ABSTRACT

STEVENS, CAMERON LEE. Oligo(ethylene glycol) Grafted Polyester Polymer Brushes as
Dynamic Surfaces. (Under the direction of Christopher Gorman).

A new route to oligo(ethylene glycol) appended a-hydroxy acids has been created.
Conditions to generate cyclic monomers with these newly formed o-hydroxy acids were
explored. Additionally, growth of a known O-carboxy anhydride moiety was tested for
polymer brush growth.

Degradable polyester polymer brushes are a versatile platform for exploring protein
resistance and understanding fundamental surface structure property relationships. Poly
(propargy! glycolide) polymer brushes have been successfully grown from Si/SiOx. A post-
polymerization “click” reaction to graft protein resistant functionality—oligo(ethylene glycol)
to the polymer brush is reported. Preliminary protein resistance studies showed a large increase
in the protein resistance lifetime of surfaces when oligo(ethylene glycol) is grafted to the
polymer brushes. Finally, a Time of Flight-Secondary lon Mass Spectroscopy study
examining the grafting density as proceeding from the polymer brush air interface to the

polymer brush surface interface is reported.
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CHAPTER 1

Introduction

Biomaterials
Biomaterials are defined as “any natural or synthetic material (which includes polymer

or metal) that is intended for introduction into living tissue especially as part of a medical
device or implant”! Biomaterials have been used since antiquity. The first examples of
biomaterials include tooth filling materials, wire to connect teeth, and wooden limb
replacements. While the use of these archaic materials hardly constitute the modern definition
of the word “biomaterials” they laid the ground work for modern scientists to explore how
materials interact with the body.? Biomaterials have found a range of uses in implants?,
sensors®, tissues scaffolds®, drug delivery®28, dental repair®, and wound healing.°

Modern medical devices also include a variety of biomaterials. These medical devices
include a variety of implants, limb replacements, and monitors. Glucose sensors such as those
developed by MEDCO® are the latest generation of medical devices that can continuously
monitor glucose levels. These medical devices operate by measuring analytes within bodily
fluid. These sensors allow patients to actively measure important analytes within their body
and could allow for targeted dosing of medications. Despite the benefits of these sensors there
remain several drawbacks. Most notably the replacement of the sensor in contact with bodily
fluid. Currently, the best functioning sensors need to be replaced weekly.!!

This problem of sensor replacement is not just limited to glucose sensors. Many
artificial surfaces placed in contact with the body suffer from rejection, expulsion, or infection.
To understand this phenomenon, one must first understand what happens when an artificial
surface is placed into contact with bodily fluid. Upon contact with bodily fluids any surface

will rapidly develop a hydration shell followed immediately by protein adsorption. Proteins



will adhere to almost any surface upon contact. Proteins can denature to cause a cascading
series of events that can trigger an immune response to the surface. If bacteria are present or
contact the surface they can cause rapid colonization and biofilm formation resulting in

infections.'? (Figure 1)
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Figure 1 Cartoon representation of a surface in contact with bodily fluids over time.

To prevent or delay the rapid protein adsorption and subsequent onset of biofilm
formation a variety of static surface coatings have been developed. These include
hydrophobic,'>® zwitterionic,'*1> cationic,'®*® and biomolecular tethered surfaces!?1%-21
Currently, the “gold standard™ for resisting biofouling in medical devices is poly(ethylene
glycol) (PEG).?? PEG coatings help facilitate the formation of a hydration layer around the
device. This hydration layer has been attributed to PEG’s observed protein resistance.
However, all static surfaces will eventually foul with proteins, thus a dynamic or smart surface

with integrated protein resistant functionalities is needed.



Dynamic surfaces

Borne of nature’s ability to selectively tailor molecular assemblies and interfaces to provide
specific, precise molecular interactions, dynamic surfaces, stimuli-responsive surfaces, or
smart surfaces have become an increasingly large area of study. This emerging class of surface
materials have the ability to change surface properties in response to a stimulus (e.g., force,
pH, temperature, solvent, light).?3-2” Applications of these surfaces include dynamic control of
biomolecule/surface interactions, complex self-assembly processes on surfaces, data storage
devices, as well as a host of other applications.?¢?” Some examples of dynamic surfaces include

thin films, self-assembled monolayers (SAMs), and polymer brushes.

Thin films
Thin films can broadly be defined as a film of material less than a few microns thick, deposited
on a substrate. For practical purposes the discussion of thin films here will only concern organic
or polymeric thin films. Thin films are important for modern technologies because they allow
for control of surface structure property relationships. Additionally, thin films have been used
to study interfacial phenomenon,?® protein adsorption,?® and adhesion.?®3° There are a variety
of deposition methods used to create thin films. These include: drop coating, spin coating, and
dip coating. The deposition method of the film can create vastly different properties and
thicknesses. Creation of thin films presents an opportunity to introduce unique functionalities
and properties that a bulk substrate may lack. These include introducing conducive films for
circuits,?? attenuated wetting properties,?? and imparting resistance to biological systems for
medical devices.31%?

Although many unique surface properties have been developed through the study of

thin films there remain limitations. Thin films are frequently deposited to a substrate via



solution creating potential complications in solubility. Modern solution processing methods
create limited order in the system. The characterization and irreproducibility of thin films can
also cause problems when scaling these systems to an industrial scale. Additionally,

complications can arise when the films delaminate under stress.?

Self-assembled monolayers

Self-assembled monolayers (SAMs) are a class of molecular assemblies that can be used to
make dynamic surfaces. SAMs often consist of a head group that binds to a surface, a tail that
points away from the surface, and an end group that can be used as an anchoring point for
additional functionality (Figure 2).3* SAMs form, in part, because of the high affinity of their
head group with the substrate. SAMs have been used extensively to study interfacial

phenomena including wetting,3* adhesion,® and protein resistance.®
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Figure 2: Cartoon representation of self-assembled monolayer on a surface

Polymer brushes

Another major class of stimuli-responsive surfaces are polymer brushes. Much like SAMs,
polymer brushes consist of an anchoring group followed by a regular repeating structure from
the surface. Polymer brushes of homopolymers, copolymers, and block copolymers have been
prepared (Figure 3).3” Polymer brushes are made via polymerization from or grafting to the
surface. For example, polyelectrolyte brushes can respond to the ionic strength of solutions
with large conformational changes. Additionally, architectural features (i.e., grafting density,

thickness, length) of polymer brushes can be controlled and modified.3’
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Figure 3: Cartoon representation of a homopolymer, copolymer, and block copolymer
brushes on a surface

Polymer brushes can be made via the “grafting to” method. This involves grafting
polymers in a solution to a substrate. For example, reversible addition-fragmentation chain-
transfer polymerization can be used to produce poly (methacrylate) brushes. “Grafting
through” is another method for making polymer brushes. The grafting through method
involves polymerization in the presence of a monomer that is similar to a substrate-bound
functional group. The polymerization of styrene in the presence of methyacrylate end capped
poly(lactide) is one example of the grafting through method.28 The “grafting from” method is
the most commonly used method for making polymer brushes. In this method, surface
substrate moieties are utilized as initiators in the polymerization of monomers in solution. For
instance, ring opening polymerization can be initiated by taking advantage of the OH
functional groups on silica.®

Polymer brushes can adopt a range of confirmations based on grafting density. Grafting

density is defined as the number of polymer chains/ unit area. Lower grafting densities result
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in surfaces that are considered to be in the “mushroom regime”, while higher grafting densities
lead to extended chains in the “brush regime”. 2840 Attenuating grafting density can lead to

different properties of the surface.

2o 2

Increasing grafting density

Figure 4: Cartoon representation of polymer brush regimes

Thin films, SAMs and polymer brushes create mediums between substrates and
interfaces that allow for attenuating properties. These properties include converting a
hydrophilic surface to a hydrophobic surface,** and coating metal substrates with organic
functionalities.®® One prominent example of this unique property modification is the use of

SAM s to resist protein adsorption on surfaces that rapidly adsorb protein.*?

Previous work

Some of the first work on creating protein resistant surfaces was developed by Prime
and Whitesides.*® They deposited SAMs on gold utilizing thiol head groups and oligo(ethylene
glycol) (OEG) end groups. It was shown that the use of OEG reduced the protein adsorption
and the incorporation of more hydrophobic groups increased protein adsorption. This seminal
work has helped to guide the use of SAMs for protein resistant coatings.

Kankate et al. have recently studied the protein resistance of oligo (ethylene glycol)
terminated SAMSs on gold. In their study, they used surface plasmon resonance to measure the

adsorption of a flowing protein solution over vapor deposited SAMs. When compared to a gold



thin film standard, vapor deposited surfaces showed no significant BSA protein adsorption
over the course two 8 minute intervals of exposure.*

Chilkoti and coworkers demonstrated the Poly (oligoethylene glycol) methyl
methacrylate brushes grown from SAMs on gold did not adsorb any fibronectin after being in
contact with it for 20 minutes. They also showed that cells could be patterned on their surfaces
and limited growth was seen after 3 days. This work was among the first to demonstrate “non-
fouling” polymer brushes by surface-initiated polymerization of a macromonomer.*

Protein resistant functionalities are not just limited to SAMs. Psarra et al. studied
dodecyl end capped poly (N-isopropylacrylamide) (PNIPAM) brushes and native PNIPAM
brushes to understand the physicochemical surface characteristics. They showed the that
addition of the dodecyl chain to PNIPAM created a system that lost protein (fibronectin)
resistance above the lower critical solution temperature when compared to native PNIPAM
brushes.*® This work is consistent with the established trend that proteins will rapidly adsorb
to nonpolar substrates.

Jiang et al. have studied the effects of varying repeat length of oligo (ethylene glycol)
on gold SAMs. In their recent work, they showed that the best surfaces for resisting protein
adsorption possessed terminal oligo (ethylene glycol) chains of at least six repeat units. The
packing density and hydration layer are suggested as major factors in reducing protein
adsorption.*’

Previously, the Gorman group has shown that poly (lactic acid) (PLA) brushes can be
grown via ring opening polymerization (ROP) of lactide using surface hydroxyl groups as
initiators and Sn(Oct): as a catalyst. PLA brushes have been grown from silicon surfaces and

hydroxy terminated self-assembled monolayers (SAMSs) on gold surfaces. Polymer brushes up



to 100 A in thickness have been prepared and characterized.®® These polymer brushes have the
built in functionality that they are degradable. It was initially theorized that the act of
degradation could reduce protein adsorption so they undertook further studies to understand
the brush degradation mechanisms.

Studying the effects of pH and temperature on the degradability of PLA brushes
showed that they can greatly influence the degradation kinetics. PLA brushes exposed to basic
phosphate buffers (pH = 8) degraded much more rapidly than brushes in acidic buffers (pH =
6) (Figure 5). It is worth noting that this degradation is different from bulk PLA, which
degrades under both acidic and basic pH conditions. PLA brushes also degrade much faster at

elevated temperature (60 °C), then brushes incubated at lower temperatures (Figure 5)
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Figure 5: Degradation of PLA at varying pH. Reproduced from reference: 48

In addition to PLA, poly(e-caprolactone) (PCL) and poly(glycolic acid) (PGA) brushes
have also been grown from surfaces. Again, it was theorized that the act of degradation of these
brushes could be used as a dynamic surface to resist protein adsorption. Initial studies showed
that significant amounts of protein aggregated to the polyester brushes in under 30 hours. Block
copolymer brushes with oligo(ethylene glycol) (OEG) were synthesized and showed better
protein resistance. In one case, Si-OEG-PGA block copolymers were relatively protein

resistant for 3 days (Figure 6).4°
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Figure 6: Plot of adsorbed bovine serum albumin (BSA) on Si-OEG-PLA, Si-OEG-PGA, Si-
OEG-PCL brushes. Reproduced from reference 49.

Given the success of OEG incorporation into polyester brushes, it was hypothesized
that incorporation of OEG side chains into the monomers might produce a more “PEG-like”
surface and thus give additional protein resistance, while still being degradable through the

backbiting mechanism proposed in poly(lactide) (Figure 7).5°

Rias ey laee e

Figure 7: Proposed backbiting mechanism of polyester brush

Research Goals
The goal of this project is to develop a protein resistant surface that is also dynamic (Figure 8).

All static surfaces will eventually foul when exposed to protein, by creating a polymer brush

11



that is both resistant to protein and degradable when proteins adsorb, a non-fouling dynamic

surface could be created. These thin films could be used to give surfaces longer lifetimes in

vivo. To accomplish this goal two methods have been explored:

1) The synthesis of a novel monomer with OEG appended side chains. This approach

2)

would allow us to explore the feasibility of surface initiated polymerization (SIP)
with new monomers and would allow for incorporation of OEG into each monomer
unit.

The synthesis of a monomer containing a cyclic diester functionality that has been
previously used to grow polymer brushes but would have additional motifs that

would allow for post polymerization modification.
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Chapter 2
Introduction
Poly (a-hydroxy acids) (PAHAs) are sought after for their biodegradability and
thermoplastic properties.>2 The most commonly found PAHAs are those derived from PLA,
and PGA. These polyesters are typically prepared using ring opening polymerization (ROP) of
cyclic dimers of the corresponding a-hydroxy acid (Figure 9) Different catalysts and conditions
have been investigated to control molar mass distribution, chain ends, and composition.*2

Despite these advances their remains limited structural diversity in PAHAs.%10
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Figure 9: Dimerization and ring-opening polymerization of a-hydroxy acid

The limited structural diversity of PAHAS can be partially attributed to the difficulty
of synthesizing monomers. The dimerization of a-hydroxy acids is typically catalyzed in the
presence of an acid. An equilibrium exists between the formation of the cyclic monomer and
polymerization of the a-hydroxy acid. Typical procedures will take advantage of the volatility
of the monomer compared to the oligomers and starting material to distill out the desired
product, this usually results in yields of <50%. The synthetically intensive nature of working
with unsymmetrical dimers (often multiple steps and difficult purifications) of a-hydroxy acids
also limit structural diversity.

Cyclic diester dimers with various pendant side chains are not easy to synthesize
because of the equilibrium discussed above. The lack of commercially available a-hydroxy

acids to dimerize may also play a role in the narrow window of monomer scope. Thus,
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alternative methods are needed both in structural diversity of a-hydroxy acids as well as new
ways to form poly (a-hydroxy acids).

Recently, alternatives to the dimerized a-hydroxy acids have become popular. The
O-carboxy anhydride functionality has been studied to convert substituted a-hydroxy acids
into viable monomers for polymerization.** The use of this functionality eliminates one of the
major problems with dimerization of a-hydroxy acids- it does not require the product to be
volatile.*?

Results and Discussion

Development of monomers with oligoethylene glycol side chains.

A few routes have been developed to produce cyclic diester monomers with OEG side chains.
Rubinshtein et al synthesized a nonsymmetrical hemilactide by a Passerini-type condensation
that featured an azide terminated OEG side chain.'®* Baker synthesized a OEG/alkyl
asymmetric cyclic diester in low yields (<15%) that could be converted into bottle brushes.4
PEG-grafted caprolactone monomers like that developed by Jérdme have also been
synthesized.*> However, none of these routes are high yielding and they all lack generality. A
new approach which is more modular could help to increase the structural diversity of PAHASs

as well as generate different derivative side chains.

Proposed new monomer with an OEG side chain

W. H. Davie first reported the synthesis of anhydro-O-carboxy glycolic acid in 1951 by
treatment of glycolic acid with phosgene (carbonyl chloride).'® Since that time, molecules
with this functionality have seen modest use in controlled polymerizations.*117.1® The synthesis
of various derivatives of the anhydro-O-carboxy or O-carboxy anhydride (OCA) moiety

remain challenging due to their highly reactive nature.*? A literature review lead to only a few
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examples of PAHAs made from ring opening polymerization (ROP) of substituted O-carboxy
anhydrides (OCA).1%-2!

It is of interest to explore new side chain functionalities of the OCA moiety. One
potentially interesting functionality lacking is the incorporation of ethylene glycol into the
monomer. Oligo(ethylene glycol) (OEG) or Poly(ethylene glycol) (PEG) are commonly used
in biomaterials to limit protein adsorption on hydrophobic functionalities.?? Functionalization

of OCA with an OEG side chain could allow for ROP to provide a new class of biomaterials.

Synthesis of hydroxyl-appended OCA

A review of the literature led to a report from Cheng et al. that a benzyl protected OCA (3)
could be prepared using readily available benzyl protected serine (1). This monomer was
subsequently polymerized under mild conditions.?® Deprotection of the polymer allowed for
post-polymerization modification (PPM). It is proposed that this (3) compound could be a
useful starting material for an OEG-appended OCA monomer (5).

Scheme 1: Proposed synthetic route to OEG-OCA
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A first attempt to develop a synthetic route to prepare OEG-OCA (5) is shown in

Scheme 1. Treatment of benzyl protected serine (1) with NaNO:2 produced the corresponding
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a-hydroxy acid (2) in 70% vyield. Treatment of a-hydroxy acid with phosgene at room
temperature produced the corresponding OCA in low yield.'® The low yields of this monomer
may be attributed to the difficulty in purification. Demings et al. showed that the difficulties
involved in the synthesis of (3) could have been caused by the grade and moisture content of
the silica used during purification.?* Further complications arose when deprotection of the
monomer (3 — 4) led to a mixture of polymer and side products that could not be identified
by 'H NMR. It is hypothesized that the alcohol moiety on the deprotected monomer (4) acted
as an initiator to promote ring opening of the OCA. Isolation of the hydroxyl-OCA (4) was not

achieved.

Attempted synthesis of OEG-appended OCA

Rather than employ a complex synthetic route utilizing benzyl protected serine a more direct
route to OEG-appended, a-hydroxy acid (9) was explored (Scheme 2). A review of the
literature related to the synthesis of a-hydroxy acids led to a route starting from 3-chloro-2-
hydroxypropanoic acid (6).2>% It was hypothesized that this compound could be reacted with
a nucleophile to substitute an oligoethylene glycol (OEG) moiety at the 3 position. Cyclization
could then be achieved with phosgene, or a similar reagent, to generate a oligoethylene glycol-

appended O-carboxyanhydride (OEG-OCA, 9).
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Scheme 2: Proposed synthesis of OEG-appended OCA
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To pursue the synthesis outlined in Scheme 2, 3-chloro-2-hydroxypropanoic acid (7)
was prepared as described in the literature via a biphasic reaction using concentrated nitric acid
to oxidize 3-chloropropane-1,2-diol to the corresponding acid (7).?> Removal of over oxidized
products (i.e., oxalic acid) could be achieved via treatment with CaCQOs. After sublimation,
white crystals were recovered in 21% yield.

A solution of potassium 2-(2-methoxyethoxy)ethan-1-olate (K-DEG) was prepared by
dripping diethylene glycol monomethyl ether into a slurry of potassium metal and THF.
Attempts to treat 3-chloro-2-hydroxypropanoic acid (7) with K-DEG under Snx2 conditions
yielded no desired product as evidenced by NMR. Attempts to do an in situ Finkelstein reaction
by treating 3-chloro-2-hydroxypropanoic acid (7) with Nal were also unsuccessful.

Given the difficulty of reacting K-DEG with the beta chlorine, alternative routes were
explored. It had been reported that 3-chloro-2-hydroxypropanoic acid (7) could be converted
to the corresponding epoxide (10) via KOH (Scheme 3).2¢ Preparation of the corresponding
epoxide was completed in 32% yield. Attempts to open the epoxide were unsuccessful using
basic epoxide ring opening procedures. It was hypothesized that this result might be due to the
poor solubility of the epoxide in organic solvents. To circumvent this problem attempts were
made to protonate the carboxylate (10). It was reasoned that the protonated carboxylic acid

would be more soluble in organic solvents than the potassium carboxylate salt (10). However,
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when the potassium carboxylate salt was treated with various protic acids (HNOs and H2SQO4),
elimination to form acrylic acid competed with protonation of the carboxylate salt (17), as
evidenced by crude *H NMR.

Scheme 3: Proposed synthetic route to OEG-a-hydroxy acid salt
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Given the difficulty of working with K-DEG and the carboxylic acid functionality, a
new substrate was sought. It was hypothesized that utilizing an ester instead of an acid would
increase stability and solubility in organic solvents. Thus, the reaction sequence shown in
Scheme 4 was pursued.

Methyl oxirane-2-carboxylate (13) was prepared in large quantities via a biphasic
reaction of commercial bleach and methyl acrylate (12) as described in the literature.?” After
distillation, a colorless oil was isolated in 45% yield.

Attempts were made to open the epoxide via Sn2 conditions using methoxide as a
nucleophile; however, no desired product was isolated. Several Lewis acids were surveyed as
catalysts for the ring opening of methyl glycidate (13) including LiClOas, ZnCl2, and Sc(OTf)a.
Ultimately, it was determined that Mg(ClOa4)2 produced the ring opened product, 2-hydroxy-3-
methoxypropanoic acid (14), in good yields (80%). Use of TEG to ring open the epoxide
produced the desired product, methyl 13-hydroxy-2,5,8,11-tetraoxatetradecan-14-oate (15), in
slightly lower yields (50%). Treatment of the ester with KOH in methanol yielded the
corresponding acid, 13-hydroxy-2,5,8,11-tetraoxatetradecan-14-oic acid (17), in moderate

yields (54%).
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Scheme 4: Proposed synthetic route to OEG-OCA
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After saponification, it was envisioned that the acid could be cyclized to the
corresponding OEG-OCA (18). 2-Hydroxy-3-methoxypropanoic acid (16) was used as a
model compound for cyclization. Triphosgene and phosgene in solution were used to make
MeOOCA (18, R = CHa). 'H NMR of the crude product showed resonances consistent with
the desired product (Figure 9); however, isolation of the MeOOCA (18) was problematic.
Distillation was attempted; however, heat resulted in ring opening as evidenced by 'H NMR
(not shown). Attempts at recrystallization yielded impure oils. Several attempts were made to
purify the compound on silica gel, alumina, and reverse-phase silica. Deming et al. have
reported purification of N-carboxyanhydrides using rigorously dried silica in a glove box.?
This procedure was attempted, but, only mixtures of the product and an unknown impurity
were isolated.

It was considered that the impure monomer might be appropriate for polymerization.
However, Hu et al. reported that lactide ROP was unsuccessful with impure lactides.?32° Thus,
it seemed important to test if minor impurities in the OCA system would hinder
polymerizations. However, experiments to polymerize the crude OCA system using conditions

previously reported for OCA polymerizations where unsuccessful.°
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Figure 10: 1H NMR comparison of MeOOCA (18) and benzyl-protected OCA (3)

Attempted synthesis of polymer brushes using known OCA
After the isolation of the desired OCA could not be achieved, and crude mixtures did not yield
any polymer it was still of interest to study if the OCA functionality could be used to create
polymer brushes. To do this- it was hypothesized that known OCA derivatives could be
synthesized and polymerization conditions on surfaces could be explored.

One of the most common OCA monomers studied is 5-phenyl-1,3-dioxolane-2,4-dione
(21) this mandelic acid OCA is derived from carbonylation reaction of mandelic acid with
diphosgene (Scheme 5). The mandelic acid OCA has been shown to undergo ring-opening

polymerization (ROP) in the presence of a pyridine catalyst to give the corresponding PAHA.°
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Scheme 5: Carbonylation reaction of mandelic acid with diphosgene to make 5-phenyl-1,3-
dioxolane-2,4-dione
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To test this hypothesis the mandelic acid-derived OCA (21) was polymerized using
trace water as an initiator and pyridine as the catalyst in a sealed NMR tube to monitor
polymerization. After 20 hours, the sharp methine peak at 6.08 ppm had completely
disappeared and a broad multiplet at 6.10-5.95 had appeared. After confirming the
polymerization reaction worked in solution experiments to test the feasibility of brush growth
using this system were conducted.

Solutions of mandelic acid-derived OCA were placed over freshly clean silicon wafers
with pyridine as a catalyst varying times, solvent, and temperature. In chloroform at room
temperature brush thickness measured by ellipsometry decreased at longer reaction times
These data are entries 1-3 of Table 1. At 24 hours, the poly mandelic acid brush was 4.0 nm
thick compared to a value of 2.31 nm at 91 hours. At slightly elevated temperatures (40 °C)
brush thickness increased slightly with longer reaction time this can be seen in entries 4 and 5
in Table 1. At higher temperatures, almost no brush growth was observed (1.5 nm at 50 °C).
Attempts to use dichloromethane to grow brushes showed no growth or degradation for brushes
at longer reaction times (entries 7-9 in Table 1). Increasing the temperature of polymerization
in DCM gave slightly longer brushes (entries 10 and 11 in Table 1).

Attempts to polymerize 5-phenyl-1,3-dioxolane-2,4-dione from surfaces varying time
temperature, and solvent resulted in minimal (< 5 nm) growth of brushes from wafers. Given
this result, efforts to synthesize polymer brushes from other OCA derivatives were abandoned.
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Table 1: Reaction conditions for attempted mandelic acid-derived OCA polymerization on

silica
Entry Time (h) Temperature (°C) Solvent Thickness (nm)
1 24 RT CHsClI 4.0 (0.31)
2 48 RT CHsCl 3.07 (0.42)
3 91 RT CHsClI 2.31 (0.44)
4 24 40 CHsCl 1.86 (0.32)
5 48 40 CHsCl 3.82(0.24)
6 24 50 CHsClI 1.5 (0.51)
7 48 RT DCM 2.51 (0.47)
8 72 RT DCM 2.48 (0.12)
9 141 RT DCM 2.37 (0.21)
10 48 40 DCM 3.03 (0.54)
11 72 40 DCM 3.18 (0.36)

In conclusion, a new method to synthesize OEG-derivatives of a-hydroxy acids has
been created, producing new molecules 2-hydroxy-3-methoxypropanoic (16) acid and 13-
hydroxy-2,5,8,11-tetraoxatetradecan-14-oic acid (17). Additionally, 5-(methoxymethyl)-1,3-
dioxolane-2,4-dione (18) has been synthesized albeit with impurities Attempts to use the
impure OCA for polymerizations were unsuccessful. Attempts to polymerize a known OCA
derivative from a surface using the native hydroxyl groups as initiators as a proof of concept
showed only minimal growth of the polymer brush and no further growth over time. Given the
difficulty in working with OCA-based monomers, other routes to OEG-functionalized polymer

brushes were explored.
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Experimental
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Synthesis of (S)-3-(benzyloxy)-2-hydroxypropanoic acid (2): Acetonitrile (64 mL) and 1 M

sulfuric acid (64 mL) were added to O-benzyl-L-serine (4.9 g, 25 mmol) under nitrogen. In a
separate flask, NaNO2 (3.42 g, 51 mmol) was dissolved in water (25 mL), and then transferred
to the O-benzyl-L-serine slurry while stirring under inert atmosphere. The reaction was
allowed to stir at room temperature overnight. The aqueous layer was extracted with
dichloromethane (DCM), dried over MgSQOa, and concentrated in vacuo to yield a yellow oil

(3.5 ¢, 70% yield). *H NMR matched that reported previously.?°

0]
oy e — Ol I

Synthesis of 5-((benzyloxy)methyl)-1,3-dioxolane-2,4-dione (3): Triphosgene (3.32 g, 11
mmol) was dissolved in a minimal amount of THF and then added to a mixture of THF (22
mL) and (S)-3-(benzyloxy)-2-hydroxypropanoic acid (2 g, 10 mmol). The mixture was stirred
at room temperature overnight under an inert atmosphere. Removal of THF followed by
addition of DCM (0.5 mL) and (0.5 mL) isopropyl ether yielded white crystals (0.12 g, 5%

yield). *H NMR matched that of reported compound.?3
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Attempted synthesis of 5-(hydroxymethyl)-1,3-dioxolane-2,4-dione (4): In several, separate
trials, 5-((Benzyloxy)methyl)-1,3-dioxolane-2,4-dione (0.1 g 0.5 mmol) was added to various
solvents (THF, toluene, acetonitrile), and the solution was flushed with nitrogen. Catalytic
amounts of Pd/C (10, 20, 30%) were added to the flask. Nitrogen was removed via vacuum
and replaced with hydrogen gas via a balloon. Analysis of the reaction mixture by TLC
(staining with I2 or PMA) showed only baseline spots. Crude analysis by *H NMR showed no

remaining starting material; however, no product peaks could be identified.
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Synthesis of 3-chloro-2-hydroxypropanoic acid (7): 3-Chloropropane-1,2-diol (125 g, 1.13
mol) was dissolved in water (125 g) and placed in a graduated cylinder equipped with a
dropping funnel the lower end of which was on the bottom of the graduated cylinder. Over a
period of 2 days, HNO3 (175 g, 2.77 mol) was dropped into the bottom of the cylinder to form
a biphasic reaction mixture. Over the course of 14 days, the solution turned from clear to green,
then back to clear. Once evolution of the gas ceased, the residual water was removed via
distillation. Care was taken to keep the temperature of the material in the distillation flask
under 80 °C. The resulting residue became crystalline upon cooling to room temperature. The

crystalline material (~100 g) was then dissolved in water and, CaCOs3 was added until foaming
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stopped.?® The white slurry was centrifuged, and the supernatant was extracted with ether then
dried over MgSO4 and filtered. The resulting solution was concentrated to a yellow oil. The
yellow oil was sublimed at 300 mtorr at 60 °C to yield white crystals (30 g 21% vyield). *H

NMR: § 4.60 (t, 1H, J = 3.4 Hz), 3.90 (dd, 2H, J = 3.4, 1.83 Hz) 3C NMR: & 174.5, 70.4, 46.2.

K+
/O\/\O/\/O_

/O\/\O/\/OH

Preparation of ~0.5 M potassium 2-(2-methoxyethoxy)ethan-1-olate (K-DEG): A dry 2-neck
flask with a dropping funnel was charged with THF (200 mL) under nitrogen atmosphere.
Freshly cut and washed (with hexanes) potassium metal (4.7 g, 119 mmol) was added to the
THF and allowed to stir for 20 minutes at room temperature. Dry 2-(2-methoxyethoxy)ethan-
1-ol (DEG) (14 mL, 118 mmol) was added dropwise over 30 minutes. Once complete, the
dropping funnel was replaced with a reflux condenser, and the reaction was heated to reflux
for 16 hours. The solution was filtered without exposure to air and stored under nitrogen
atmosphere in the refrigerator. Before each use the solution was titrated in triplicate using

phenolphthalein in water and 1 M HCI to determine the concentration of alkoxide.3!
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First attempted synthesis of 13-hydroxy-2,5,8,11-tetraoxatetradecan-14-oic acid (8): 3-
Chloro-2-hydroxypropanoic acid (0.2 g, 1.6 mmol) was added to THF (10 mL) and cooled in

an ice bath. Cs2COs (0.5 g, 1.6 mmol) was added to the stirred solution. A faint yellow color

32



was observed. In a separate flask, 60% NaH (0.06 g, 1.6 mmol) in oil was added to THF (5
mL) and cooled in an ice bath. 2-(2-methoxyethoxy)ethan-1-ol (TEG) (0.18 mL, 1.6 mmol)
was added to the chilled mixture and allowed to stir. Once the evolution of gas ceased, the
TEG mixture was transferred to the chloro-2-hydroxypropanoic acid mixture via cannula and
allowed to warm to room temperature. After 2 hours, the crude mixture was filtered,
concentrated, and a small aliquot was removed for *H NMR analysis (D20); only starting
materials were observed. In separate experiments, the temperature was varied (room

temperature and reflux), but neither of the conditions produced the desired product.

Second attempted synthesis of 13-hydroxy-2,5,8,11-tetraoxatetradecan-14-oic acid (8): 3-
Chloro-2-hydroxypropanoic acid (0.1 g, 0.8 mmol) was added to THF (10 mL) and cooled in
an ice bath. A solution of K-DEG (0.62 M, 2.5 mL, 1.6 mmol) was added and allowed to warm
to room temp. After 2 hours, only starting material was observed by *H NMR. In separate

experiments, heating the solution to reflux did not yield better results.

Third attempted synthesis of 13-hydroxy-2,5,8,11-tetraoxatetradecan-14-oic acid (8): 3-
Chloro-2-hydroxypropanoic acid (0.25 g, 2 mmol) and dry acetone (20 mL) were added to a
dry round-bottom flask under nitrogen atmosphere. After addition of Nal (3 g, 2 mmol), the
solution turned yellow. After heating to reflux for 30 minutes, K-DEG (0.3 M, 12 mL, 4 mmol)
was added and the reaction was allowed to stir overnight. The solvent was removed by rotary
evaporation to yield a sticky brown solid. The solid was washed with ether (3 x 15 mL), and

the filtrate was dried with MgSOa4 and concentrated. TLC (p-anisaldehyde stain) of the product
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showed 2 spots (2:3 hexane: ethyl acetate). 'H NMR and *C NMR led us to characterize this
product as a mixture that contained 1-(2-(2-methoxyethoxy)ethoxy)propan-2-one, shown

below, and DEG.
wohoiw%

IH NMR: § 3.7 (m, 8H), 3.63 (m, 8H), 3.38 (s, SH), 2.75 (s, 3H), 2.24 (s, 2H) °C NMR: &

210.3,72.2,71.7,69.9, 69.4, 61.3, 58.9, 31.6
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Synthesis of oxirane-2-carboxylic acid (10): A nearly saturated solution of KOH and methanol
was shaken with silica gel for 10 minutes, filtered, and titrated to determine molarity. A
solution of KOH (4.8 M, 6.7 mL, 32 mmol) was added to 3-chloro-2-hydroxypropanoic acid
(2 g, 16 mmol) and dissolved in absolute methanol (10 mL) in an ice bath. The mixture was
allowed to warm to room temperature and stir for 1 hour before being placed in the refrigerator
overnight. The reaction was filtered, washed with MeOH, triturated into ether and filtered
again to yield a white solid (0.59 g, 32% vyield). *H NMR: 6 3.36 (dd, 1H, J = 2.1 Hz, 3.6 Hz),

2.94 (t, 1H,J=4.2 Hz), 2.78 (dd, 1H, J = 4.2 Hz, 2.1 Hz).
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First attempted synthesis of potassium 13-hydroxy-2,5,8,11-tetraoxatetradecan-14-oate (11):
Potassium oxirane-2-carboxylate (0.02 g, 0.15 mmol) was added to a dry vial with 18-crown-6
(0.001 g). The vial was charged with THF (3 mL) and K-DEG (0.4 M 0.19 mL, 0.08 mmol)

then heated to reflux. After 2 hours, only starting material was observed by *H NMR.

Second attempted synthesis of potassium 13-hydroxy-2,5,8,11tetraoxatetradecan-14-oate (11):
To a dry round-bottom flask, potassium oxirane-2-carboxylate (0.02 g, 0.15 mmol), DCM (3
mL), and tris(pentafluorophenyl)borane (0.004 g, 5 mol%) were added. The mixture was
allowed to stir for 10 minutes under nitrogen before neat TEG (0.019 mL, 0.15 mmol) was
added. The mixture was allowed to stir at room temperature overnight. Only starting material
was observable by 'H NMR. Attempts at heating the reaction and use of different solvents

(toluene, hexane, nitromethane, chloroform) yielded similar results.

Synthesis of methyl oxirane-2-carboxylate (13): To a round-bottom flask, 6% NaOCI (86 mL,
0.069 mol) was added, and the flask was cooled in an ice bath. Methyl acrylate (6 g, 0.069
mol) was then added. The mixture was stirred for 30 minutes. The ice bath was then removed,

and the reaction was allowed to stir for 1.5 hours. The mixture was extracted with DCM (3 x
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50 mL), and the combined organic layers were dried using MgSQza, filtered, and concentrated
in vacuo to produce a yellow oil. Distillation of the oil (50 mmHg, 45-47 °C) yielded pure

product in 30% yield. *H NMR matched that of the reported compound.?’

@)
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Synthesis of methyl 13-hydroxy-2,5,8,11-tetraoxatetradecan-14-oate (15): TEG (0.08 g,
0.7 mmol) was added to a vial with a Mg(ClO4)2 (0.02 g, 0.09 mmol) and allowed to stir briefly
before methyl oxirane-2-carboxylate (0.036 g, 0.35 mmol) was added to the vial. The vial was
tightly capped and heated to 65 °C for 2 days. The vial was cooled to room temperature, and
water (5 mL) was added to the mixture. The aqueous layer was extracted with ether (4 x 5 mL),
and the combined organic fractions were dried over MgSOzg, filtered, and concentrated in vacuo
to yield a yellow oil (50%). *H NMR: & 4.33 (m, 1H), 3.79 (m, 2H), 3.65 (S, 3H), 3.70 (m,

2H), 3.65 (m, 2H), 3.56 (m, 2H), 3.38 (s, 3H).

Synthesis  of  2-hydroxy-3-methoxypropanoic acid (14): Methyl  2-hydroxy-3-
methoxypropanoate (0.5 g, 9 mmol) was added to a vial and chilled in an ice bath. Next, KOH
in methanol (2 M, 5.5 mL, 11 mmol) was added. The yellow reaction mixture was removed

from the ice bath and allowed to stir at room temperature until complete by TLC analysis (ceric
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ammonium molybdate stain, 60:40 ethyl acetate: hexanes). The reaction was concentrated and
acidified with cold HCI (6 M). The filtrate was collected after removal of the white solid via
vacuum filtration. The clear liquid was then triturated into acetone and filtered. The slurry was
dried using MgSOu, filtered and concentrated; this cycle was repeated 3 times to yield a brown

oil (0.73 g, 82%) ‘H NMR: 5 4.27 (dd, 1H, J = 3.0 Hz, 3.9 Hz) 3.63 (m, 2H) 3.32 (s, 3H)

O 0]
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Synthesis  of  2-hydroxy-3-methoxypropanoic acid (16): Methyl  2-hydroxy-3-
methoxypropanoate (0.5 g, 9 mmol) was added to a vial and chilled in an ice bath. Next, KOH
in methanol (2 M, 5.5 mL, 11 mmol) was added. The yellow reaction mixture was removed
from the ice bath and allowed to stir at room temperature until complete by TLC analysis (ceric
ammonium molybdate stain, 60:40 ethyl acetate: hexanes). The reaction was concentrated and
acidified with cold HCI (6 M). The filtrate was collected after removal of the white solid via
vacuum filtration. The clear liquid was then triturated into acetone and filtered. The slurry was
dried using MgSQzu, filtered and concentrated,; this cycle was repeated 3 times to yield a brown

0il (0.76 g, 70%) *H NMR: § 4.27 (dd, 1H, J = 3.0 Hz, 3.9 Hz) 3.63 (m, 2H) 3.32 (s, 3H)
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Attempted Synthesis of 5-(methoxymethyl)-1,3-dioxolane-2,4-dione (18): Triphosgene was
dissolved in dry dioxane. The mixture was then transferred via cannula to a flask containing 2-
hydroxy-3-methoxypropanoic acid which had residual water removed via addition and
removal of toluene in vacuo. The mixture was allowed to stir at room temperature overnight.
Solvents were then removed, and the flask was moved into a glovebox. Column
chromatography using dry silica (150 °C, 48 hours, 300 mTorr) eluting with varying dry

solvent mixtures (hexanes, ethyl acetate, THF) was unsuccessful in purifying the product.

O._OH Os0
OH O/EO
Synthesis of 5-phenyl-1,3-dioxolane-2,4-dione (21): In a Schlenk flask, mandelic acid (6.0 g,
39 mmol) and activated carbon (580 mg) were dissolved in dry THF (70 mL). Diphosgene (5.5
mL, 46 mmol) was added to the flask via syringe under nitrogen. The reaction stirred at room
temperature overnight. The next day the mixture was filtered through celite then washed with
THF. The THF was removed to yield a viscous yellow oil. The oil was quickly transferred to
a vial and was layered with hexanes (~10 mL). Storage in the freezer overnight yielded white
crystals which were isolated quickly via vacuum filtration. The crystals were washed with

hexanes then dried in vacuo. Yield 2.7 g 38 % *H NMR matched that of previously reported.*
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Preparation of Poly(mandelic acid) brushes

The synthesis of mandelic acid-derived polymer brushes was carried out using surface initiated
ring opening polymerization (SIP) from silicon substrates. Silicon wafers (wafer world) were
cut into ~3 cm squares washed with hexanes, water, and ethanol. Wafers were then sonicated
in ethanol for 2 min, dried with a nitrogen stream, and exposed to UV-Ozone irradiation for 30
min. After exposure, the wafers were placed into vials and transferred into a glovebox.
Solutions of mandelic acid OCA (2.5 mL of 0.62 M) and pyridine (0.23 mL of 0.13M) were
added to the wafers. The vials were sealed with Teflon tape and electrical tape, removed from
the glove box, and placed on as shaker table at 200 RPM. After a given time the wafers were
removed and washed with water and ethanol. Wafers were then sonicated in chloroform to
remove any unreacted monomer. Thicknesses were characterized using variable angle
spectroscopic ellipsometry (VASE). The thickness of the polymer brush was modeled using a

Cauchy layer on Silicon substrate.
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Chapter 3
Introduction

After the failure to synthesize the OEG-OCA brushes, synthetic efforts were directed
toward creation of an OEG-cyclic diester. Previously our group had demonstrated that
polyester brushes could be grown from native Si-O-H groups on silicon using the cyclic
diesters lactide and glycolide.>? Baker et al. reported the synthesis of a number of cyclic diester
derivatives including one with pendant OEG-side chains; however, that cyclic diester
derivative contained a large alkyl chain between the cyclic diester and the oligo(ethylene
glycol) (OEG) unit.>® While the OEG functionality should impart some protein resistance
there are concerns that the greasy hydrophobic alkyl spacer would negate those effects.
Exploration of some cyclic diester derivatives that omit that alkyl chain is described below.

Another route explored was the polymerization of cyclic diesters from silicon that
could be functionalized after polymer brush formation. This post-polymerization modification
(PPM) approach has been utilized a number of times with different functionalities.’
Development of this approach was particularly interesting because it could allow for testing of
a variety of functionalities not just OEG.

Some of the most common PPM functionalities used are functional groups found in
“click chemistry” reactions. Click chemistry was first defined by Sharpless as reactions that
are “high yielding, wide in scope, create only byproducts that can be removed without
chromatography, are stereospecific, simple to perform, and can be conducted in easily
removable or benign solvents.”® Currently there are several categories of “click” or “click like”

reactions these include: 1) [3+2] cycloadditions, 2) thiol-ene,® 3) thiol-yne,'° 4) select Diels-
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Alder reactions and 5) nucleophilic substitution reactions on small strained rings such as
epoxides.t! The most ubiquitous “click” reaction is the copper catalyzed Huisgen 1,3-dipolar
cycloaddition. 2

Cheng and coworkers have synthesized an OCA monomer with an alkyne side chain.
This side chain was functionalized at >98% with 2-aminoethanethiol utilizing thiol-yne “click
chemistry” after polymerization. For their study the pendant amine group was used because
PAHA containing amine functionalities have been shown to penetrate cells for gene delivery.
This work demonstrates a great example of the utility of the alkyne side chain on a polymer.*3

In another example of PPM of the alkyne functionality Shastri et al. demonstrated the
use of degradable aliphatic polyesters with organic dyes. The synthesized co-polymers were
modified using 1,3 dipolar additions to give polyesters with organic dyes. The co-polymers
were converted into nanoparticles to test their viability as a cell imaging in vivo. It was shown
that the dye molecules functionality (labeling of cell) was not impeded by the grafting process.
Additionally, cytotoxicity studies showed good cell viability with the nanoparticles.*

Collard et al. showed that alkene-containing copolylactide could be modified using
“thiol-ene click chemistry.” Their system required the synthesis of a chlorolactide monomer
that could be co-polymerized with poly (lactic acid) (PLA). A dehydrochlorination reaction
using Hunig’s base showed minimal degradation of the backbone and gave them access to the
alkene functionality. Radical thiol-ene reactions showed a competition between
functionalization and crosslinking of the alkene functionalities along the backbone. However,
Michael Additions to the copolymer showed almost quantitative addition without the

competing crosslinking reaction.®
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Baker et al had previously developed an alkyne glycolide derivative for bulk
polymerization.* They showed that in solution copper catalyzed azide-alkyne click chemistry
could be used to functionalize the polyester. Their interest in appending side chain
functionalities was in developing thermoresponsive polymers. Use of their monomer in
conjunction with the chemistry developed for surface initiated ring-opening polymerization of

cyclic diesters from silica could yield an interesting modular material for studies.

Results and discussion

Attempts to prepare a cyclic diester containing an appended OEG chain

Given the difficulty in preparing the OEG-OCA an alternative route was sought. It was
envisioned that the OEG-a-hydroxy acid previously synthesized (Chapter 2 Scheme 4) could
be dimerized and subsequently polymerized from the silicon surface. There are two general
ways to dimerize a-hydroxy acids 1) the use of an acid catalyst (often p-toluenesulfonic acid)
and heat to dimerize the a-hydroxy acid to the corresponding cyclic diester. 2) through the use
of step-by-step condensation of the a-hydroxy acid to an a-halo-acyl halide followed by base
mediated cyclization (Scheme 6).16

Scheme 6: General routes to cyclic diesters from a-hydroxy acids
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The a-hydroxy acid 2-hydroxy-3-methoxypropanoic acid (chapter 2 Scheme 4) had

previously been synthesized; it was used as a model compound to develop a route to the cyclic
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diester. In a first attempt the methoxy-a-hydroxy acid (1) was condensed with p-
toluenesulfonic acid. After 72 hours of refluxing no starting material remained and no signals
consistent with the desired product or the corresponding oligomers were observed by *H NMR.

Scheme 7: Attempted dimerization of methoxy a-hydroxy acid to the cyclic diester
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In a second attempt to synthesize the desired cyclic diester (2) methoxy-o-hydroxy acid
(1) was reacted with freshly distilled SOCI2 with the goal of forming either the diester directly
or an a-hydroxy acid ester (Scheme 8). After stirring overnight at room temperature an aliquot
was removed and tested by *H NMR. No resonances consistent with the starting material or
either desired product were observed.

Scheme 8: Attempted synthesis of diester or a-hydroxy acid ester from methoxy-o-hydroxy
acid using thionyl chloride
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Given the difficulty in synthesizing the symmetric dimer an asymmetric dimerization
was attempted. While this route would cut the side chain functionality in half but it would

create an interesting system to study. To do this methoxy-a-hydroxy acid was reacted with 2-
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chloroacetyl chloride in the presence of triethylamine (Scheme 9) 17 After 18 hours 'H NMR
showed no peaks consistent with the desired product.

Scheme 9: Attempted synthesis of an unsymmetric diester using methoxy-a-hydroxy acid
and 2-chloroacetyl chloride.
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Given the synthetic difficulty in developing new monomers with ether containing side
chains a new route was needed. Preparation of a cyclic diester hinges upon driving the
equilibrium between cyclization and polymerization by removal of the cyclic diester from the
reaction as it is formed. In retrospect, Baker had to distill his monomers at very high
temperatures/low pressures with increasingly low yields.® Indeed, Weck resorted to the hemi-
lactide and activated it by Finklestein reaction.'® Gurny reported several alkyl and benzyl
derivatives that were almost all produced in low yields <50%.%° Further synthetic efforts were

directed toward a post-polymerization modification strategy.

Synthesis of a “clickable” monomer

Propargyl glycolide (8) was initially synthesized follow the reported procedure outlined by
Baker.* Propargyl bromide (5) and ethyl glyoxylate were coupled under Barbier conditions to
give ethyl 2-hydroxypent-4-ynoate in moderate yields (55%) after column chromatography
and distillation. Hydrolysis of the ester (6) to produce the a-hydroxy acid (7) was accomplished

in moderate yields (40%). Dimerization of the a-hydroxy acid (7) to give the alkyne-appended
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lactide (PPGL) (8) in the presence of p-toluenesulfonic acid (PTSA) was accomplished in low
(23%) yields (Scheme 10).

Scheme 10: Synthesis of propargyl glycolide monomer (PPGL)
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Given the low yield in the saponification step, another approach to the a-hydroxy acid
was sought. A literature review led to a report where the a-hydroxy acid could be synthesized
from diethyl 2-acetamidomalonate.?’ While this procedure was not as atom economical as the
previous one; however, it did have the advantages of no chromatography and no distillation.
Diethyl 2-acetamidomalonate (9) was alkylated under basic conditions using potassium tert-
butoxide and freshly prepared propargyl tosylate to give the propargyl derivative (10).
Refluxing of compound 10 in 2 M sulfuric acid resulting in the intermediate a-amino acid (11)
which was treated with sodium nitrate without further purification to yield the desired a-
hydroxy acid in 35% yield. While the yield for this step is lower than previously outlined
procedure the overall yield to the a-hydroxy acid is greater. Additionally, this route has been
scaled to make gram quantities of the a-hydroxy acid and does not require distillation or

chromatography. In conclusion, the combination of the two approaches above yielded gram
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quantities of an alkyne monomer that would be used for further investigations of polymer brush
growth and PPM.

Scheme 11: Alternative synthesis of propargyl a-hydroxy acid
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Growth of PPGL Brushes

To examine the surface initiated ring-opening polymerization of PPGL from silicon oxide a
variety of conditions were examined. Initially the conditions reported by Xu and Hu to grow
poly(lactic acid) brushes were used (0.1 M monomer, 0.001 M Sn(Oct), in tetrahydrofuran
(THF) for 24 hours at 25 °C).%?! When those conditions were used with the PPGL monomer
they showed minimal (2.7 nm) growth. A study was undertaken to examine a variety of growth

conditions for this new monomer system.
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Table 2: PPGL polymer brush growth conditions in THF varying concentration and
temperature for 24 hours

Monomer Temperature Ellipsometric
Concentration (M) (°C) Thickness nm (stdev)
0.1 25 2.7 (1.6)

0.1 40 4.3 (1.5)

0.5 40 6.7 (1.1)

0.5 60 9.6 (2.4)

Initially, the effect of temperature at fixed concentration and time was examined. When
the temperature was raised to 40 °C no additional growth was observed. Next, the effect of
higher monomer concentration was examined. The use of a higher concentration of monomer
in solution gave brushes of longer length (6.7 compared to 4.3 nm) when the temperature was
increased to 60 °C brushes of 9.6 nm could be achieved.

In another experiment the growth of PPGL brushes were examined using acetonitrile.
It was initially hypothesized that a more polar solvent than THF may give longer brushes. The
use of a new catalyst(1,5,7-triazabicyclo[4.4.0]dec-5-ene or TBD) was also examined. Polymer
brushes of 11.2 nm could be achieved utilizing the Sn(Oct) catalyst after 24 hours, however;
additional reaction time showed that the polymer brushes decreased in thickness.

When TBD was utilized as a catalyst the maximum achievable height was 10.2 nm at
36 hours. Again, at longer reaction times the thickness of the polymer brushes decreased
significantly. A thickness of only 6.0 nm was obtained after 48 hours.

This phenomenon of longer reaction times reducing the height of polymer brushes

could be attributed to: 1.) chain transfer events in which the polymer brush chains are

51



transferred to polymer chains growing in solution—the steric repulsions of the polymer brush
may not allow for chain transfer back to active chains on the surface. 2.) Chain scission events
in which the active chain reacts with itself or another polymer brush chain to cleave the chain
thus decreasing the thickness of the brush. 3) Back-biting of the chain end to generate the
monomer (equilibrium between monomer and polymer).??

Table 3: PPGL polymer brush growth conditions in acetonitrile (0.2 M) at 25 °C varying
catalyst and time

Catalyst  Time Ellipsometric
(h)  thickness (nm) (stdev)

Sn(Oct)2 12 7.8 (1.4)
Sn(Oct)2 24 11.2 (0.9)
Sn(Oct)2 36 8.60 (0.8)
Sn(Oct). 48 8.7 (1.7)

TBD 12 7.7 (0.9)

TBD 24 8.2 (1.2)

TBD 36 10.2 (0.2)

TBD 48 6.0 (0.3)

The effects of solvent and time were examined to determine the maximum thickness of
PPGL brushes. PPGL brushes were grown at 0.1 M concentration of monomer and 0.001 M
Sn(Oct)2 at 40 °C for 12 and 24 hours in different solvents. In acetonitrile brushes of 19.4 nm
could be achieved after 24 hours. The use of THF gave brushes that were much shorter, only
4.3 nm after 24 hours. When toluene was used brushes of up to 41.7 nm could be achieved.

This dramatic increase in thickness could be attributed to the lower solubility of the monomer
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in toluene. This lower solubility could create a driving force for monomer and propagating
chain end interactions.

Table 4: PPGL polymer brush growth conditions in different solvents and times at 40 C,
0.1 M, Sn(Oct)2

Solvent  Time Ellipsometric
thickness nm (stdev)
acetonitrile 12 7.62 (1.4)

acetonitrile 24 19.4 (0.4)
THF 12 2.5 (0.3)
THF 24 4.3 (15)

toluene 12 15.2 (1.3)

toluene 24 41.7 (2.3)

To investigate the reproducibility of brush growth three sets of five silicon wafers were
used to grow poly(propargylglycolide) brushes from surface silanol groups. Each set had a
wafer removed every six hours for measurements. Figure 11 shows that with increased reaction
time the thickness of the polymer brushes increased. At shorter (<18 hours) reaction times the
measurements are in good agreement between sets; at longer reaction times (24 hours) the
thickness of the films varied significantly from 23 to 41 nm. It is hypothesized that the poly
dispersity within the polymer brushes is a result of chain termination events that occur because
of trace impurities in solution. This linear trend is initially in good agreement with the
previously reported growth of PLA. However, when PLA was grown the system began to
plateau around 10 nm of growth compared to this system which continues to trend in a linear

manor. This discrepancy in growth kinetics could be attributed to the grafting density of the
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system. PLA may have a higher grafting density thus creating less polydispersity and allowing
propagating chain ends to get buried in the polymer brush matrix compared to this PPGL
system which may have a higher polydispersity thus allowing chain ends to continue

propagating. There may also be solvent effects that contribute to growth kinetics.
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Figure 11: Plots of ellipsometric thicknesses of PPGL brushes from surface silanol groups
versus growth time. Reaction conditions: [meso/rac-3,6-di-2-propynyl-1,4-dioxane-2,5-
dione] 0.1 M, [Sn(Oct)2] 0.007 M in toluene, 40 °C. Error bars represent magnitude of 90%
confidence interval for 3 measurements on a single wafer. Lines are draw as a guide for the
eye.

Functionalizing PPGL with OEG
After the fabrication of PPGL brushes, experiments were undertaken to appended OEG side

chains to the polymer brushes. Previously, poly(ethylene glycol) (PEG) had been appended to

the bulk polymer to create bottle brush polymers.* With no accurate way to determine the
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amount of polymer brush on the surface molar ratios for appending OEG were made assuming
all of the monomer in solution was polymerized from the surface. A large excess (>12x) of
OEG-azide?*?* was dissolved in DMF with ascorbic acid and added to the PPGL polymer
brushes in the glovebox. After addition of CuSOa to the vials they were capped, removed, and
allowed to stir at room temperature for 24 hours. After washing the OEG-PPGL brushes with
water and ethanol they were used for further characterization and studies.

The thickness of the PPGL polymer brushes were measured before and after grafting OEG to
the polymer chains. Figure 12 shows four different PPGL polymer brushes of varying
thicknesses and the resulting ellipsometric thickness after grafting OEG to them. For all
polymer brushes, there is an increase of 10-26% in the thickness of the film after
functionalization with OEG. This increase in thickness is attributed elongation of the height of
the brushes due to the steric repulsions of the grafted side chains (Figure 13) and is consistent

with previous reports.?®
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Figure 13: Cartoon representation of PPGL elongating because of the OEG functionalization

Water contact angle measurements of PPGL and OEG-PPGL polymer brushes
To measure the relative hydrophilicity of the polymer brushes, water contact angle
measurements were made before and after grafting OEG side chains to the PPGL brushes

(Figure 14). Water contact angle measurements on the native PPGL brushes were ca. 75°. This

56



number is in good agreement with that reported previously for PLA brushes which showed a
static water contact angle measurement of 80°. After functionalizing the brushes with OEG the
water contact angle was ca. 38°. This large increase in hydrophilicity can be attributed to the
incorporation of the OEG side chains into the brush. Native PEG has a reported water contact

angle of ~220,2

Figure 14: Typical advancing water contact angle measurements of PPGL brushes (left) and
OEG- PPGL brushes (right).

ATR-FTIR measurements of PPGL and OEG-PPGL polymer brushes

ATR-FTIR spectra where taken of the polymer brush before and after functionalization. The
C=0 stretch correlating to the polyester along the backbone of the polymer brush can be
observed at ~1750 cm for both the PPGL and PPGL-OEG brush. Stretches for the terminal
alkyne C-H of the PPGL brush can be observed at ~3282 cm™ This stretch disappears when

exposed to the “click” reaction conditions indicative of loss of the alkyne species.
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Figure 15: Typical ATR-FTIR spectrum of polymer brushes grown on Si/SiOx Top (green):
PPGL brushes after exposure to click reaction conditions. Reaction conditions: [DEG-N3]
0.77 mmol, [Sodium ascorbate] 0.031 mmol, [CuS0O4] 0.039 mmol. Bottom (red): native

PPGL brushes

Experimental
Ellipsometric Thickness Measurements: Ellipsometric thickness was measured using a

variable angle spectroscopic ellipsometry (VASE, J.A. Woollam) at a 55, 65, and 75 angle of
incidence to determine the thickness of polymer layers. Polymer brush layers were modeled as

a Cauchy layer.
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ATR-FTIR: Data were collected on a Thermo scientific Nicolet 6700 Attenuated Total
Reflectance Fourier Transform Infrared spectrometer using a germanium crystal. Background
spectra were collected and corrected in air. 512 scans were taken of wafers that were placed in

contact with the crystal with pressure applied via the hammer.

Water contact angle: A goniometer (OCA-10, Data Physics) measured the advancing and
receding water contact angles using 3 pL droplets of water as probe liquid. The average of 3—

5 measurements is reported.
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Attempted synthesis of 3,6-bis(methoxymethyl)-1,4-dioxane-2,5-dione (1):  2-hydroxy-3-
methoxypropanoic acid (0.1 g, 0.8 mmol) and p-toluene sulfonic acid (14 mg, 0.08 mmol) were
added to a flask charged with toluene (50 mL) and equipped with a Dean-Stark trap. The
mixture was refluxed for 24 hours. Crude *H NMR showed peaks that could not be assigned

to the desired product.
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Attempted dimerization of 2-hydroxy-3-methoxypropanoic acid with thionyl chloride (3): 2-
hydroxy-3-methoxypropanoic acid (0.12 g, 0.1 mmol) was dissolved in pyridine (5 mL, 0.62
mmol) in a nitrogen purged dry round bottom flask. Thionyl chloride (4.5 mL, 0.62 mmol) was
added dropwise at room temperature over 30 minutes. The mixture was allowed to stir
overnight. Crude *H NMR showed peaks that could not be assigned to the desired product or

the starting materials.
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Attempted synthesis of 3-(methoxymethyl)-1,4-dioxane-2,5-dione (4): 2-hydroxy-3-
methoxypropanoic acid (0.1 g, 0.8 mmol), 2-chloroacetyl chloride (0.06 mL, 0.8 mmol), and
freshly distilled triethylamine (2 mL, 14 mmol) were combined in a round-bottomed flask
under nitrogen with a stir bar. The mixture was allowed to stir overnight at room temperature.
Crude 'H NMR showed peaks that could not be assigned to the desired product or the starting

materials.
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Synthesis of ethyl 2-hydroxypent-4-ynoate (6): In an inert atmosphere, 3-bromoprop-1-yne
(80% solution in toluene, ~1.5 g) was charged to a dry flask containing Zn (34 g, 0.53 mol)
that had been freshly cleaned by 3 M HCI and THF (50 mL). The mixture was stirred at room
temperature for 30 minutes, and then cooled in an ice bath. In a separate flask, freshly distilled
ethyl 2-oxoacetate (36% solution in toluene via *H NMR 100g, 0.352 mol) and 3-
bromoprop-1-yne (80% by weight in toluene, 58 g, 0.35 mol) were combined in THF (75 mL)
and ether (105 mL). The mixture was added to the slurry dropwise and stirred overnight at 0
°C. The reaction was quenched by addition of HCI (3M, 100 mL) and extracted with ether (3
x 100 mL). The combined organic fractions were dried over MgSQOyg, filtered and concentrated
to produce a brown oil (~100 g) that was purified by column chromatography (30:70 ethyl
acetate: hexane). Similar fractions were combined and concentrated via rotary evaporation.
Vacuum distillation (70 °C, 24 torr) of the resulting residue produced ethyl 2-hydroxypent-4-
ynoate (31.02 g, 55% vyield) as a colorless oil. 'H NMR matched that of the reported

compound.*
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Synthesis of 2-hydroxypent-4-ynoic acid (7): Ethyl 2-hydroxypent-4-ynoate (31.02 g, 0.22

mol) and water (350 mL) were charged to a flat-bottom flask. The mixture was refluxed for 3

61



days. After cooling to room temperature, the reaction was acidified with HCI and continuously
extracted for 2 days with ether (300 mL). The brown ether solution was dried over MgSQza,
filtered, concentrated by rotary evaporation, and dried overnight under vacuum to give a light
brown solid. The brown solid was recrystallized from CH2Cl: in the freezer. The resulting
crystals were sublimed (100 mtorr, 60 °C) and recrystallized a second time from CH2Cl: to
give white crystals of 2-hydroxypent-4-ynoic acid (9.9 g, 40% yield). *H NMR matched that

of the reported compound.*

Synthesis of 3,6-di(prop-2-yn-1-yl)-1,4-dioxane-2,5-dione (8): 2-Hydroxypent-4-ynoic acid
(9.5 g, 83 mmol), toluene, and p-toluenesulfonic acid monohydrate (0.82 g, 4 mmol) were
charged to a round-bottom flask equipped with a Dean-Stark trap. After 3 days of refluxing,
the solvents were removed via rotary evaporation. The brown oil was dissolved in CH2Cl2 (300
mL) and washed with saturated NaHCOs (3 x 50 mL). The organic layer was dried over
MgSOq, filtered, and the solvent was removed under vacuum to yield a light brown solid.
(~1.81 g). The solid was washed with a small amount of ether and sublimed (300 mtorr, 80
°C). The white crystalline material was then recrystallized from toluene to give pure 3,6-
di(prop-2-yn-1-yl)-1,4-dioxane-2,5-dione (1.03 g, 13% vyield). *H NMR matched that of the

reported compound.*
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Synthesis of prop-2-yn-1-yl 4-methylbenzenesulfonate: prop-2-yn-1-ol (58 mL, 1 mol) was
dissolved dry ether (1L) in a 2 L round bottom flask with a stir bar. Tosyl chloride (250 g
1.3 mol) was added to the stirring mixture under nitrogen. The flask was cooled to 0 °C in a
salt water and ice bath. Sodium hydroxide (200 g 5 mol) was added in 6 portions. The round
bottom was brought to room temperature overnight. The resulting mixture was poured over ice
water and extracted with ether (3 x 250 mL) The ether layer was dried over magnesium sulfate,
filtered, and concentrated. Prop-2-yn-1-yl 4-methylbenzenesulfonate was obtained as a dark

yellow oil. (191 g, 91 % yield) 'H NMR matched that of the reported compound.?°
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Synthesis of diethyl 2-acetamido-2-(prop-2-yn-1-yl)malonate (10): Diethyl 2-
acetamidomalonate (105 g, 0.48 mol) was added to a 3 L flame dried 4 necked round-bottomed
flask under nitrogen equipped with an overhead stirrer and condenser. Freshly distilled dioxane
(1.4 L) was added via syringe. Nitrogen was bubbled through the solution for ~10 minutes
while stirring. In a separate dry 1 L round-bottomed flask, potassium tert-Butoxide (t-buOK,
62 g, 0.55 mol) was dissolved in freshly distilled dioxane (550 mL). After bubbling nitrogen
through the solution for a 10 min, it was transferred to the malonate ester dropwise via cannula
and allowed to stir for 2 hours at ~40 °C. Nitrogen was bubbled through a separate dry 500 mL

round-bottomed flask that was charged with prop-2-yn-1-yl 4-methylbenzenesulfonate (84
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mL, 0.5 mol) and freshly distilled dioxane (150 mL) The tosylate was then added to the
malonate ester mixture dropwise via cannula. The mixture was brought to refluxed overnight.
The following day the reaction was cooled to room temperature, filtered, and concentrated.
The brown liquid was then dissolved in 1 L of DCM washed with water (2 x 250 mL), dried
over magnesium sulfate, and decolorized with activated carbon. Concentration of the resulting
material yielded a light brown solid (87g) in 80% yield. TLC- 50:50 hexane: ethyl acetate (Rt

=0.53) 'H NMR matched that of the reported compound.?°
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Synthesis of 2-aminopent-4-ynoic acid (11): Diethyl 2-acetamidomalonate (34.5 g, 135 mmol)
was added to a solution of 2 M H2SO04 (375 mL) and brought to reflux. The reaction was
monitored by NMR (D20 4.15t 1H, 2.8 m 2H, 1.95 s 1H) for ~36 hours. The mixture was used

without further characterization.
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Synthesis of 2-hydroxypent-4-ynoic acid (7): A solution of 40% NaNO32 (186 mL) in water was
added dropwise to the solution of 2-aminopent-4-ynoic acid at 0 °C. The mixture was allowed
to warm to room temperature overnight and stirred for ~40 hours. Urea in 1 M HCI was added

to the mixture until it did not make potassium iodine starch paper turn blue. The mixture was

64



continuously extracted with ether for 2 days using a 1 L liquid-liquid extractor, concentrated
to 250 mL and stirred over Na2S20s for ~30 minutes the mixture was tested with Kl starch
paper ever 5 minutes until it did not turn blue/purple (prolonged exposure to atmosphere will
eventually discolor the paper) after which it was filtered and concentrated under vacuum to
yield a brown solid which was subsequently sublimed under vacuum and recrystallized with
DCM to yield colorless crystals (5.41 g, 35% yield) 'H NMR matched that of the reported

compound.?

Preparation of Si/SiOx wafers: Silicon wafers were cut into 10 x 5 mm small chips washed
with a large amount of deionized (DI) water, ethanol, and DI water again. Then the treated
silicon substrates were put into an ultraviolet ozone (UVO) cleaner to be oxidized for 30 min

to form the silica layer on the silicon.
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OH OH = o O =

| | — | I

Si/Sio, Si/SiO,

Synthesis of poly(propargylglycolide)polymer brushes: Cut wafers (3 cm x 3 cm) of ingle side
polished silicon (wafer world) were washed with water, ethyl acetate, and acetone the wafers
were then sonicated in ethanol for 2 minutes dried with a stream of nitrogen then placed into
UV-Ozone treatment for 30 minutes. Wafers were immediately moved into the glovebox and
added to clean 10 mL vials. In a typical procedure, a solution (0.1 mL of 0.015 M) of tin(ll) 2-

ethylhexanoate in toluene was added to the wafers followed by a solution of the monomer (1.9
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mL of 0.1 M) in toluene. The vials were capped and removed from the glovebox, the caps were
wrapped in Teflon tape and electrical tape and the vials were placed on a shaker table at 40 °C
for 24 hours. The vials were opened and the wafers were removed and washed with DCM,
water, and ethanol. The wafers were sonicated in ethanol and dried with a stream of nitrogen

before being used for further experiments and characterization.

Synthesis of OEG-grafted-poly(propargylglycolide)polymer brushes: Freshly prepared
Poly(propargylglycolide) polymer brushes were cleaned with a nitrogen stream and placed into
10 mL vials in a glove box. In a typical procedure, a solution of TEG-azide (0.44 g 2.3 mmol)
in 10 mL of DMF was added to a Schlenk flask with sodium ascorbate (0.017 g, 0.094 mmol).
The suspension was deoxygenated by 4 freeze-pump-thaw cycles before being transferred into
a glove box. A separate solution of CuSO4 (0.078 M) in DMF was also degassed via freeze-
pump-thawed and transferred into a glove box. Inside the glove box the OEG-azide and sodium
ascorbate suspension (1.8 mL) and the CuSOa4 in DMF (0.5 mL) were added to the wafers in
the vials. The vials were capped and removed from the glovebox, the caps were wrapped in
Teflon tape and electrical tape and the vials were placed on a shaker table at 24 °C for 24 hours.
The vials were opened and the wafers were removed and washed with water, and ethanol. The
wafers were sonicated in ethanol for 2 min and dried with a stream of nitrogen before being

used for further experiments and characterization.
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Chapter 4
Introduction

The synthesis and characterization of poly(propargyl glycolide) polymer brushes
(PPGL) have been discussed in previous chapters. Here the degradation of PPGL brushes and
the oligo(ethylene glycol) side chain derivative (PPGL-OEG) are explored. Additionally,
preliminary studies on the protein resistance of the PPGL and the PPGL-OEG are shown.
Finally, a time of flight-secondary ion mass spectroscopy (TOF-SIMS) study is presented to
explore the efficiency of the click reaction on the polyester backbone as proceeding from the
free chain end towards the point of attachment to the substrate.

One of the more interesting and unique characteristics of polyester polymer brushes is
that they are degradable under only basic conditions.'? This feature is particularly relevant
because physiological pH is generally around 7.4. The controlled degradation of the surfaces
could be important for future studies and uses. Initially it was envisioned that this degradation
could limit protein adsorption. However, experiments showed that Bovine Serum Albumin
(BSA) proteins rapidly adsorbed to the unfunctionalized, polyester surfaces.® When block-co-
polymers were made utilizing oligo(ethylene glycol) (OEG) the surfaces showed better protein
resistance. It was hypothesized that the poly (propargyl glycolide) (PPGL) and poly (propargyl
glycolide)-graft-oligo(ethylene glycol) (PPGL-OEG) would have similar degradation profiles
as the previously synthesized polyester brushes.

Locklin has reviewed the work of a variety of click reactions on surfaces including
polymer brushes but there has not been a detailed study of the efficiency of those reactions on

appending groups to polyester brushes.* Barbey has shown that the ring opening of epoxides
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by small molecule amines is highly efficient via an X-ray photoelectron spectroscopy depth
profile study of poly(glycidyl methacrylate) brushes. They further note that proteins such as
(BSA) are restricted to the upper layer of the brush and do not intercalate into the brush matrix.®
Klok and coworkers have studied the effects of modifying poly(2-hydroxyethyl methacrylate)
brushes with deuterated amino acids using neutron reflectivity. Their study showed that polar
serine was able to distribute homogeneously amongst the brush matrix but nonpolar leucine
was immobilized only near the air brush interface.®

These results are encouraging because PPGL brushes could be highly functionalized
with OEG and have the ability to degrade under physiological conditions as a dual way to resist
protein adsorption. The efficiency of post polymerization modification on polyester polymer
brushes has had comparably little study.

TOF-SIMS depth profiling presents an opportunity to study the “clicking efficiency”
of OEG to the propargyl group on the polymer brushes as a function of height.” Click reactions
are known to be highly efficient in solution;®° however, the polymer brush matrix presents a
sterically congested system that could decrease the efficiency of the reaction or create gradients
of functionality.

Results and Discussion

Degradation of PPGL at varying PH

Polypropargy! glycolide brushes were incubated in different pH solutions and removed for
thickness measurements. In acidic media (pH = 3.0), the thickness of the brushes increased
slightly. In neutral (pH = 7.0) and slight basic (pH = 7.4) media the brush rapidly degraded to

50-60% of its original thickness and maintained that thickness for the duration of the
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experiment. In basic media (pH = 8.0) the brush rapidly degraded from the substrate within 25

hours (Figure 16). These results are similar to those observed for poly(e-caprolactone) (PCL)

brushes. In acidic media PCL and PPGL do not degrade. Under highly basic conditions (pH =

8.0) PPGL brushes degrade much faster than PCL (~5 hours for PPGL vs ~50% remaining

after 500 hours for PCL). At pH = 7.4 and 7.0 PPGL and PCL brushes have very similar

degradations after 500 hours there is about 50% of the brush remaining.?
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Figure 16: Degradation of PPGL polymer brushes at 25 °C in solutions with various pH
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The increase in thickness observed in acidic conditions could be due to swelling of the

polymer brush in the media as it appears to be greater than experimental uncertainty. The initial
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rapid degradation observed for slightly basic and neutral media is likely due the degradation
of chains near the top of the brush that may not be as densely, packed as the chains at the
surface (Figure 17) Additionally, this proposed model could explain the perceived elongation
of the chains by ellipsometry if organic impurities were to become trapped in the less dense

region near the top of the polymer chains.

Q%@iﬁ% L 25PERSS

Figure 17: Cartoon depiction of the polydispersity of PPGL polymer brushes while
degrading.

Degradation of PPGL-OEG at varying pH

Polypropargyl glycolide (PPGL) brushes that were grafted with diethylene glycol (OEG-
PPGL) were incubated in different pH solutions and removed for thickness measurements. In
acidic media (pH = 3.0), the thickness of the brushes decreased slightly. In slightly basic (pH
= 7.4) media the brush degraded in a nearly linear fashion for ~100 hours before plateauing at
around 60% of its original thickness. This 60% thickness was then maintained for the duration
of the experiment. In basic media (pH = 8.0) the brush rapidly degraded from the substrate

within ~50 hours (Figure 18)
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Figure 18: Degradation of OEG-PPGL polymer brush at 25 °C in solutions with various pH
values.

There are several differences in the degradation of the OEG-PPGL and the PPGL brushes.
1) In acidic media the OEG-PPGL brushes degraded slightly before maintaining a relatively
consistent thickness. 2) in highly basic media the length of time to degrade the brush increased
by more than a factor of two compared to the PPGL brush. 3) In slightly basic media (pH=7.4)
the OEG-PPGL brush displays an almost linear degradation for the first 100 hours but the
PPGL brush degraded much more rapidly during that time. In both cases the PPGL and OEG-

PPGL thickness did not decrease below 50% of the original thickness during the experiment.
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1) This observation could be because of residual impurities remaining on the surface
during the initial thickness measurements. Despite rigorous sonication to remove any
remaining copper or small DEG-azide some may have remained to artificially increase
the perceived thickness of the surface.

2) This observation could also be a result of the steric hindrance caused by the OEG side
chain interacting with other polymer brush chains impeding the rate of backbiting.

3) If cartoon representation in Figure 17 is an accurate depiction of the surface, then the
upper layer of the brush could degrade rapidly before the active backbiting chains are
forced into the denser more sterically hindered lower layer.

These phenomenon differ from what has previously been observed for the degradation of
polyester polymer brushes.? It is hypothesized that these differences are a result of a higher
grafting density in this system. Thus, the individual polymer chains in the brush would take a
longer time to degrade -- possibly outside of the time window for these experiments.
Additionally, the non-linearity in the decay profiles suggest that there is a fair amount of poly

dispersity within these samples.

Preliminary bovine serum albumin (BSA) adsorption studies.

Albumin is the most common serum protein found in whole blood. Bovine serum albumin
(BSA) is a commonly used model for albumin in blood. BSA use as a model for protein
adsorption is ubiquitous amongst protein resistant surface science literature and it makes a
great model system for exploring protein adsorption of surfaces due to its relative ease of

handling.1°
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Previously synthesized PPGL and PPGL-OEG polymer brushes were placed in contact
with BSA and removed at different periods of time. The wafers were washed with only water
so that any adsorbed protein was not removed. Ellipsometric thickness measurements were
made of the wafers before they were returned to the buffered BSA solution.

To model the adsorption of BSA on the polymer brushes the degradation profile of
PPGL and PPGL-OEG in pH=7.4 phosphate buffer were plotted with the new ellipsometric
thickness values associated with the polymer brushes in contact with BSA solution (red lines
in Figure 19 and Figure 20). The lower limits (blue lines) represent the initial thickness of the
wafer multiplied by the percent of the brush remaining at a time from the degradation profiles
(Figure 16 and Figure 18). The thickness of the adsorbed BSA on the surface can then be
estimated by the difference between the measured thickness and the estimated degradation in
the absence of BSA (grey area). This procedure should give, at best, an overestimate of BSA
adsorption as it doesn’t account for BSA adsorption slowing the rate of degradation of the
underlying brush. The interpretation of these experiments make additional assumptions: 1) the
polymer brushes degradation is only influenced by the pH of solution and temperature and 2)
incubating BSA with the polymer brush does not lead to a chemical bond between the BSA
and the polymer chain. It is suggested that further experiments be carried out to confirm these
assumptions (for example incubation of wafers in BSA, followed by removal of BSA via
sonication, and examining the ellipsometric thickness of the remaining film compared to the
estimated thickness from Figure 18).

PPGL brushes incubated at 25 “C showed rapid adsorption of the BSA protein to the

surface. (Figure 19) This result is similar to that observed previously on polyester polymer
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brushes.® Previously, it was hypothesized that the act of degradation may be enough to
attenuate the adsorption of BSA. When PPGL brushes are incubated at 37 °C they degraded
much more rapidly than at 25 °C (blue lines in Figure 19). However, despite the initial rapid
degradation of the brush, BSA began to accumulate on the surface within 2 hours. This result
is consistent with the hydrophobic nature of the PPGL brush. It is also consistent with
previously reported data that suggest that degradation alone is not enough to prevent the

adsorption of protein®
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Figure 19: Ellipsometric thickness of PPGL over time at (left 25 °C) (right 37 °C) pH=7.4
(blue line), ellipsometric thickness of PPGL brushes incubated with 4.5 mg/mL BSA at pH =
7.4 (red line). Estimated BSA on surface (grey).

The protein resistance of the PPGL-OEG polymer brush was then explored. The OEG
side chains that have been grafted to the PPGL brush should help to ward off protein
adsorption. In fact, that is what was observed. Significant protein accumulation does not begin
until ~18 hours after exposure. Additionally, over the course of the experiment protein

accumulation is significantly less than that of the PPGL brushes (grey area of Figure 19). Given
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the adsorption of a significant amount of protein starting around 18 hours in the system a study
was undertaken to better understand the “clicking efficiency” of the polymer brush. Based on
this study PPGL-OEG brushes are able to resist protein adsorption for 18 hours. This result
demonstrates a huge improvement over PPGL brushes. When PPGL-OEG brushes are
compared to other systems with similar side OEG side chains we see that they perform well
when compared to short term studies. We are unaware of literature precedent for longer
investigations. The Chilkoti group previously synthesized poly (oligo(ethylene glycol)
methacrylate) brushes and showed that they resisted adsorption of flowing fetal bovine serum
and a solution of fibronectin for 40 minutes by surface plasmon resonance.!* Longer

incubation times were, however, not reported.
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Figure 20: Ellipsometric thickness of PPGL-OEG over time at pH = 7.4 (blue line),
ellipsometric thickness of PPGL-OEG brushes incubated with 4.5 mg/mL BSA atpH =7.4
(red line). Estimated BSA on surface (grey). 25 °C

TOF-SIMS to characterize “clicking” efficiency

TOF-SIMS is a surface sensitive technique that can be used to create depth profiles of
surfaces. TOF-SIMS has found use in characterizing solar cells,*? thin films,*15> and
electronics.® The use of Ceo* as an ion beam is well documented for organic surfaces.1>1718
However, there is a relatively small body of literature related to the use of this technique on

polymer brushes.'®-2! To the best of our knowledge, the only literature exploring the efficiency
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of post-polymerization modification (PPM) reactions on polymer brushes utilized XPS depth
profiling® and neutron reflectivity.®

To better understand the grafting efficiency of OEG to PPGL brushes TOF-SIMS depth
profiling was performed on PPGL and PPGL-OEG brushes. Figure 21 shows the negative ion
spectra of PPGL brushes over all scans and the positive ion mode spectra of PPGL-OEG. lon
counts were mapped using the ion peak corresponding to CsH3zO2". This peak can be assigned
to the monomer unit of the polymer brush. Si- was used to map the accessibility of the
underlying substrate. The ion peak corresponding to CHsO" indicative of the methoxy group

of OEG was used to map the “click reaction” efficiency.
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Figure 21: Top left-TOF-SIMS measurement of PPGL negative ion mode. Top right- TOF-
SIMS measurement of PPGL-OEG negative ion mode. Bottom- TOF-SIMS measurement of
PPGL-OEG positive ion mode

The intensity of CsH3O2 and Si- vs sputter time are shown in Figure 23 It takes about
110 seconds to reach the silicon substrate by bombarding it with 10 keV Ceo ions. This value
indicates an approximate sputtering rate for PPGL brushes of 11.6 nm min~!. This value is
consistent with the sputtering rate of poly(glycidyl methacrylate) (8.5 nm min~')®> and

poly(methyl methacrylate) (13 nm min~').%
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Figure 22: C60 Depth profile of PPGL polymer brush

Figure 23 shows ion map of the monomer unit CsH3sO2 from all scans. The relative
uniformity of the surface indicates that the brush has completely covered the silicon wafer. It
also shows that there is almost no detection of Si- in the first 5 nm of the depth profiling,

providing further evidence of uniform brush coverage.
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Figure 23: Left ion map of C5H302- on PPGL all scans (325 seconds of sputtering). Right
ion map of Si- on PPGL first ~5 nm (25 seconds of sputtering) in negative ion mode

Figure 24 shows 3D renderings of the total ion maps for CsH3O2" and Si. The z-axis is
sputter time (and thus depth assuming a linear decrease in depth versus time). The
concentration of CsHzO2" decreased as one sputters through the brush and into the surface while
the concentration of Si- increased. This result is consistent with the removal of the brush from

the surface and sputtering into the underlying silicon wafer.
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Figure 24: 3D rendering where the z-axis is the depth of removal of the polymer brush and
the xy-plane shows ion counts for various positions along the surface at that depth of
C5H302- (left) and Si- (right) in negative ion mode.

Figure 25 shows the concentration of CHsO™" also decreased as the first 25 nm of the
brush was removed. The top of the brush is highly functionalized with CH3zO* ions while the
bottom has less functionalization. This result can be attributed to the need for copper as well
as the OEG-azide to diffuse into the brush. While Barbey® has shown that small molecule
amines have no problem penetrating the polymer brush layer of poly(glycidyl methacrylate)
brushes, these results suggest that the OEG-azide or the copper ions may not penetrate the

brush layer as well.
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Figure 25: 3D rendering of ion maps of C5H302- (left) and CH3O+ (right) through the first
80 scans. The z-axis of each box is 25 nm.

Mapping of the residual Cu- ion showed that it was found throughout the remaining
polymer brush suggesting that copper ions had no problem penetrating the brush layer (Figure
26). Thus, two explanations for the gradient of OEG along the PPGL backbone are suggested.
1) the steric hindrance of neighboring side chains created higher activation barriers for the click
reaction due to steric congestion and thus the azide and alkyne were not able to react as
efficiently further into the brush layer. 2) the upper portion of the brush is more easily
accessible to the cyclization reaction because of the poly disperse nature of the brush (left side

of Figure 17).
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Figure 26: First 80 scans of Cu- ion map. The z-axis of the box is 25 nm. Arrow represents 5
nm on z-axis.

To better understand the depth or gradient of the grafted OEG side chains the integrated
(across slabs in the xy-plane) ion peak associated with CH3O* was plotted with the CsH3O02
peak from PPGL (Figure 27) The ion peak for CH3O* rapidly degraded away while the ion
peak associated with CsH3O2 degraded at a much slower rate. These data imply that the OEG
grafts do not penetrate the whole way into the brush as proceeding from the chain ends toward
the surface. In fact, most of the grafting occurs in the top 8 nm of the brush. This behavior can
be attributed to the looser packing density, increased polydispersity, and the additional chain

mobility within the system as one proceeds further away from the silicon substrate.
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Figure 27: TOF-SIMS depth profile of Si- (red) and C5H302- (blue) of PPGL and CH30+
of PPGL-OEG polymer brushes.

The lower grafting density of OEG in lower regions of the brush may help to explain
the protein adsorption that is illustrated in Figure 20. After the first ~12 nm of the PPGL-OEG
brush degrade (those containing the highest grafting density of OEG) proteins begin to rapidly
adsorb to the surface. These data suggest that the lower regions (those closer to the surface)
have a high grafting density preventing OEG from reacting. These data contrast data shown
for an XPS depth profile of poly (glycidyl methacrylate) brushes where the authors where able

to show full functionalization with propylamine.> A few reasons for this dramatic difference
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are suggested. 1) The grafting density of PPGL brushes are higher than that of poly (glycidyl
methacrylate) brushes— this would result in denser packed chains thus limiting diffusion into
the polymer brush matrix. 2. The propylamine is much smaller than OEG and is able to
penetrate the brush matrix easier. It is worth noting that when poly (glycidyl methacrylate)
brushes were exposed to BSA protein the proteins (assuming functionalization with lysine
residues) where restricted to the top 10 nm of the brush. 3. Longer reaction times might allow
for higher functionalization of the surface.

In conclusion, the degradation profile of PPGL and PPGL-OEG brushes have been
explored. It is suggested that the poly dispersity in the brushes results in the unusual
degradation kinetics. This may be attributed to looser packing in the upper regions of the brush
allowing for greater water access. Greater water access in polyester thin films has been shown
to increase degradation rates.??

This proposed looser packing density in the upper region of the brush can be viewed as
advantageous in that it allowed for greater grafting density of OEG side chains; however, it
also resulted in a faster rate of degradation. Modulating the growth conditions and grafting
functionalities in this brush could allow for interesting molecular assemblies of block
copolymer brushes where rapid degradation followed by slower degradation are desirable.

Preliminary experiments showed that PPGL brushes will adsorb BSA protein at 25 and
37 °C. When OEQG is grafted to PPGL a reduction in the amount of BSA adsorbed to the surface
is observed; however, at longer exposure times BSA adsorbs to the surface. This may be a
result of the gradient of OEG-grafted side chains as proceeding from the free chain end towards

the point of attachment to the substrate surface as noted in the TOF-SIMS data.
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Experimental

Degradation Studies: Previously synthesized polymer brushes on silicon wafers and 5 mL of
phosphate buffered solution were placed into 20 mL scintillation vials. The vials were
subsequently capped, placed on a shaker table (rpm = 200), and allowed to stir at given
temperature. After a period of time, wafers were removed from the vials, washed with water
and ethanol, sonicated for 2 min in ethanol, washed with water and dried under a stream of
nitrogen. Each point is the average of 3 ellipsometric thickness measurements on a single
wafer. The wafers were then returned to the vials and the process was repeated for additional

time points.

Protein Adsorption Studies: Previously synthesized polymer brushes on silicon wafers and 5
mL of 4.5 mg/L bovine serum albumin in pH =7.4 phosphate buffered solution were placed
into 20 mL scintillation vials. The vials were subsequently capped, placed on a shaker table
(rpm = 200), and allowed to stir at given temperature. After a period of time, wafers were
removed from the vials, washed with water and 3 measurements of the ellipsometric thickness
on a single wafer were averaged. The wafers were then returned to the vials and, after they

incubated for additional time, the process was repeated.

TOF SIMS: Experiment performed in conjunction with the analytical instrumentation facility
on North Carolina State University’s campus. This experimental procedure is a modification

of a standard procedure found at (https://www.aif.ncsu.edu/tof-sims/) ToF-SIMS analyses

were conducted using a TOF SIMS V (ION TOF, Inc. Chestnut Ridge, NY) instrument
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equipped witha Bin™"(n=1-5, m =1, 2) liquid metal ion gun, Ceo™ sputtering gun and electron
flood gun for charge compensation. Both the Bi and Ceo ion columns are oriented at 45° with
respect to the sample surface normal. The instrument vacuum system consists of a load lock
for rapid sample loading and an analysis chamber, separated by the gate valve. The analysis
chamber pressure is maintained below 5.0 x 10° mbar to avoid contamination of the surfaces
to be analyzed. For depth profiles acquired in this study, 10 keV Ceo* with 0.4 nA current was
used to create an 800 um by 800 pwm area, and the middle 150 um by 150 um area was analyzed
using 0.3 pA Bis* primary ion beam. The negative secondary ion mass spectra were calibrated
using H-, C-, O, Cs7, Cs”and C7". The positive secondary ion mass spectra were calibrated using

H* C* CoHs", CsHs* and CaH7".
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