?® It
was further purified using a plug of neutral alumina with DCM as eluent to remove any residual
acrylic acid. The AIBN-silane initiator was also prepared using previously reported methods and,
after synthesis, stored immediately in an inert atmosphere glovebox.?® Silicon wafers and glass
microscope slides were cut using a diamond scribe and cleaned by sonication in hexanes, isopropyl
alcohol, acetone, and deionized water for 1 min each. The slides were then cleaned using argon
plasma for 5 min (Harrick Plasma PDC-32G) and subsequently placed in a slide stainer and
transferred to an inert atmosphere glovebox (MBraun Labstar). A 10 mM solution of the AIBN-
silane initiator was prepared in 20 mL of dry toluene in a scintillation vial. The vial was shaken
vigorously to ensure full dissolution of the initiator and added to the slide stainer for 16 h. After

16 h, the initiator solution was removed and replaced with fresh toluene for storage until use. PFPA
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was degassed by bubbling argon through a needle at 0 °C and transferred to an inert atmosphere
glovebox. An initiator substrate was sonicated in fresh toluene to remove any physisorbed material.
The substrate was then dried under a stream of nitrogen, cut into smaller pieces, and placed 10 mL
vials, and transferred back into the glovebox. To the vials, 71.6 pL of dry dioxane and 291.4 pL
of PFPA were added and subsequently Teflon taped and capped. The vials were removed and
placed in a UV reactor for 2 h. After 2 h, the vials were removed from UV irradiation and sonicated
in THF to remove the substrate from the glassy polymer formed. The glassy polymer was saved
for subsequent analysis via gel permeation chromatography. Gel permeation chromatography
(GPC) was conducted on a liquid chromatograph (Shimadzu LC-20AD series) equipped with a
RID-10A refractive index detector. Polymer samples were diluted in a THF mobile phase and
passed through three Phenomonex Phenogel (10E3A, 10E4A, and 10E5A) columns at 40 °C under
a constant volumetric flow rate (1 mL min~t). Molecular weight characteristics of the samples were
referenced to polystyrene standards (Agilent Technologies EasiCal PS-2).

PDMS Stamp Fabrication: PDMS was made using the SYLGARD 184 silicone elastomer kit from
Dow Corning. Microfluidic masks were designed on AutoCAD (Autodesk, Inc., San Rafael, CA)
and printed on transparencies at 20000 dpi by CAD/Art services, Inc. (Bandon, ORD).

Individual Substrate Fabrication: Poly(PFPA) brushes on silicon wafers were functionalized in
40 mM solutions of 1-aminomethyl pyrene, ODIBO-amine, and PEFABLOC for 1 h in DMF with
80 mM of triethylamine. The substrates were then removed, rinsed vigorously with DMF, dried
under a stream of nitrogen, and characterized via spectroscopic ellipsometry, drop shape analysis,
and FTIR. The substrates functionalized with ODIBO-amine and PEFABLOC were then placed
in 13 mmol Texas Red azide in 2 mL DMF and 0.1 mmol TBDMS-fluorescein methyl ester with

0.02 mmol TBD in 2 mL DMF respectively for 30 min. After 30 min, the slides were removed,
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washed with DMF, dried under a stream of nitrogen, and characterized via spectroscopic
ellipsometry, drop shape analysis, and FTIR.

UV/Vis Kinetic Traces: PEFABLOC brush functionalized glass slides were measured on a UV-
Vis spectrometer using a slide holder accessory with a sample window area of 19.6 mm?2. The
functionalized slide was immersed in a solution of 0.1 mmol TBDMS fluorescein methyl ester
silyl ether (the solution is saturated at this concentration) and 0.02 mmol TBD in 2 mL MeCN for
a predetermined amount of time. The slides were rinsed thoroughly with DMF and DCM prior to
each measurement. The rate of substitution of fluorescein methyl ester onto the polymer brush was
measured by monitoring the appearance of the dye peak with time, and a kinetic plot was generated
using the linear portion of the absorbance plot. This procedure was repeated on poly(PFPA) brush
with 40 mM 1-aminomethylpyrene with 80 mM triethylamine in DMF and again on an ODIBO
brush with 4 mM azido-Disperse Red 1 in DMF.

Synthesis of ODIBO-amine:

ODIBO-amine was prepared by the Popik lab and the procedure is available in the
Supplementary information of the submitted paper.

Fluorescein TBDMS Synthesis

Fluorescein methyl ester: Adapted from Adamczyk et al.?® 2 g (5.3 mmol) of fluorescein sodium
salt was suspended in 6 mL of MeOH at 0° C. 1.5 mL sulfuric acid was added slowly, then an
addition funnel containing 3A molecular sieves and a condenser were attached to the apparatus
and the solution heated to reflux overnight. 15 mL of saturated NaHCO3 was slowly added, and
the resultant suspension filtered and rinsed with water. The orange powder was dried on high-vac

for 1 hr at 110°C to give 0.8 g (43% yield) of red-orange powder. *H NMR (300 MHz, CDCls)
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5=8.28 (d, ] = 7.5 Hz, 1H), 7.83 — 7.66 (m, 2H), 7.38 — 7.23 (m, 1H), 7.15 — 7.04 (m, 4H), 6.94
(d, J=9.5 Hz, 2H), 3.61 (s, 3H).

TBDMS Fluorescein methyl ester: 0.200 g (0.46 mmol) of fluorescein methyl ester was
suspended in 12 mL dry MeCN. 0.110 g (1.61 mmol) imidazole and 0.083 g (0.55 mmol)
TBDMS-CI was added and the reaction stirred at 50° C overnight. The next morning the MeCN
was removed by evaporation and DCM was added. The DCM layer was washed twice with
water, dried with MgSQOyg, then the compound was concentrated in vacuo to give 95 mg (45%
yield) of red-orange solid. 'H NMR (300 MHz, CDCls) §=8.25 (d, J = 7.6 Hz, 1H), 7.78 — 7.62
(m, 2H), 7.32 (d, J = 7.5 Hz, 1H), 6.95 (d, J = 9.2 Hz, 2H), 6.87 (s, 1H), 6.77 (d, J = 9.3 Hz, 2H),
3.62 (s, 3H), 0.91 (s, 9H), 0.08 (s, 6H). *C NMR (75 MHz, CDCls) §=175.99, 165.58, 157.78,
134.25, 132.62, 131.10, 130.46, 130.34, 129.82, 122.33, 120.75, 114.48, 103.46, 52.43, 29.94,
25.64, -3.509.

11-azidoundecanoic acid Synthesis: 11-azidoundecanoic acid: 2 g of 11-bromoundecanoic acid
was added to 5 mL of DMF. NaNswas added and the solution turned orange. Reaction was
stirred at 60° C overnight then room temperature for two days. DCM was added and the solution
was extracted 4x with water then concentrated in vacuo to give 0.65 g (76% yield) of clear oil.
IH NMR (300 MHz, CDCls) §=3.25 (t, J = 6.9 Hz, 2H), 2.34 (t, J = 7.5 Hz, 2H), 1.69 — 1.50 (m,
4H), 1.40 — 1.20 (m, 12H).

Tri-Patterned Surface Fabrication: Using a poly(PFPA) brush grafted-from silicon dioxide by
surface initiated radical photopolymerization described above, 2 uL of 40 mM ODIBO-amine in
DMF with 80 mM triethylamine (TEA) was printed using via micro-capillary printing (u-CaP)
using 100 pum channels. The solution was allowed to evaporate fully. The PDMS stamp was then

removed, washed with DMF, and dried under a stream of nitrogen. 40 mM of PEFABLOC in DMF

79



with 80 mM TEA was printed perpendicular to the printed ODIBO-amine via p-CaP. The solution
was allowed to evaporate, and then the stamp was removed, washed with DMF, and dried under a
stream of nitrogen. The slide was then placed in a solution containing 0.006 mmol AMP, 0.012
mmol TEA, 0.1 mmol fluorescein-TBDMS, 0.02 mM TBD, and 9.8 x 10 mmol Texas Red azide
for 30 minutes in 450 pL of dry DMF. After 30 minutes, the substrate was washed and sonicated
in DMF and dried under a stream of nitrogen. The substrate was then characterized via
fluorescence microscopy.

Nanoparticle Synthesis: Azide coated iron oxide nanoparticles: Octadecene coated nanoparticles
were prepared by thermal decomposition according to the procedure of Cowger et al.*® 1 mL of
the crude reaction mixture was dissolved in 3 mL of hexane then added to 20 mL of EtOH, and
centrifuged down at 4400 rpm. The supernatant was decanted and the process repeated 2x to yield
purified octadecene coated iron oxide nanoparticles. The purified particles were dissolved in 2 mL
DCM, and 50 pL of 11-azidoundecanoic acid was added. The reaction was shaken thoroughly then
allowed to sit for 3 days. After ligand exchange, 20 mL of MeOH was added, and the particles
centrifuged down at 4400 rpm. The supernatant was decanted and the process repeated 2x to yield
purified 11-azidoundecanoic acid coated iron oxide nanoparticles. The presence of the azide peak
at 2099 cm™* was confirmed by FTIR.

Tri-Morphological Surface. A grafted from poly(PFPA) brush on silicon was patterned with
ODIBO and PEFABLOC. The substrate was then placed in a vial containing azide-functionalized
iron nanoparticles in DCM for 5 minutes and continuously shaken. After 5 minutes, the substrates
were removed, vigorously washed with DCM, and dried under nitrogen. The substrate was then

creased using a PDMS stamp and Jeffamine M-2070 using our previously reported methods.?’
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Characterization. Fluorescent images were taken using a Nikon Eclipse NI-U, using a 10x
objective lens. The filter set used were a DAPI filter set (395/460), GFP filter set (488/509), and a
red filter set (560/590) for AMP, fluorescein, and Texas Red, respectively. The wrinkled
morphologies of the substrates were collected using the Scanasyst program on Bruker Multimode
AFM (Scanasyst-AlIR, k = 0.4 N/m, resonant frequency (fo) = 50-90 kHz Nanoscope Analysis
Software (Bruker) was used to analyze the nanoparticle topography images. The infrared spectra
of the substrates were taken using a Nicolet model 6700 with a grazing angle attenuated total
reflectance accessory at 256 scans with a 4 cm™ resolution. The thicknesses of the polymer brushes
were measured using a M-2000 spectroscopic ellipsometer (J.A. Woollam Co., Inc.) with a white
light source at three angles of incidence (65°, 70°, and 75°) to the silicon wafer normal. The data
were modeled using a Cauchy layer fitting both the extinction coefficient and refractive index for
the polymer brush layer. Contact angle measurements were collected using Kriiss DSA 100 using
a 1 pL drop of 18 mQ water (pH=7) and averaging the results over three experiments. Raman
spectra of the three distinctly functionalized regions were acquired using a confocal Raman
microscope (InVia, Renishaw, Inc., Gloucestershire, United Kingdom). A 632.8 nm HeNe laser
excited the sample through a 50x objective (N.A.=0.75) with ~3.1 mW of power (as measured at
the sample). The resulting spot size had a diameter of 1-2 um. Spectra between 3100 and 1000 cm”

L were acquired with a 30s acquisition time and 10 accumulations.

Results and Discussion
As a base layer, poly(PFPA) brushes were synthesized by surface initiated

photopolymerization from azo-initiator containing silane monolayers using previously reported
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methods on Si/SiO; substrates with an average thickness of 48.9 nm and a grafting density of 0.093
chains/nm?2.26 Each post-polymerization modification reaction was first carried out on individual
substrates to both ensure full functionalization and to characterize the rate and extent of each
reaction individually. The poly(PFPA) brushes were reacted with a solution containing 40 mM 4-
(2-Aminoethyl)benzenesulfonyl fluoride hydrochloride (PEFABLOC) in DMF with 80 mM TEA
and 40 mM ODIBO-amine in DMF with 80 mM TEA. The substrates were removed and washed
with DMF, dried under a stream of nitrogen, and characterized via spectroscopic ellipsometry,
drop shape analysis, and grazing incidence attenuated total reflectance Fourier transform infrared
spectroscopy (GATR-FTIR). A change in thickness and contact angle occurred for each substrate,
and are reported in Table 4.1.

Table 4.1. Thicknesses and Contact Angles of Individual PEFABLOC, ODIBO-amine, and

Poly(PFPA) Substrates Before and After Functionalization and Reaction with Fluorescent Dye

poly(PFPA) brush reactive molecule dye
AMP 47.13 nm, 118.0° - 163.54 nm, 86.5°
PEFABLOC 44.49 nm, 116.1° 90.26 nm, 100.0° 244.79 nm, 90.4°
ODIBO 55.20 nm, 120.9° 262.46 nm, 91.3° 407.72 nm, 87.2°

The FTIR spectra also indicated full conversion, resulting in the loss of the characteristic PFPA
C=0 ester stretch at 1785 cm™ and C-C aromatic stretch at 1523 cm™ as well as the appearance of
amide peaks at 1640 cm™ and 1540 cm™ in each spectra (Figure 4.2). Once the individual
functionalizations were confirmed, a patterned surface combining the two reactions outlined above

was fabricated. To generate a patterned tri-reactive surface, R-uCaP was performed on the
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poly(PFPA) brush.?2 PDMS stamps with 250 pm channels were fabricated using conventional
lithographic methods, sonicated in acetone, dried in a vacuum oven at 45°C, and further cleaned
using Scotch tape. The stamps were placed directly on the brushes and 2 pLL of 40 mM of ODIBO-
amine in DMF with 80 mM TEA was wicked into the channels by capillary action. The solvent
was allowed to evaporate, and the stamp was removed. Another PDMS stamp was then placed
perpendicular to the initial pattern, and 2 uL. of 40 mM solution of PEFABLOC was wicked into
the stamp. The solvent was again allowed to evaporate, and the stamp was removed from the
substrate, resulting in a surface that contained ODIBO (strained alkyne), PEFABLOC (sulfonyl
fluoride), and activated ester functionality in a checkerboard pattern. To confirm the fidelity of the
process, Raman spectroscopy was taken in each region using a Raman microscope (Figure 4.3).
The spectra obtained in each area of the slide resulted in characteristic peaks for each reactive
group. In the ODIBO-functionalized region, peaks were observed at 3067 cm™ corresponding to
the C-H aromatic, 2151 cm™ (C=C alkyne), 1605 cm™ and 1564 cm™ (C=C aromatic) were
observed. In the PEFABLOC region, peaks were observed at 3061 cm™ (C-H aromatic), 1597 cm-
}(C=C aromatic), and 1376 cm™ (S=0). Finally, in the PFPA region, peaks were observed at 1788
cm* and 1652 cm, corresponding to the C=0 and C=C aromatic stretches. These characteristic
peaks for each functionality were not observed in the other areas of the substrate, indicating

reasonable fidelity with no indication of cross-contamination.
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Figure 4.2. Infrared spectra of poly(PFPA) brushes functionalized with (A) ODIBO-amine, (B)
PEFABLOC, and (C) AMP as well as ODIBO-amine clicked with Texas Red azide and

PEFABLOC clicked with TBDMS fluorescein methyl ester.
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Figure 4.3. Raman spectra of the, poly(PFPA) (black), ODIBO (red) and PEFABLOC (blue)

areas on a tri-reactive surface.

To further confirm the fidelity and orthogonal reactivity of these surface patterns, dyes containing
the complementary click functionality were used to generate patterns that could be characterized
using fluorescence microscopy. Individual reactions with dyes were first carried out on
functionalized brushes and subsequently characterized via GATR-IR and DSA to confirm
quantitative conversion. Individual ODIBO and PEFABLOC slides were clicked via SPAAC with
Texas Red azide and SUFEx with a TBDMS fluorescein methyl ester, using a triazabicyclodecene
(TBD) catalyst. Also, a poly(PFPA) brush slide was functionalized 40 mM aminomethylpyrene
(AMP) with 80 mM TEA in 2 mL DMF with stirring. After 30 minutes, the substrates were washed

with DMF, dried under a stream of nitrogen, and characterized. The contact angles, thicknesses,
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and FTIR spectra reveal successful and near-quantitative conversions for both reactions (Table
4.1; Figure 4.2). Each dye reaction was allowed to stir for thirty minutes due to the observed
kinetics of the reaction of an aryl sulfonyl fluoride and an aryl TBDMS derivative, which has a
pseudo-first order rate constant of k’= 0.0014 s (Figure 1A), an order of magnitude slower than

the k’= 0.04 s observed between alkyl sulfonyl fluorides and an
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Figure 4.4. Pseudo-first order kinetic plots of aminolysis (blue),?® SPAAC (red), and aryl silyl

ether SUFEX (black) are shown.
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alkyl TBDMS derivative in our previous work.? Although SPAAC (k> = 0.0418 s™) and
aminolysis (k’ = 0.2783 s™) are faster reactions, to closely mimic the one-pot orthogonal reaction
with the tri-reactive surface, each slide was placed in the respective dye solution for a full thirty
minutes. Since sulfonyl fluorides are known to react with amines at raised temperatures, a
PEFABLOC functionalized surface was immersed in an AMP/TEA solution, where no
functionalization with AMP was observed.

The true orthogonality of the surface chemistries was demonstrated using a one-pot, self-
sorting reaction for post-polymerization modification. A tri-reactive surface was placed in a vial
containing AMP, triethylamine (TEA), Texas Red azide, TBDMS fluorescein methyl ester, and
TBD in 450 pL of DMF. The substrate was allowed to react for 30 minutes with agitation. It was
then removed, washed thoroughly with DMF, and dried under stream of nitrogen. The patterned
surface was then examined under a fluorescent microscope (Nikon Eclipse NI-U; 10x), using
DAPI filter set (395/460), GFP filter set (488/509), and a red filter set (560/590) to excite AMP,
fluorescein, and Texas Red, respectively. The obtained fluorescent images are shown in Figure
4.5. Figure 4.4A was obtained using the DAPI filter set and reveals the AMP derivatization; Figure
4.5B was obtained using the red filter set, where Texas Red is observed; and Figure 4.5C is the
image obtained using the GFP filter set, which reveals the fluorescein substitution. Fluorescence
in the AMP region was also observed using the GFP filter set likely due to the fact that densely
packed AMP molecules lead to excimer formation.?®* Excimers occur in pyrene-containing
materials as a result of a ground state pyrene ring and an excited state pyrene ring in close
proximity forming an excited state dimer. In this system, the AMP functionalized polymer brushes
are densely packed, resulting in conditions that promote excimer formation, which is observed at

484 nm.22 A superposition of the images, shown in Figure 4.45, illustrates three distinct regions
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with no noticeable cross-contamination, which corroborates the data obtained using Raman

spectroscopy and demonstrates that sequential R-pCaP results in a patterned surface that self-sorts

with high fidelity.

Figure 4.5. Fluorescence microscopy images for the tri-functional surface of AMP, Texas Red
Azide, and TBDMS fluorescein methyl ester: (A) DAPI filter set (395/460) exciting AMP, (B) red
filter set (560/590) exciting Texas Red, (C) GFP filter set (488/509), and (D) combined image of

all three filter sets.

To further expand the utility of this technique, a surface with patterned morphologies was
fabricated using a tri-reactive template. The tri-reactive surface, fabricated in the same fashion
described above, was placed in a vial of azide-functionalized iron oxide nanoparticles (~20 nm) in

DCM for 5 minutes with constant stirring. After 5 minutes, the substrate was washed with DCM
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and dried under a stream of nitrogen. Then, using micro-contact printing (WCP) with Jeffamine-
M2070 (40 mM in toluene with 80 mM TEA), creases were generated in the remaining PFPA area
of the pattern using our recently reported method.?” Analysis was then performed using atomic
force microscopy (AFM) (Bruker ScanAssyst) which is shown in Figure 4.6. Figure 4.6A shows
the topography of the PFPA brush, which was creased using pCP under confinement.?’ In Figure
4.6B, the azide-functionalized nanoparticles were observed only in the ODIBO-functionalized
channel region. The average diameter of the surface bound nanoparticles (21.96 nm) is consistent
with the diameter of the source particles. Finally, in Figure 4.6C, the PEFABLOC channel is
shown, where a smooth, featureless morphology with a RMS roughness of 3.55 nm was observed,
containing neither nanoparticle or crease contaminants. To our knowledge, this is the first example
of using click chemistry to generate three distinct nanoscale morphologies using orthogonal post-

polymerization, without cross-contamination or lithographic methods.

21.7nm

Figure 4.6. AFM topography images of a reacted tri-functional surface: (A) creases fabricated
through pCP with Jeffamine-M2070, (B) azide coated iron oxide nanoparticles clicked to ODIBO,

and (C) unfunctionalized, smooth poly(PEFABLOC amide).
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Conclusion

This work demonstrates a versatile method to create an orthogonal, self-sorting surface in
which three different chemical and/or morphological functionalities can be generated from a
complex one-pot reaction. The reaction conditions are compatible with environmental oxygen and
water, and are highly functional group tolerant. These surfaces offer a wide array of possibilities
as a scaffold in the fields of biological and biomedical engineering and provide a method to
fabricate different localized morphological and molecular environments on a single substrate, with

the ultimate goal of more closely mimicking the complexity observed in biological interfaces.
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CHAPTER 5
DURABLE DEFENSE: ROBUST AND VARIED ATTACHMENT OF NON-LEACHING

POLY*“-ONIUM” BACTERICIDAL COATINGS TO REACTIVE AND INERT SURFACES!

Yatvin, J.; Gao, J.; and Locklin, J. 2014. Chem. Commun., 50:9433-9442.

Reprinted with permission from publisher.
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Abstract

Developing antimicrobial coatings to eliminate biotic contamination is a critical need for
all surfaces, including medical, industrial, and domestic materials. The wide variety of materials
used in these fields, from natural polymers to metals, require coatings that not only are
antimicrobial, but also contain different surface chemistries for covalent immobilization. Alkyl -
onium” salts are potent biocides that have defied bacterial resistance mechanisms when confined
to an interface. In this feature article, we highlight the various methods used to covalently
immobilize bactericidal polymers to different surfaces and further examine the mechanistic aspects

of biocidal action with these surface bound poly*““-onium” salts.
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Introduction

Surface contamination by microbes is a universal challenge in medical > ® domestic,* and
industrial settings.® For example, contact contamination of methicillin resistant Staphylococcus
aureus (MRSA) is a crisis in medical settings, tripling the stay time and costs for affected
individuals, and quintupling the likelihood of death as of 2001.° Food product contamination by
MRSA is common, with one 2010 study finding that 24% of U.S. poultry and meat contains
MRSA'. Because of these and many other examples, materials science and engineering has begun
to address surface contamination by attempting to imbue or coat various substrates with
chemistries that are antimicrobial and are self-sterilizing.
In terms of coating technologies, several different chemistries have been applied to address this
problem, the most common of which release an antimicrobial agent such as triclosan,® chlorine
from N-halamines,® silver ions,'® ! or conventional pharmaceutical antibiotics*? slowly over time.
While effective, these “leaching” strategies are hampered by depletion of the antimicrobial
functionality from the coating unless they are actively replenished or “recharged.” These materials
also have a tendency to contaminate their surroundings. A prime example of contamination by
leaching triclosan, which has been found in significant concentrations in U.S. wastewater.?
Alongside these antimicrobial agents are membrane-disrupting “-onium” cations. The most
extensively investigated “-onium” salts are alkyl ammonium and alkyl pyridinium compounds,
whose small molecule versions are found in commercial disinfectants such as Lysol™. One
advantage of these materials is that “~-onium” salts are biocidal even when immobilized to different
surfaces. This non-leaching behavior circumvents environmental contamination, and also

<

minimizes the risk of organisms developing resistance to the “-onium” salt’s mechanism of

biocidal action.
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Bacterial membrane physiology

The biocidal activity of surface bound “-onium” salts is based on their ability to disrupt the
bacterial cell membrane. Therefore, it is important to describe the physiology and chemical
makeup of the membrane to better understand the mechanism of action. The bacterial cell
membrane of a Gram-positive bacterium is primarily composed of two layers: the peptidoglycan
layer and the lipid bilayer. The peptidoglycan layer consists of alternating N-acetylglucosamine
and N-acetylmuramic acid chains, with a tetrapeptide extending off the N-acetylmuramic acids.*
The peptidoglycan layer is cross-linked via peptide interbridges between the tetrapeptides that
form a protective barrier around the bacterium. The next layer is the lipid bilayer (LB), which
consists of outwardly facing polar groups and inwardly facing long hydrocarbon chains. These
phospholipids contain headgroups that are either zwitterionic, such as phosphatidylethanolamine
and phosphatidylcholine, or negatively charged, as is the case with phosphatidylglycerol and
phosphatidylserine. While the specific phospholipid content varies among organisms, and even
changes with metabolic cycle, a bacterial cell membrane typically has a net negative charge. The
membrane of a Gram-negative bacterium is more complex, consisting of an outer leaflet with
lipopolysaccharides (LPS) that are anchored to the outer lipid membrane by the LPS lipid A
domain,’® and an inner membrane consisting of phospholipids. Between these two lipid bilayers is
the periplasm, an area of low density that contains a peptidoglycan layer similar in structure to that
of Gram-positive bacteria, but usually much thinner.®
Mechanism of bactericidal action with leaching “-onium” salts

There are two main hypothesized mechanisms of action involving leaching alkyl “-onium™
biocidal activity. Both rely on the electrostatic attraction between the net-negatively charged lipid

bilayer surface and the positive charge of the “-onium” cations. First, the alkyl “-onium”
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functionality must permeate through the peptidoglycan layer of Gram-positive bacteria, or through
the LPS and peptidoglycan of Gram-negative bacteria. The first mechanism suggests an
electrostatic interaction in which the alkyl “-onium” cations displace the divalent cations of the
LB (primarily Mg?* and Ca?*) which serve as counterions to the anionic phosphate groups.’ This
displacement damages the structural integrity and organization of the surface of the lipid bilayer,
which increases its permeability and facilitates leaking of internal cellular content out of the cell.

The second proposed mechanism of biocidal action occurs when the hydrophobic alkyl
functionalities are brought into close proximity to the membrane. These hydrophobic tail-groups
intercalate into the phospholipid hydrocarbon chains and disrupt bilayer organization, which has
the consequence of creating holes in the membrane.*® Work by Klibanov demonstrated that some
bacteria, such as P. aeruginosa, that are immune to quaternary amines (QA) in solution,® are still
susceptible to similar functionalities that are tethered to a surface.?’ Klibanov also demonstrated
that S. aureus and E. coli do not develop resistance to surface bound PQAs (polymer quaternary
ammoniums).?! Based on this evidence, it is possible that the biocidal mechanism of action in
surface bound, non-leaching “-onium” cations may deviate from that of free, solvated, “-onium”
salts.
Mechanism of bactericidal action with non-leaching “-onium” salts

The Busscher group has recently demonstrated proof of a third mechanism of biocidal
action that applies only to surface bound cationic antimicrobials.?? This study, which uses
hyperbranched surface bound quaternary amine polymers, demonstrated powerful adhesive forces
(~100 nN via bacterial probe atomic force microscopy) between the negatively charged bacterial

cell membrane and the positively charged polymers. These electrostatic-based adhesive forces,
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which are orders of magnitude higher than those ordinarily experienced by a bacterium, disrupt

the bacterium’s ability to grow and reproduce.

Concept of “phospholipid sponge effect”

Hydrophobic alkyl
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Figure 5.1. Schematic of the "phospholipid sponge™ effect. Anionic phospholipids are

being absorbed from the cell membrane and sequestered into the polymer matrix.

A related alternative to the electrostatic adhesive force hypothesis was put forward by Tiller, the
“phospholipid sponge effect,” which hypothesizes that the poly”-onium” films pull anionic
phospholipids directly out of the bacterial membrane and sequesters them within the polymer
matrix, causing the observed holes in the cellular membrane (Fig 5.1).% This hypothesis is also
supported by research done by Li et al,?* whose work offers a similar conclusion of “suctioning”
off anionic phospholipids from bacteria and sequestering them within cationic hydrogels.
Attachment chemistry

There are numerous methods described in the literature that are used to coat surfaces with
antimicrobial materials. In some cases the affinity of an antimicrobial compound to the surface

(physisorption, either through electrostatic or hydrophobic forces) can be strong enough to resist

100



leaching, such as in Klibanov’s pioneering work in which quaternized polyethyleneimines were
painted onto glass,? which was one of the most critical developments for the field. However,
many applications require more robust interactions, where it is necessary to use covalent
attachment strategies (chemisorption) to ensure that the antimicrobial agent does not leach and
remains confined to the surface. Depending on the nature of the functional groups available and
the type of material, a wide variety of attachment chemistries have been employed. The most
common is silane chemistry, which can react with -OH groups found on cellulose,? silicon oxide,?
and certain metal oxides.?® Hydroxyl and carboxylate attachment points can also be generated on
inert materials by exposure to plasma?® or chemical oxidants.*® Broader nucleophilic substitution
reactions, such as between an amine and a surface bound alkyl or acyl halides,® have also been
employed as a covalent grafting strategy. The chemical functionality employed in dying textiles,
which occur mostly through condensation reactions with cellulose, can also be used to attach
antimicrobials.®? Finally, more exotic attachment chemistries which employ reactions that form C-
C or N-C bonds with inert surfaces,®® or take advantage of powerful dopamine adhesion
chemistry,3*3® have been used to tether antimicrobials to surfaces. Recently, several review articles
have highlighted surface antimicrobial “-onium salts”.*® 34! In this feature article, we specifically
focus on the robust attachment of non-leaching poly““-onium” salt-based antimicrobial compounds
to surfaces, and pay special attention to non-traditional methods of attachment. We have chosen
to exclude the attachment of “—onium” salts to nanoparticle surfaces,***> which are usually not
themselves tethered to bulk surfaces, and therefore can leach into solution. The rest of this article
is organized according to the general classes of surfaces and materials that have been coated:
natural polymers, synthetic polymers, and inorganic surfaces such as metals and oxides.

Polymer surfaces
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Natural textiles

The derivatization of natural textiles, primarily cellulose, with antimicrobial functionality is an
enormous frontier for both medical and commercial applications. Antimicrobial wound care
technologies represented 11% of the $11.7 billion dollar global wound care market in 2013.4°
Commercial products which boast “anti-odor” properties due to antimicrobial agents engineered
into fabrics are abundant, with a prominent example being triclosan- containing Microban™
coatings. The overwhelming majority of these coatings rely heavily on compounds that work via
leaching mechanisms that are detrimental for the reasons described above, and therefore work on
non-leaching antimicrobial textiles surfaces via poly*“-onium” salts holds great promise.

One of the first reports using conventional cross-linkers to fix poly“-onium” cations to
cellulose was described by Kim et al,*” who employed a chitosan derivative, N-(2-hydroxy)propyl-
3-trimethylammonium chitosan chloride (HTCC), as an antimicrobial functionality to derivatize
cotton. The authors employed dimethyloldihydroxyethylene urea (DMDHEU),
butanetetracarboxylic acid, and citric acid as a strategy to cross-link HTCC to cellulose through
condensation using the -OH groups found on both HTCC and cellulose. While DMDHEU was
ineffective, both polycarboxylic acids were successful in functionalizing cotton with HTCC. A
0.1% weight loading of cotton was found to be sufficient to reduce the population of S. aureus by
>91% even after 20 laundering cycles.

More precise methods of imbuing textiles with biocidal properties (which are likely also less
scalable) have utilized “grafting from” polymerization techniques. Lee and Matyjaszewski
demonstrated the functionalization of paper with a PQA derived from the post-polymerization
quaternization of poly(2-(dimethylamino)ethyl) methacrylate (PDAEMA) using ethyl bromide.*?

The initiator, 2-bromoisobutyrlbromide, was covalently attached to the surface of filter paper via
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condensation with the -OH groups. The PQA was then grown from the surface via surface initiated
atom transfer radical polymerization (SI-ATRP). A ~6 cm? piece of paper functionalized with these
coatings was able to kill up to 10° bacteria in minutes. The coatings were ineffective after washing,
since the substrate began to fragment and degrade under the stresses of washing. For this reason
the authors used a more robust substrate, silicon wafers, to investigate the role of washing on the
PQA. On SiO,, it was noted that after exposure to bacteria, substrates washed with pure water
became deactivated after two bacterial challenge/wash cycles. However, surfaces washed with a
sodium dodecylsulfate detergent retained their efficacy. Furthermore, washing with detergent
could be used to reactivate surfaces that had been rinsed with pure water and were deactivated
through exposure to and killing of bacteria. The authors hypothesized that dead bacteria clogged
the surface, and were responsible for deactivation. These bacterial carcasses could not be removed
by rinsing with pure water. Detergents, however, were capable of dislodging the dead cells, which
re-exposed the coating to the environment, and renewed biocidal activity.

Roy et al used a similar approach, and polymerized DAEMA via reversible addition-
fragmentation chain transfer (RAFT).* The PDAEMA was then quaternized by post-
polymerization modification with alkyl chains ranging from Cg to Cy6 in order to study the effects
of substituent length on the biocidal efficacy of quaternized PDAEMA. The authors observed a

trend of decreasing antimicrobial efficacy as the chain length of the alkyl group was increased
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from Cg to C16. Maximum efficacy was observed with the Cg polymer, which reduced an initial

concentration from 10° colony forming units (CFU) of E. coli per mL to <100 CFU/mL.
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Figure 5.3. Creation of the reactive vinyl sulfone by exposure of pendant sulfate group to

basic conditions, followed by attachment of the antimicrobial polymer to cellulose via

Michael addition.

“Grafting to” approaches are another popular method of functionalizing fabrics, and the most
relevant for industrial application. Our lab recently employed a polymer that used a tethering
functionality that requires no pretreatment or separate crosslinkers to “graft to” cellulose. We
synthesized a polyethyleneimine (PEI) polymer quaternized with Ci2 chains and pendant
phenylsulfonylethyl sulfate groups (Fig 3).%2 The sulfate group undergoes elimination in the
presence of base which produces a vinyl sulfone, that is susceptible to attack via Michael addition

with soft nucleophiles,* like cellulose’s pendant —OHs. The polymer was tethered to cellulose
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after exhaustion onto fabric at 45 °C from aqueous solution at pH 9. The resulting coating was
shown to be effective against E. coli and S. aureus.

These previous results are interesting, and initiate discussion on the wider topic of alkyl chain
length and its influence on biocidal activity involving alkyl “-onium” cations. The study by Roy
makes a strong case that Cg is the appropriate alkyl chain length necessary to maintain the
hydrophobic/hydrophilic balance required for antimicrobial activity in surface confined polymers.
They cite several studies, which observe this peak in efficacy with Cg alkyl chains.®>® However,
we argue that this assumption can lead to oversimplifications, and the resulting pendant group size
strongly depends on the nature of the polymer backbone. For example, Klibanov found that with
surface bound alkylated poly-4-vinylpyridine (P4VP) coatings, Ce chains had the highest biocidal
activity, with Cs alkyl chains displaying ~8x less antimicrobial efficacy.? In the case of alkylated
PEI derivatives, very long alkyl chains (C12 and Cis) displayed the highest biocidal activity.**
Specific we argue that alkyl chain length is not the primary factor that governs biocidal efficacy,
but rather it is the net sum of all the hydrophobic/hydrophilic interactions in the polymer (backbone
and side-chain) that determine the outcome. Each of these studies used different polymer
backbones, ranging from hydrophobic (P4VP) to hydrophilic (PEI). As polymer architectures
increase in complexity through eloquent design, predetermining factors such as pendant side-chain
length becomes more difficult and can lead to materials with less than optimal efficacy.

Another critical factor in designing antimicrobial polymers is molecular weight. It has been
demonstrated by Klibanov using quaternized polyethyleneimine (Q-PEI) that molecular weight
plays a critical role in determining biocidal efficacy of surface coatings.?® This work demonstrated

that a 750 kDa, Q-PEI Killed effectively all of the bacteria sprayed as an aerosol onto the surface,
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with the biocidal efficacy decreasing when lower molecular weight Q-PEIs were used. As an
example, a 2 kDa Q-PEI was shown to kill less than 50% of all microbes. This again illustrates

that the overall composition and polymer architecture is important when designing materials with

Figure 5.4. Digital pictures of the textiles and plastic substrates sprayed with S. aureus:
(A) untreated cotton, (B) cotton spray-coated with 15 mg/mL BPAMP, (C) untreated
polypropylene (nonwoven geotextile fabric), (D) polypropylene spray-coated with 15
mg/mL BPAMP, (E) untreated poly(vinyl chloride) substrate, (F) poly(vinyl chloride)
substrate spray-coated with 15 mg/mL BPAMP, (G) untreated polyethylene substrate, and
(H) polyethylene substrate spray-coated with 15 mg/mL BPAMP. Reprinted with
permission from P. Dhende, S. Samanta, D. M. Jones, I. R. Hardin and J. Locklin, ACS
Appl. Mater. Interfaces, 2011, 3, 2830. Copyright 2011 American Chemical Society.

high biocidal efficacy.
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Synthetic polymers

Polymers such as polypropylene and polystyrene have only alkyl and/or aryl functionalities
and usually require harsh chemistry to produce synthetic “handles” that can be detrimental to the
mechanical properties of the material. Our group has produced a Q-PEI with pendant
benzophenone groups that allows the functionalization of any material containing a C-H bond.*
Benzophenone can be excited with mild UV light (345-365 nm) to a diradicaloid triplet state that
can abstract a hydrogen atom from a nearby C-H group, which creates a second carbon-centered
radical. The two carbon radicals can then combine to form a new C-C bond.>* We combined the
photo-grafting ability of benzophenone with the biocidal activity of N,N-methyldodecyl Q-PEI to
generate a benzophenone-containing antimicrobial polymer (BPAMP) that can be covalently
attached to any surface that contains C-H or N-H bonds. After curing with 365 nm light, this
coating renders a cross-linked network tethered to any plastic surface that serves as a permanent
antimicrobial coating. To illustrate the wide applicability, we used BPAMP to coat cotton,
polypropylene, polyvinyl chloride, and polyethylene, which rendered these materials antimicrobial
in a single functionalization step (Fig 4). A relationship between coating thickness and bacterial
kill effectiveness of S. aureus and E. coli was noted, with films 35 nm or thicker killing essentially
all bacteria applied. There are two plausible explanations for this behavior. If the alkyl chain
intercalation or ion exchange mechanisms are valid, then perhaps the polymer film must be thick
enough for free polymer ends to burrow past the peptidoglycan layer, interact directly with the
phospholipid bilayer, disrupt ionic integrity, and cause cell death. . Gram-negative bacteria
generally have peptidoglycan layers of <10nm whereas Gram-positive bacteria usually have

peptidoglycan layers of 20-80 nm.*® It is also possible that if the “phospholipid sponge” theory is
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valid, a film must be sufficiently thick to have enough storage volume to absorb sufficient anionic
phospholipids to damage the bacterial membrane.

As a compliment to the “grafting to” approach with benzophenone that was employed by our

15kV X1, 8008 18xm

Figure 5.5. Scanning electron micrographs of (a) PET and (b) an alkylated P4VP film on PET
after exposure to airborne E. coli subsequent incubation with solid growth agar for 24 h.
Reprinted with permission from L. Cen, K. G. Neoh and E. T. Kang, Langmuir, 2003, 19, 10295.

Copyright 2003 American Chemical Society.
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group, Huang et al used the reactivity of benzophenone to attach an ATRP initiator to
polypropylene in the form of a benzophenonyl 2-bromoisobutyrate.>® The benzophenone end of
the molecule was tethered to the surface by UV excitation, generating a polypropylene surface
coated with ATRP initiator. PDAEMA was then “grafted from” the surface using ATRP conditions
that afforded several different molecular weights. The PDAEMA was then quarternized with ethyl
bromide. As with Lee and Matyjaszewski’s previous antimicrobial coatings generated using Sl-

ATRP, a biocidal efficacy dependence on molecular weight was observed. In this system, biocidal
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Figure 5.6. Morphology of a polycation that is electrostastically bound to glass versus one

that is bound to the surface via silanes. Reprinted with permission from D. D. larikov, M.
Kargar, A. Sahari, L. Russel, K. T. Gause, B. Behkam and W. A. Ducker,

Biomacromolecules, 2014, 15, 169. Copyright 2014 American Chemical Society.

efficacy correlated with the density of QA groups observed via the fluorescein dye method.
Coatings with >9800 molecular weight polymer brushes, corresponding to a surface QA density
>14 QA/nm?, killed essentially all bacteria exposed to these surfaces.

Klibanov extended his earlier work that coated glass using PEI derivatives to strategies for
coating cotton by adding a pendant photoactive (4’-azido-2'-nitrophenylamino)hexanoyl

(ANPAH) group to branched, Q-PEL>" The aryl azide of the ANPAH group can undergo excitation
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upon exposure to UV light and form covalent bonds to cellulose. After coating a 2.5 cm? swatch
of cotton with three layers of the ANPAH Q-PEI derivative, the swatch was effective in killing 4
x 10° bacteria from a 10 mL solution. It is interesting that this work only described the
functionalization on cotton, since aryl azides are known for similar photo-catalyzed nonspecific
C-H insertion chemistries to benzophenone, 8 5%

Another alternative and effective strategy is the use of plasma polymerization to derivatize
inert polymer surfaces, such as polypropylene. Plasma polymerization generates a large amount of
free radicals, which can also abstract a hydrogen from surface C-H bonds, and create a reactive
carbon-centered radical which either terminates a nearby growing free polymer or initiates
polymerization of a gas phase or aerosolized monomer. Wafa et al used this method to graft
poly(glycidal methacrylate) (GMA) which was then reacted with HTCC.%' Several other
compounds were also used to functionalize polypropylene, including several cyclodextrin-
entrapped molecules, but HTCC was the most effective, displaying a 1.33 log reduction for E. coli
and a 1.30 log reduction for S. aureus. The authors noted that lower concentrations of HTCC
corresponded to stronger antimicrobial activity in the case of E. coli. The same effect was
previously documented by Lim® on HTCC functionalized cellulose, and was explained via a
peculiar mechanism involving high surface concentrations of HTCC on a bacterial cell wall which
formed a new barrier and prevented the leakage of cellular contents after the membrane has been
disrupted by the polymer. An analogous approach was used by Wafa to also functionalize nylon
6’6.63

The Kang group also used a plasma grafting approach to functionalize polyethylene
terephthalate (PET) using three separate steps.5 First, the PET surface was bombarded with argon

plasma and exposed to air to create surface -OH and peroxy functionalities, from which P4VP was
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grown in a UV reactor. Finally, the pyridines were converted to alkyl pyridinium salts by the
addition of hexyl bromide. The functionalized surfaces were tested against both air and waterborne
E. coli. The surface demonstrated a strong ability to reduce bacterial contamination. The study also
provided SEM images that showed any remaining bacteria were small in size (~1 pm compared to
2-6 um for healthy bacteria), sparsely distributed, and did not appear to be actively reproducing or
growing (Fig 5). Huh et al used a similar procedure,®® except that acrylic acid was polymerized,

then crosslinked by direct condensation with a quaternized chitosan derivative.

Inorganic surfaces
Stainless steel

Direct functionalization of metals is an important application for antimicrobial
functionalization, especially in the medical field where embedded implants, screws, and pins are
a prime source of contamination. With conducting surfaces, electrografting is a well defined
strategy for immobilizing organic molecules that contain a wide variety of functional groups.®
Electrografting has also been used to initiate polymerization from electrode surfaces. Ignatova et
al used electropolymerization and ATRP to create hyperbranched antimicrobial polymers grafted
from stainless steel (SS).%” The functionalization process begins with electropolymerization from
the surface of SS using 2-(2-chloropropionate)ethyl acrylate (cCPEA) as the monomer. ATRP was
then employed using a secondary bromine containing monomer, resulting in a hyperbranched
polymer with pendant alkyl halide groups. The alkyl halides were converted to pyridinium salts
using pyridine. The group also created alkyl “-onium” salt coatings via electropolymerization of a
monomer containing an N-hydroxy succinimide (NHS) ester. This NHS polymer was then reacted
with branched PEI, creating a crosslinked PEI network polymer. The PEI was then alkylated with

chlorooctane. Curiously, having created what appears to be a potent antimicrobial surface coating,
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the study only examines the bacterial adhesion properties of the coatings. Their results certainly
suggested lower bacterial adhesion, with the poly(cPEA) having 102 fewer colony forming units
(CFU) and the PEI derivative having 2.5x10° fewer CFU than the control SS.

When functionalizing steel, corrosion prevention can be as high a priority as short-term
antimicrobial efficacy. Biofilms speed up corrosion, so hybrid films that are both biocidal and
corrosion preventing are a popular approach to functionalizing steel. An interesting combined
antimicrobial/antifouling coating was established on SS by Yuan et al.®® Poly(3-
trimethoxysilyl)propyl methacrylate-b-poly(2-(dimethyamino)ethyl methacrylate) (PTMSPMA-
b-DMAEMA)) was fabricated via consecutive SI-ATRP, a procedure adapted from earlier work
by the Matyjaszewski group®. The pendant tertiary amino groups of the outer PDMAEMA block
were quaternized with hexyl bromide to form an alkyl ‘-onium” salt. The inner PTMSPMA block
containing trimethoxysilyl groups were hydrolyzed and condensed to form a cross-linked
polysiloxane network, which provided enhanced anticorrosion capability. A significant increase
in corrosion potential and decrease of corrosion current compared to pristine SS in Tafel
polarization curves and electrochemical impedance spectra demonstrated the anticorrosion
capabilities of the material. The biocidal functionality of the coatings was also demonstrated with
a reduction in viable cell counts on the surface from 10° cells/cm? to 10° cells/cm? when challenged

with D. desulfuricans.
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The same group also used layer-by-layer deposition of TiO2 capped with an ATRP initiator to

Figure 5.7. AFM images of g(I:;lss surfaces after beiné irr;-}nersed in the solution of

PDMAEMAg~PTMSPMAg in toluene (C = 2.5 g/L) for (a) 2.5 h, (b) 7.0 h, (c) 19 h,

(d) 70 hat 70 °C. Reprinted with permission from J. Huang, R. R. Koepsel, H. Murata,

W. Wu, S. B. Lee, T. Kowalewski, A. J. Russell and K. Matyjaszewski, Langmuir,

2008, 24, 6785. Copyright 2011 American Chemical Society.
establish a “handle” for functionalization of stainless steel while simultaneously taking advantage
of the antifouling capabilities of titanium.® SS was activated by washing with Piranha solution to
create surface —OHs, which were then exposed to Ti(IV) tert-butoxide under inert conditions. The
substrate was washed with water to generate surface —OHs on the titanium, and exposed to the
Ti(1V) tertbutoxide for four more cycles before the addition of a reactive silane ATRP initiator.
P4VP was polymerized from the initiator via ATRP, then alkylated with bromohexane. The alkyl-
P4VP surface demonstrated a reduction in the viable cell count of D. desulfricans, while
simultaneously obtaining good anticorrosion properties via Tafel plot and electrochemical
impedance spectroscopy measurements.
SiO

The functionalization of glass or silicon substrates with antimicrobial polymers has proven

useful in probing the mechanism of biocidal activity and the effectiveness of various functional
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groups. In a single study, both the “grafting to” and “grafting through” motifs were examined by
the Klibanov group on glass.?’ Poly(4-vinyl-N-alkylpyridinium bromide) were covalently attached
to pendant -NH> coated glass slides using two different strategies. In the “grafting through”
method, -NH; functionalized glass were acylated using acryloyl chloride, followed by free radical
polymerization of P4VP, and subsequent post-polymerization alkylation. In the “grafting to”
method, the -NH. glass were reacted with 1,4-dibromobutane, which could react with P4VP, along
with subsequent alkylation of the bound polymer. Several different alkyl bromides were utilized
for quaternization, with hexyl alkylated P4VP prepared by both methods demonstrating the highest
bactericidal activity, killing over 94% of bacteria in a surface-aerosol test.

A notable example that stands out from hydrophobic “-onium” salts is work done by the
Ducker group in which polyallylamine hydrochloride salt (PAA-HCI) was grafted to a silicon
surface via a trimethoxy silane.”® These amines are nonalkylated, and instead appear to derive
their antimicrobial properties from the protonated amine functionality. This material was able to
kill over 98% of S. aureus and epidermidis and 89% of P. aeruginosa, lending credence to the
theory that alkylation is merely a method of balancing the hydrophobic/hydrophilic interactions,
and that the cation is the prime mover of antimicrobial action. The group noted that it is possible
to apply PAA-HCl to a glass surface and achieve only a physisorbed coating; however, this coating
is not antimicrobial. They theorize that the positive charges of the material are interacting with the
glass surface instead of being available to interact with bacterial cells walls. However, when the
polymer is bound via a silane, the positive charges are more accessible and available for
interaction, which leads to biocidal activity (Fig 6).

The Matyjaszewski group used ATRP to prepare a bifunctional block copolymer that contains

a PTMSPMA surface anchoring segment and a PDAEMA biocidal segment.®® “Grafting to”
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immobilization of the block copolymer was achieved by reaction between PTMSPMA and silanol
groups on activated glass slides, and antimicrobial activity was achieved by quaternization of the
PDMAEMA block with ethyl bromide. The effects of the grafting density of the PQA, polymer
chain length, and the ratio of PDMAEMA to PTMSPMA on biocidal efficacy were investigated.
It was demonstrated that surfaces with higher grafting density possessed higher biocidal activity,
however there was no relationship between polymer chain length or block ratio on biocidal
activity. The most critical factor was determined to be the density of QAs on the surface. In fact,
a direct surface QA to bacterium ratio was established for this system, with about 10*° QAs being
necessary to kill one E. coli bacterium. During these studies, a “patchiness” phenomenon was
noted for these polymers (Fig 7). The polymers aggregated and formed high density QA patches
on glass which had superior biocidal activity. Furthermore, these patches were more effective than
PQA grown via “grafting from” ATRP at the same overall charge density. This data implies that
highly concentrated QAs over small areas are more effective than less concentrated QAs over a
wider area. The use of dopamine as a coating functionality is also very appealing because of its
ability to coordinate via the catechol group to metals or adhere strongly to a variety of substrates
via polydopamine networks. Dopamine has been used to coat metals such as silver,** > 72 metal
oxides such as TiO2,"™ 7 silicon oxide,” and even highly inert surfaces like polyethylene and
polytetrafluoroethylene.”™ "®. The Kuroda group used this potent attachment chemistry to coat a

poly(2-(dimethylamino)ethyl methacrylate-co-methoxyethyl acrylate-co-dopamineacrylamide
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(PDAEMA-co-MEA-co-DMA) terpolymer onto glass, where the PDAEMA was quaternized
with dodecyl chains.3* After optimizing the ratio of these three monomers, a film was produced
that killed nearly 100% of E. coli and S. aureus. Sum frequency generation spectroscopy (SFG)
was used to study the polymer coated surface (Fig 8). The SFG spectrum indicated that in the dry
state the dodecyl chains in the polymer aggregate at the surface. In solution, however, all surface
organization is lost. This data indicates that the biocidal alkyl “-onium” functionality is presented

at the surface in the dry state, not the MEA, catechol or polydopamine functionalities.
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Figure 5.8. SFG spectra of the P2 coating surface (a) in air, (b) in contact with water, and
(c) in air, after removal from water contact. Reprinted with permission from H. Han, J. Wu,
C. W. Avery, M. Mizutani, X. Jiang, M. Kamigaito, Z. Chen, C. Xi and K. Kuroda,

Langmuir, 2011, 27, 4010. Copyright 2011 American Chemical Society.

Kim et al used a different polymer system to establish the robustness of catechol attachment
chemistry on a wide variety of surfaces.® Chain transfer polymerization was used to synthesize a
poly(dimethylaminoethyl) acrylate (PDMA) homopolymer, which was partially quaternized with
2-chloro-3’4’-dihydroxyacetophenone and bromododecane (Fig 9). Substrates consisting of Si

wafer, titanium, quartz, Au, polystyrene, polyvinyl chloride, PET, polypropylene, and

116



1-bromododecane, EtOH
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Figure 5.9. Synthesis of partially quaternized catechol antimicrobial polymer.

polycarbonate were soaked in a polymer solution for 24 hours at room temperature to allow for
polymer attachment. The functionalized substrates were washed, and the presence of the polymer
on the surface was confirmed via ellipsometry and contact angle measurements. The
polypropylene surface was subjected to bacterial testing with S. aureus and E. coli to confirm the
antimicrobial activity of the polymer, with their testing showing near 100% killing efficiency.
Furthermore, the coating was aged for 60 days at 60°C, and no loss in activity was observed.
Conclusions

In this feature article, we have highlighted the wealth of options available for permanent
attachment of antimicrobial functionality to surfaces. Each tethering motif is highly effective in
attaching to a complementary surface, but most of the approaches outlined above require multiple
steps and are highly complex, which lead to challenges on the industrial scale. Techniques such as
SI-ATRP or post-polymerization modification are likely too costly, time consuming, and have
limited scalability for many high-throughput processes. While these approaches provide valuable

insight into the mechanism of biocidal activity, most fall short of providing an optimized
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antimicrobial coating. The ideal coating should be synthetically accessible from low-cost starting
materials and biocidal across a wide range of microbes and surface conditions, while remaining
inactive towards mammalian cells. This material should also be stable under ambient conditions
and be highly reactive towards the surface. It would also benefit from being non-specific, so that
the same chemistry can be used across different surface chemistries.

In our opinion, another barrier to success in this field is the extreme heterogeneity of
antimicrobial surface testing used by different researchers. For example, it is difficult to even
compare the results of many of the studies described above, considering that they used different
bacteria application methods, bacterial species, loading concentrations, solution versus aerosol
application, application times, among other variables. Klibanov has initiated the standardization
of this practice, and provided a method of testing antibacterial and antiviral activity of non-
leaching flat surfaces which we strongly recommend.’” Although this is an important step, standard
methodologies for testing for other organisms such as fungi and three dimensional, non-leaching
surfaces are still needed.

Finally, it is imperative that the mechanism of bactericidal action of these materials be more
concretely determined in order to optimize interfacial design. Research has been performed on the
hydrophobic/hydrophilic balance and its influence on surface antimicrobial efficacy, but this
balance varies widely depending on molecular functionality and polymer architecture, and is
highly qualitative in nature. There is also only a limited selection of research on the effects of these
surface bound materials on fungi, viruses, and mammalian cells, a critical gap that needs to be
addressed by the field. In our opinion, both Busscher’s adhesive forces model and the

“phospholipid sponge” concepts especially deserve additional investigation, since the concepts
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appear promising by addressing the fact that solution and surface poly*“-onium” antimicrobials

appear to not be created equal.
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CHAPTER 6
CONCLUSIONS AND OUTLOOK
Analysis and future prospects

Sulfonyl azide chemistry is a unique and underutilized method of C-H insertion on surfaces.
Ruhe and Prucker have been virtually the sole users of this chemistry in the last decade aside from
our earlier discussed Kevlar work.! However, they have focused on the use of sulfonyl azides to
graft to fairly ordinary alkyl-containing substrates such as polystyrene. Sulfonyl azides have much
more promise with surface grafting chemistry due to the extreme reactivity of the nitrene
intermediate. Other inert surfaces such as metals, metal oxides, silicon and silica, and fluorinated
surfaces should be investigated for their reactivity with sulfonyl nitrenes.

The future of SUFEx seems extremely promising, with expansions further into the field of
materials chemistry very likely.. Analogues of novel materials made using CUAAC and thiol-
ene/yne should be investigated using SUFEx chemistry with sulfonyl fluorides/fluorosulfates and
silyl ethers. Among the approaches that should be explored are end group functionalization,
clicking together homopolymers to make block copolymers and clicking monofunctional polymers
to multifunctional small molecules to make star polymers.

The use of SUFEXx and other orthogonal click chemistries on the surface allows us to prepare
carefully controlled biomimetic and biosensing surfaces. The ability of biology to attain nearly
perfect fidelity with various lock and key reactions is ideal and unattainable presently, but as we
invent more reactions of the click variety which have high degrees of orthogonality, we can start

to make attempts to imitate complex biology in structure and function.
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Dong and Sharpless have already established that SUFEx can be used to make a sulfate
analogue of polyethylene terephalate.? This approach barely scratches the surface of polymers that
could be made using SUFEX polymerization. Sulfates are an interesting linker with possible
biological activity, and sulfonates made from sulfonyl fluorides present another linker with
potential biological relevance. There is a possibility that sulfate and sulfonate connected polymers,
which are typically quite stable to acids and bases, may also be biodegradable, which presents
fascinating opportunities for biodegradable analogues of commercial polymers.

An important step in realizing these advances in SUFEx chemistry is elucidating the
mechanism by which the reaction between a sulfonyl fluoride and a silyl ether occurs. Thus far,
no published work has investigated it. Gembus mentions the concept of a sulfonyl-ammonium
intermediate, but presents no evidence of such an intermediate forming.® While NMR and other
solution techniques may be able to produce information about the mechanistic pathway, the use of
surface chemistry and analytical techniques could also yield critical insight into the SuFEx
mechanism.

Conclusions

In conclusion, this work demonstrates two different approaches to surface functionalization:
creating reactive polymers that can graft to highly inert surfaces through unique nitrene chemistry
and brush based functionalization for the attachment of more complex, delicate, or difficult to
polymerize moieties. Both approaches yield unique chemistries that broaden our toolbox for the
functionalization of surfaces. Moreover, it is also my hope that the nascent field of SuFEXx

chemistry can lead to an array of fascinating new materials technologies.
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