ABSTRACT
DAYE, ALEC JULIAN. Synthesis of Protein-Resistant, Biodegradable Polymer Brushes.
(Under the direction of Dr. Christopher B. Gorman).

Biofouling is interference or deactivation of a surface due to adsorption and
aggregation of bio-organisms. In in-vivo environments, protein adsorption is a precursor to
biofouling which leads to rejection of the device by the host. To avoid rejection, devices can
be equipped with anti-fouling or anti-microbial moieties. These moieties may completely
inhibit device sensors if the dynamic surface is coated with a non-degradable material. The
work previously done evaluated bare polyester brushes and polyethylene capped polyester
brushes. The previous work found that bare polyester brushes degraded within a week and
the polyethylene cap resisted protein adsorption but disrupted degradation. The work in this
project attempts to find the median by incorporating the protein resistant moiety as a branch
on the polymer brush via ring opening copolymerization (ROCOP) with triethylene glycol
modified epoxides with cyclic esters. The cyclic esters of choice were lactide and succinic
anhydride.

The method established for the synthesis of epoxymethoxytriethylene glycol (ETEG)
resulted in a 76% yield. Adaptation of the melt procedure into a solution copolymerization
procedure led to a reduction in molecular weight from 10.4 kDa to 3.5 kDa. The tin catalyst
exhibited reduced reactivity as the temperature increased but increase percent incorporation
of ETEG. Tin was not inhibited by higher molar ratios of ETEG as described by Cho.
Aluminoxane exhibited increased reactivity as temperature increased but smaller polymer
chains. Increasing the molar ratio increased percent incorporation of ETEG. Aluminoxane
catalyzed homopolymerization reactions as well as copolymerization reactions. The
copolymer brush was synthesized at a maximum of 5.7 nm (determined by ellipsometry)
which was an unsatisfactory brush thickness.

The work presented by Chen was adapted by use of ETEG instead of ethylene oxide.
This resulted in a significantly smaller polymer of 1.2 kDa from the expected 8.9 kDa. This
agrees with the work done by Inoue with propylene oxide copolymerizations and the work

done by Feng with neat epoxyoligoethylene glycol copolymerizations. Grafting through



epoxides with poly(succinic acid-co-ETEG) resulted in approximately 8.9 nm brush
thicknesses (determined by ellipsometry ) with high variability. Preliminary protein
degradation studies indicate complete removal of the polymer brush within 2 hours. The
rapid protein degradation could be caused by random chain scission of the polymer at the

surface/reactive layer.
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Chapter 1 Introduction
1.1. Background for Biofouling and Protein Adsorption
1.1.1 The Issue of Protein Adsorption and Biofouling on Implantable Medical Devices

The advances in medical devices have led to the age of implantable medical

devices.! These devices generally work by reacting with the target analyte to generate an
electrical signal. The electrical signal is then recorded via telemetry to an external controller
or recorder. The reactivity of the surface towards an external stimuli classifies it as a dynamic
surface. Dynamic surfaces in biological environments are susceptible to protein adsorption
and biofouling.*® Biofouling is interference or deactivation of a surface due to adsorption
and aggregation of bio-organisms. In in-vivo environments, protein adsorption is a precursor
to biofouling. Biofouling leads to rejection of the device by the host. To avoid rejection,
devices can be removed and replaced. To circumvent removal, devices can also be
engineered to contain nano- and micro-fluidic, self-cleaning entities.”* Devices can also be
equipped with some anti-fouling®° or anti-microbial moiety.!®!! These moieties may
completely inhibit device sensors if the dynamic surface is coated with a non-degradable
material. The work presented in this thesis takes an approach that utilizes protein-resistant
moieties and biodegradable surfaces to provide a platform to extend the life of in-vivo

dynamic surfaces.

1.1.2. Protein Adsorption

The hydrophobicity and pH-dependent charge state of proteins'? leads to
adsorption®!>!* to foreign bodies in biological systems. As mentioned earlier protein
adsorption deactivates surfaces and leads to biofouling. Protein adsorption is enthalpically
driven by hydrophobic interactions with hydrophobic materials and the hydrophilic
environment in which they are transported.!® In the presence of a hydrophobic surface,
protein will aggregate on that surface. Protein adsorption can occur due to electrostatic
interactions caused by electrophilic and nucleophilic site interactions.'?> Hydrophobic

interactions are classified as physisorption which can be reversed. Chemisorption, or



covalent binding, of the protein is irreversible. Protein adsorption can also be affected by

ionic strength of solutions. Increasing ionic strength reduces electrostatic interactions. '

1.2. Background for Polymer Brushes
1.2.1. An Introduction to Polymers

Polymers can be defined as any molecule that contains a repeating unit. The term
oligomers is roughly defined as small polymers or chains formed by finite polymerization.
Monomers, dimers, and trimers are defined as one, two, and three repeating units
respectively. Starting materials are generally classified as monomers. The importance of
polymers in everyday life spans from biologically produced polysaccharides to synthesized
plastics and fibers used in armor such as Teflon and Kevlar.

The two major classes of polymers are homopolymers and copolymers.
Homopolymers exhibit one repeating unit only throughout the entirety of the polymer.
Monomers in homopolymerization generally contain self-reacting moiety (A and B).
Copolymers exhibit more than one repeating unit throughout the entirety of the polymer.
Monomers in copolymerization can contain self-reactive moieties or moieties that react with
the other monomer exclusively. Copolymers have multiple variations that describe how the
repeating units are arranged with in the polymer. Random copolymers have no
distinguishable pattern present within the back bone. Block copolymers are represented by a
large homogenous region of one monomer bound to another homogenous region of the
second monomer. Gradient copolymers are polymers that exhibit preferential polymerization
of one monomer but go to completion after exhaustion of the first monomer. The last type of
copolymer is a perfectly alternating copolymer. Alternating copolymers exhibit monomers
that are highly reactive to each other but are not self-reactive. A model of these polymers is

shown in Figure 1.1.
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Figure 1.1. Illustration of different polymers. *Homopolymer. "Random Copolymer. *Block
copolymer. “Gradient copolymer. °Alternating Copolymer. “A” and “B” represent different
monomers. “A” and “B” represent different functional groups.

Synthesis of polymers can be classified as step growth or chain growth. Step growth
can be described as the reaction of the majority of bifunctional monomers with each other to
form dimers. The bifunctional dimers then react with dimers and monomers to form of
trimers and tetramers. Eventually polymers are formed through the reaction of bifunctional
oligomers. Step growth does not produce polymers of significant molecular weight until the
reaction is near completion. Chain growth is best described as sequential addition of
monomer to an initiated polymer. The consumption of monomer is directly related to
molecular weight of the polymer. The correlation between percent monomer conversion and

molecular weight is shown in Figure 1.2.
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Figure 1.2. Living chain growth (black) versus step growth (red).

Initiation, propagation, and termination are the three steps in the synthesis of
polymers in the chain growth mechanism. Initiation utilizes a molecule that can be activated
in some way to react with monomer. Propagation consists of reaction between the activated
chain end and the monomer. Termination is generally defined as the deactivation of the chain
so that it can no longer react with monomer. In the case of radical polymerization,
termination can occur via combination or disproportionation. Combination results in the two
activated molecules bonding together. Disproportionation results in the termination of one
molecule and the second molecule being reverted to a pre-initiated state. A figure illustrating

these steps is shown below.

M(?LM e b At

Figure 1.3. Disproportionation (top) and combination (bottom) mechanisms for radical
polymerization.



Cationic, anionic, and radical polymerizations are the three mechanistic types of
chain growth polymerization defined by the state of the propagating species. lonic
polymerizations are highly selective because the propagating species must be stabilized (e.g.
via an electron donating group for a cationic polymerization and an electron withdrawing
group for an anionic polymerization). Radical polymerizations are more versatile as the
propagating radical is generally stabilized by either electron rich or electron poor side

groups. '

1.2.2. Ring Opening Polymerization

Transesterification and polycondensation are well established polymerization
techniques to prepare polyesters, but these reactions follow a step growth mechanism. Chain
growth is preferential to step growth due to the more rapid increase of molecular weight with
percentage of monomer conversion. To utilize the same type of monomers but a different
growth mechanism, ring-opening polymerization (ROP) of the cyclized monomers was
developed.'” ROP can utilize cationic, anionic, and radical mechanisms. Cyclic esters and
cyclic olefins have been highly used in ROP. An example of cationic ROP of a cyclic ester
would be lactone homopolymerization. The mechanism progresses through an oxonium
intermediate shown in the Figure 1.4. Poly(ethylene glycol) (PEG) can be produce via
cationic and anionic ROP of ethylene oxide. The cationic ROP of ethylene oxide is unique
due to the ability of the epoxide to co-initiate the polymerization. The mechanism is shown in

Figure 1.4.
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Figure 1.4. Mechanism of cationic ring opening for cyclic esters (top) and epoxides (bottom).

Cationic ROP of cyclic esters and epoxides have used a wide range of organometallic,
Lewis acidic catalysts.!®?° Ring opening copolymerization (ROCOP) can occur when
different monomers undergo similar propagation mechanisms and can be facilitated by the
same catalyst. ROCOP of cyclic esters and epoxides have been reported in several sources
using a wide array of catalysts. Organometallic catalysts for this type of polymerization can
be classified in three generations. The first generation consists of metal alkyl or metal halide
Lewis acids. The second generation consists of alkyl metaloxane and metal alkoxide Lewis
acids. The third generation utilizes well defined ancillary ligand frameworks and weakly
coordinated anions or nucleophiles.!® Third generation catalyst stabilize the cationic

intermediate through the weakly coordinated anion when present.

1.2.3. Grafting and Polymer Brushes

Grafting can be defined as the covalent bonding of a polymer chain to a substrate of
interest. The resulting grafted polymer is classified as a polymer brush. Polymer brushes can
be grafted via cationic, anionic, and radical polymerizations.?! Polymer brushes allow for the
modification of surface characteristics, such as hydrophobicity, through the structure of the
polymer. Brush density directly affects the morphology?? of the polymer brushes, as shown

in Figure 1.5. The more densely packed the brushes are the more likely they are to have a



brush morphology and less likely they are to follow the mushroom regime. Research has led

to polymer brushes that provide adhesive, antimicrobial, and protein resistant surfaces.

Grafting Density

Figure 1.5. Change in morphology with respect to grafting density.

Grafting utilizes a functionalized surface. In one example, native silicon oxide is
hydroxylated via ultraviolet ozonolysis and directly used or coated with a monolayer or
multilayer to provide functionalized surfaces. One method of grafting is “grafting to”. This
method involves the direct attachment of the polymer to the surface, shown in Figure 1.6.A.
This approach is only possible if the synthesized polymers have reactive tails or are not
terminated with an unreactive moiety. The resulting brush has a uniformity that corresponds
with the dispersity index of the synthesized polymer. Another method of grafting is “grafting
from”. Grafting from is typically accomplished by surface initiated polymerization. The
surface acts as an initiator and the polymer is synthesized from an initiating species on the
surface, shown in Figure 1.6.B. Grafting from allows for control of the brush thickness
through exposure time, allowing for gradient thicknesses. “Grafting through” is the synthesis
of a polymer in solution, where the surface contains a covalently bound monomer that is
included in polymerization. A graphical representation is shown in Figure 1.6.C. Grafting
through allows the polymer to be bound to the surface at any point in the polymer chain. In
theory, the surface can have localized deactivation by polymerization of a single chain across

the surface.?'2*
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Figure 1.6. Methods of grafting via radical mechanisms. (A) Grafting to; (B) Grafting from;
(C) Grafting through.

1.3. Grafting Biodegradable Protein Resistant Brushes
1.3.1. Summary of Work Done by Previous Group Members

Previous group members synthesized, optimized, and evaluated poly(caprolactone)
(PCL), poly(glycolic acid) (PGA), and poly(lactic acid) (PLA) as potential biodegradable
brushes.?>2" All of the brushes were synthesized via SI-ROP. The reactions were catalyzed
by tin(II) bis(2-ethylhexanoate) (tin octoate). The reactions are shown in Scheme 1.1. During
evaluation, it was observed that growth of PLA and PGA showed reproducibility and
exhibited correlations between thickness and time. Growth of PCL was determined to be
irreproducible, possibly due to the presence of water and the lower reactivity of the

monomer.



Scheme 1.1. Previously established ring opening polymerizations.
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Optimizations to the brush synthesis were made for the growth of PGA and PLA,
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including wafer pretreatment, volume, temperature, and agitation. For example, optimized
brush growth of PGA included 40 min ultraviolet ozonolysis, 0.1 M of monomer, 100:1
monomer:catalyst ratio, some stirring (less than 300 RPM), and 24 hours of reaction time at
room temperature. The procedure resulted in brushes with thicknesses of 5 nm. Further,
investigation determined that growth of PCL was better adapted to higher temperatures than
growth of PGA and PLA. The low temperature preference of PGA and PLA polymerizations
are due to increasing rate of depolymerization at high temperatures.

Previous group members also obtained degradation data for PCL, PGA, and PLA
brushes?®?7. The two proposed degradation mechanisms (back biting and random chain
scission) are shown in Figure 1.7. To prevent protein adsorption, some of the polymer
brushes were capped with oligoethylene glycol (OEG), a protein resistant moiety. The OEG
cap decreased the degradation rate substantially as it substituted the terminal hydroxyl group

on the brush which is necessary for the proposed back biting mechanism.



Figure 1.7. Two possible routes of degradation. (A) Random chain scission; (B) Backbiting.

1.3.2. Introduction to Protein Resistant Moieties

Protein adsorption is generally combated by disrupting electrostatic interactions and
hydrophobic interactions between protein molecules and a substrate'?. One of the most
widely used moieties is OEG as it is hydrophilic (avoiding hydrophobic interactions with
proteins) but uncharged (avoiding electrostatic interactions with proteins). OEG is part of a
large class of molecules that create a stable water interfacial layer. OEG specifically is
associated with two mechanisms for resistance to protein adsorption. It sterically blocks the
protein. Moreover, it is nonionic and hydrophilic and thus encourages the formation of a

water solvation layer around it making it similar to bulk water.

1.4. Proposed Synthesis of Biodegradable, Protein Resistant Brushes via ROCOP.
This project involves incorporating the protein resistant moiety as a branch on the
polymer brush via ROCOP. Triethylene glycol is modified with an epoxide via Williamson
ether synthesis. This epoxide is used in both solution polymerization and grafting
applications. Lactide is used as a comonomer as it has been shown to form brushes, and these

brushes can be hydrolytically degraded. Succinic anhydride is also investigated as it has

10



been reported to make a perfectly alternating copolymer with ethylene oxide?® that contains

ester linkages similar to those found in PLA.
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Chapter 2 Poly(lactide-co-epoxymethoxytriethylene glycol)
2.1. Introduction

Poly(lactic acid) (PLA) has been a biodegradable polymer of choice as it has well
established methods for its preparation and low reaction temperatures.' Historically
polycondensation reactions have been the primary choice for polymer synthesis. The more
favorable approach is to utilize the versatile, ring-opening polymerization to synthesize
polymers.? Ring-opening polymerization overcomes the entropic barrier to polymerization by
the enthalpically-favored release of ring strain. Furthermore, polymer chains can be grafted
from the surface by surface initiated ring opening polymerization (SI-ROP). Previous group
members utilized this approach to synthesize PLA brushes on silicon and gold surfaces.?
They were able to establish a reliable method that synthesizes 10 nm brushes. The brushes
degraded at biologically relevant pH values.* The slightly alkaline solutions caused complete
degradation in approximately 100 hours. This degradation was suggested to be primarily due
to back biting.

The goal of this work was to introduce a protein-resistant moiety to a biodegradable
brush. Specifically, options for the introduction of oligo-ethylene glycol (OEG) side chain
were considered. These side chains might be incorporated directly into the monomer.
Alternatively, a monomer could be polymerized and subjected to post-polymerization
modification (PPM). PPMs have been refined to be efficient, but they still leave some
reactive sites un-modified.’ These sites might, for example, trigger rejection of a device if it
is introduced in vivo. The third option is to utilize copolymerization with an OEG containing
monomer that does not necessarily have to be an ester.®’ Choice of the appropriate monomer
is important to obtain a copolymer that incorporates the desired, OEG groups at a desired
mole fraction and with a desired sequence of the two units (e.g. random, blocky or perfectly
alternating). Here, the goal will be to incorporate a reasonable number of OEG units
(arbitrarily chosen as somewhere in the 30-60 mole percentage range) that are dispersed

randomly or alternating in the copolymer.
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The specific target chosen in this work is a copolymer of lactide and an OEG-
containing epoxide monomer.® This chapter will discuss and evaluate the synthesis and use of

poly(lactide-co-epoxymethoxytriethylene glycol) as a polymer brush.

2.2. Solution Polymerization
2.2.1. Epoxymethoxytriethylene Glycol

To incorporate oligoethylene glycol (OEG) branches into a polyester backbone, the
copolymerization of an OEG-containing epoxide and lactide was explored. Cho et al.?
reported the synthesis of such an epoxide via a Williamson ether synthesis (Scheme 2.1, top).
Sodium hydride was used to dry the ethylene glycol in this report. It was realized that this
reagent can produce a sodium alkoxide that will readily react with epichlorohydrin. It was
decided that the sodium hydroxide could be omitted. Another report indicated that the
reaction proceeded in good yield in tetrahydrofuran® (THF) leading to the reactions shown in

Scheme 2.1, bottom.

Scheme 2.1. Synthesis of ETEG.

H\O%\/O% (|)>/\C| 1) NaOH, ACN, 40°C _ (|)>/\01/\/01§
1) 1 eq. NaH, THF, 1hr, 0 C
H\O'{/\/O% ) 1eq. Na T, c|)>/\d/\/013

0
2)12eq. L~Cl  16hr, RT
3) Reflux, 4hr

The reaction was carried out as described more fully in the experimental section.
Vacuum filtration was necessary to completely purify the product. The reaction yielded 76%
of product after vacuum distillation. Cho et al. report a purity of 95% but does not indicate
yield. Other reports indicate yields ranging from 65% to 79%. 'H (Figure 2.1) and '*C NMR
(Figure 2.2) of the distilled product indicated the correct product. Peaks 1-3 in the 'H NMR
will be used below as handles to determine the incorporation of this monomer into

copolymers.
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Figure 2.1. 300 MHz '"H NMR spectrum of distilled ETEG in CDCls.
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Figure 2.2. 100 MHz *C NMR spectrum of distilled ETEG in CDCl;.

2.2.2. Copolymer

Copolymerization of the lactide and ETEG monomers has been reported using tin(II)
bis(2-ethylhexanoate) (tin octoate) (Figure 2.3. right) and tetraethyldialuminumoxane
(aluminoxane) (Figure 2.3, left) as catalysts.® Tin octoate is generally used in conjunction
with an alcohol initiator to generate a weakly coordinated anion or nucleophile. '

Aluminoxane is a partially deactivated alkyl aluminum species.

17



—/\ S O 0
Al-O-Al sn
_ N o o

Figure 2.3. Aluminoxane and tin octoate catalysts. The tetracthyldialuminoxane is prepared
by adding water to triethylaluminum.

The copolymerization reactions followed the generalized reaction shown in Scheme
2.2. The monomer feed ratio and catalyst were varied as indicated for each reaction. The
preparation of the aluminoxane is described more fully in the experimental section. 'H NMR
was used to verify the structure of the polymer produced. The ratio of the signals for the
polymer to those for any monomer present was used to calculate the percentage of
completion. The product contained both polymer and monomer at the end of the reaction.
The product was precipitated in hexanes, but lactide precipitated as well. The structure of the
copolymer and a representative 'H NMR spectrum with assignments of the signals are shown

in Scheme 2.2 and Figure 2.4, below.

Scheme 2.2. General ROCOP of ETEG and lactide and assignments for NMR.

){
;‘)/
o™

R O n e s
%

o<

W

1

18



1.99 074 16.33 333
| — _ 1L
T T T

T T T T T T T T T T T T T
5.0 45 40 35 30 25 20 15 1.0
Chemical Shift (ppm)

Figure 2.4. 300 MHz '"H NMR spectrum of poly(lactide-co-ETEG) in CDCls.

These assignments are those proposed by Cho et al.® The ring opening of the epoxide
shifts the methylene from the ring (signal 7) and the methylene alpha to the ring (signal 8)
downfield and into the oligo(ethylene glycol) peak. This assignment also proposes that the
methine of the ring-opened epoxide (signal 5) is pushed further downfield to overlap with
signal 4. The methine and methyl signals derived from the PLA monomer (signals 2 and 3,
respectively) are in the 5.6 and 1.5 ppm region. The peak on the right shoulder of the PLA
methyl was not assigned by Cho et al. This peak is suspected to be a methyl derived from
lactide that is next to a unit derived from ETEG (signal 3’). Other signals of this type were
apparently not resolved. If this assignment is correct, the copolymer was a random
copolymer and not a perfectly alternating copolymer.

To optimize yield and molecular weight, Cho et al. reported the synthesis of the
polymers in neat monomer. Table 2.1 reproduces the results of these copolymerization
reactions using tin octoate as the catalyst and two combinations of feed ratio and
temperature. The graft frequency in these data sets is the percentage of incorporation of
ETEG. Lactide is a cyclic dimer and incorporates two monomers into the copolymer. The
expected percentage of incorporation can be calculated by dividing the moles of ETEG by
the sum the moles of ETEG and lactide, which is multiplied by two.
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Table 2.1. Bulk copolymerization using stannous octoate as a catalyst.®
Entry Reaction Time  Feree/Friacticer Graft Frequency (%)° M, (Da) M,/M," Reaction Temp (°C)

1 26 h 30/70 17.1 4100 1.23 120
2 24 h 10/90 3.6 10000 1.37 70

Stannous octoate content = 0.2% by weight. *Feed ratio of monomers. "Determined by NMR.
‘Determined by GPC.

The data reported unfortunately did not vary feed ratio and temperature
independently, so definitive conclusions about the effect of each are hard to make. The
molecular weight of the copolymer decreased when the molar feed ratio of the epoxide and
the temperature increased. Cho et al. stated that, above 30% ETEG, the catalyst is rendered
ineffective. The percent incorporations were close to the expected values of 17.6% and 5.3%
for entry 1 and 2, respectively. The lower molecular weight polymers at high epoxide feed
ratio could be due to the coordination of the epoxide with the tin octoate and the carboxylate
anion stabilizing the oxonium cation during ring opening. The stable tin epoxide complex
would then be the rate limiting step in the propagation of ROCOP.

Cho et al.® also conducted aluminoxane-catalyzed reactions to determine if this
catalyst was more effective. The data reported are shown in Table 2.2. Equimolar amounts of
lactide and ETEG were used. The molecular weights are higher than 10 kDa. The percentage
of incorporation of the ETEG was also higher than when the tin catalyst was used. The
expected percentage incorporation was 33.3%. As the polymerization time was increased,
the percentage incorporation of ETEG, molecular weight and polydispersity increased. The
graft frequency indicates incorporation consistent with the expected percent incorporation
calculated from the feed ratio. Higher percentage of incorporation of ETEG into the
copolymer resulted in lower glass temperatures and less crystallinity. These results indicate
that melt copolymerizations produce reasonable copolymers. For the grafting applications
pursued here, Cho’s work was replicated. It was then determined whether this reaction could

be adapted to a solution polymerization.

20



Table 2.2. Bulk copolymerization catalyzed by AlEt3+0.5 H2O.®

Entry Reaction Time Graft Frequency (%)° M,”(Da) M./M," T (°C)° Tm (°C)°

3 2h 23 10400 1.88 -13 110
4 5h 28.6 16300 1.91 -18 --
5 13 h 38.3 18100 2.10 -37 --

Lactide:ETEG = 1:1. Lactide:Aluminum = 25:1. Temperature = 120°C. *Determined by
NMR. *Determined by GPC. ‘Determined by DSC.

The first reactions attempted were an adaptation of the neat polymerization reported
by Cho et al. in a refluxing solution. The procedure deviates slightly from the reported
method by using a nitrogen-purged, two-necked round bottom flask instead of an argon filled
glovebox. The reflux method was an adaptation of previous group members’ work>*!> and
were made due to the high temperature requirements of the polymerization reactions.
Previous group members utilized a THF-tin solvent-catalyst system at near ambient
temperatures in grafting-from experiments. THF reflux is the maximum temperature that this
solvent can achieve. The percent completion calculations accounted for the presence of

lactide through NMR. The data obtained are presented in Table 2.3.

Table 2.3. Initial attempts at solution copolymerization.

% Incorp.
Catalyst® Temp(°C)®  Time % Completion® of ETEG M,,° (kDa) p°
AlO 122 (Neat)  16h 100 59 10.93 1.07
Sn Reflux (THF) 19h 95 17 4.06 1.51
AlO Reflux (THF)  19h 95 54 2.15 2.66

Lactide:ETEG = 1:1. Catalyst:Lactide = 1:25. *'Sn" = Tin octoate and "AlO" = Aluminoxane
solution prepared with Triethylaluminum and water. *The solvent is noted beside the
temperature. “Determined by NMR. “Determined by GPC.

The data shows near 100% completion for each reaction. There are comparable
percentages of incorporation of the ETEG monomer for both of the aluminoxane-catalyzed
reactions. The aluminoxane catalyst followed the expected trend giving smaller average
molecular weights at lower monomer concentrations. The refluxed tin reaction gave similar

results to those reported by Cho et al using the same tin catalyst and neat monomer. The
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success of the reaction using the tin catalyst also shows that higher percent incorporations of
ETEG can be obtained without inhibiting the catalyst.

To expand the adaptation, the solvent was switched to xylene to obtain a temperature
closer to the experiments reported by Cho et al. At room temperature ETEG is miscible with
xylene but lactide is not soluble in xylene. At elevated temperatures the monomer melted and
was miscible with the xylene. Table 2.4 shows these results. The percent completion,
molecular weight, and percent incorporation were decreased using the aluminoxane catalyst
at this higher temperature, indicating a reduced catalytic performance for aluminoxane. The
percent completion and average molecular weight were decreased for tin octoate but the
percent incorporation of the ETEG monomer was increased at this higher temperature. This
could be the indication of two separate driving forces for the two catalyst system.
Aluminoxane-catalyzed polymerization may be kinetically driven as the cationic
intermediate may be stabilized more readily by the alkyl aluminum oxide anion. Tin-
catalyzed polymerization without initiators may be thermodynamically driven due to the high

activation energy required to open lactide and the lack of a good nucleophile.

Table 2.4. Solution copolymerization at elevated temperature in xylene.

% Incorp.
Catalyst® % Completion® of ETEG” M.,.° (kDa) N
Sn 67 24 2.86 1.74
AlO 37 46 1.16 1.30

Lactide:ETEG = 1:1. Catalyst:Lactide = 1:25. Temperature = 110°C. Reaction time =1 h.
Solvent = xylene. *'Sn" = Tin octoate and "AlO" = Aluminoxane solution prepared with
Triethylaluminum and water. ®"Determined by NMR. ‘Determined by GPC.

The molar ratio between ETEG and lactide was increased to 2:1 in an effort to
increase the percentage of incorporation of the ETEG using the tin catalyst and to increase
the percent completion using the aluminoxane catalyst. The rest of the conditions were kept
the same as those employed previously. A co-catalyst system was also investigated to
determine the effect of two catalysts. The results obtained are presented in Table 2.5. For the

tin catalyzed reaction, the percent completion and average molecular weight were decreased
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and percent incorporation of ETEG was increased compared to the reactions run in 1:1
ETEG:lactide. For the aluminoxane catalyzed reaction, the percent completion and the
average molecular weight were increased but the percent incorporation of ETEG was not
affected. The co-catalyst system demonstrated a high incorporation of ETEG but with low
percent completion and molecular weight. The results with the tin catalyst suggest that the
epoxide is either acting as an inhibitor towards the tin catalyst or forming a complex that is
not favoring propagation. The results obtained with the aluminoxane catalyst indicate that the
greater concentration of epoxide was beneficial to propagation. The results obtained with the

two catalyst system resulted in the highest percent incorporation of ETEG.

Table 2.5. Solution Copolymerization at Lactide:ETEG = 1:2.

% Incorp.
Catalyst® % Completion® of ETEG” M.,.° (kDa) p°
Sn 55 34 1.87 1.46
AlO 51 42 3.47 2.08
AlO:Sn 1:1 32 75 1.18 1.48

Catalyst:Lactide = 1:25. Temperature = 110°C. Reaction time = 1 h. Solvent = Xylene. *"'Sn"
= Tin octoate and "AlO" = Aluminoxane solution prepared with Triethylaluminum and
water. "Determined by NMR. Determined by GPC.

The temperature was further increased by 15°C to 20°C. The solvent xylene is a
mixture of isomers and has a boiling point of 138°C. The temperature was set approximately
10° below that to minimize evaporation. The results obtained are presented in Table 2.6. In
comparison to the reactions conducted at 110 °C, the reaction conducted at 125 °C with tin
octoate exhibited increased percent incorporation of ETEG but reduced percent completion
and average molecular weight. The reaction conducted with the aluminoxane catalyst
exhibited increased percent completion, decreased average molecular weight, and no change
in incorporation. These results indicate that, for the tin-catalyzed reaction high temperature
has a negative effect on molecular weight and completion percentage. High temperature in
the aluminoxane system has a mostly positive effect potentially as the result of aiding the

ring opening of the epoxide.
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Table 2.6. Solution Copolymerization at Higher Temperatures.

% Incorp.
Catalyst® Temp(°C)® % Completion® of ETEG® ¢ (kDa) p¢
Sn 125 25 82 1.18 1.48
AlO 130 76 42 1.73 1.54

Lactide:ETEG = 1:2. Catalyst:Lactide = 1:25. Reaction time = 1 h. *'Sn" = Tin octoate and
"AlO" = Aluminoxane solution prepared with Triethylaluminum and water. °In xylene.
‘Determined by NMR. “Determined by GPC.

2.2.3. Homopolymer

It has been documented that tin octoate can catalyze ring opening polymerizations of
a wide array of lactones, bislactones, and their derivatives.!®!!13:141617 The blocky nature of
the copolymers reported® indicates that homopolymerization is preferred over
copolymerization. The results of the copolymerization experiments left uncertainty as to the
role of the epoxide in copolymerization. To help understand the pathways,
homopolymerization of lactide and epoxide were evaluated. The reaction followed the
solution copolymerization procedure but with only one monomer as shown in Scheme 2.3.
The proton NMR spectrum of a 100:1 lactide:aluminoxane homopolymerization at one hour
is shown in Figure 2.5. The reaction converted 100% of the lactide. The signals
corresponding to the polymeric methine were at 4.2 and 5.2 ppm. The signals corresponding
to the polymeric methyls were at 1.5 and 2.7 ppm. Signals corresponding to the terminal
methine and methyl were at 4.2 and 2.7 ppm, respectively. The results indicate successful

homopolymerization.
Scheme 2.3. Lactide homopolymerization.
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Figure 2.5. 300 MHz '"H NMR of lactide homopolymerization via catalytic aluminoxane in
CDCls.

Homopolymerization of ETEG was then pursued as shown in Scheme 2.4. The proton
NMR spectrum of a 100:1 ETEG:aluminoxane homopolymerization at one hour is shown in
Figure 2.6. This reaction had a yield of 36%. The spectrum exhibited a singlet at 3.2 ppm
indicative of the methoxy protons. The signal at 3.5 ppm corresponds to all methylene and
methine protons. The large peaks at 2.0 and 4.6 ppm represents undeuterated THF. Despite
the low yield, the results indicated that homopolymerization does occur but is relatively slow

compared to lactide.

Scheme 2.4. ETEG homopolymerization.
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Figure 2.6. 300 MHz '"H NMR of ETEG homopolymerization via catalytic aluminoxane in
D;0. Undeuterated THF was present.

2.2.4. ATR-IR of Homopolymer Blends

Polymer brushes pose a characterization problem specifically when one wishes to
determine the percent incorporation of two monomers. This problem is investigated by
determining whether extend Beer’s law can be extended to infrared spectra of copolymers.
This question was investigated by preparing blends of PLA and PEG homopolymers by
evaporation from chloroform. Attenuated total reflectance infrared (ATR-IR)
spectrophotometry was then used to analyze the blends. The full spectra of different molar
ratios of the two polymers (based on molar ratio of repeat units) are shown in Figure 2.7.
One can see an increase in the intensity of signals in the aliphatic C-H region at 2850 cm™!
and a decrease in signal intensity in the carbonyl region at 1750 cm™' as the percentage of
ETEG in the blend increased. This trend is consistent with the relative number of C=0

bonds and aliphatic C-H bonds in lactide and ETEG, respectively.
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Figure 2.7. ATR-IR spectra of PLA/PEG blends. Full spectra with various molar fractions of
PEG (500 Da) in PLA (2000 Da).

Figure 2.8 shows magnified regions of spectra in the aliphatic C-H stretching region,
C=0 stretching region and C-O stretching region, respectively. Initial examination suggested
a possible linear increase in the magnitude of the aliphatic C-H stretch as the mole fraction of
PEG increased. Likewise, there was a possibly linear increase in the C=O stretching region as
the mole fraction of PLA increased. Trends in the C-O stretching region were not as
definitive and were not considered possible handles. The solution containing only PLA
exhibited a wider peak but reduced intensity than its 75% PLA counter-part suggesting that

the detector may have become saturated.
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Figure 2.8. Magnified ATR-IR spectra of PLA/PEG blends. From left to right these show the
C-H, C=0, and C-O stretching regions respectively.

The infrared absorbances at 2850 cm™ and 1750 cm™! were plotted versus mole
fraction of PEG units and PLA units, respectively, and these data were well fit to linear
functions as shown in Figure 2.9. A coefficient of determination of 0.9947 and 0.9678 were
fit for the aliphatic C-H and carbonyl, respectively. The smaller coefficient of determination
of the aliphatic least square fit indicated that the methyl in PLA was interfering with the
linearity of the plot. This error could be remedied by the use of a polynomial or power
equation. This trend indicates that monitoring the carbonyl and aliphatic regions of IR spectra
can potentially give a spectroscopic handle that can be used to assess the relative

incorporation of the two monomers in a copolymer brush via IR ellipsometery.
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Figure 2.9. Plots of the mole fraction of PLA and PEG versus IR Absorbance for (right) the
carbonyl stretch and (left) aliphatic carbon-hydrogen stretch. Linear least square fits of y =
1.1270x + 0.0034 and y = 0.1651x + 0.0250 with R? values of 0.9947 and 0.9678 for the
carbonyl and aliphatic plots respectively.

2.2.5. Alternative Catalyst

As an alternative to the catalysts used above, it was of interest to determine if other
catalysts could be applicable to copolymerization of epoxide and any monomer that would
introduce hydrolysable linkages in the backbone of the resulting polymer. Epoxides
copolymerize with various monomers. In particular, cyclic esters and carbon dioxide have
been commonly studied co-monomers with epoxides.'®2° Copolymerization of epoxides with
carbon dioxide can give a degradable polymer, but these reactions typically require a high
pressure which was inconvenient and potentially inapplicable to the growth of polymer
brushes. The copolymerization with cyclic esters has promise but utilizes catalysts with
commercially unavailable, ligands. Synthesis of these was deemed too time-consuming to
justify to test a copolymerization that might not work. Instead, two different catalyst that
were readily available were investigated. A manganese vanadium salen complex was
graciously supplied by Tao Huang in Professor Weare’s group. Ethylaluminum dichloride

was commercially available and has been reported to copolymerize cyclic anhydrides and
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epoxides.*® The structure of the two catalysts are shown in Figure 2.10. Copolymerization of
lactide and ETEG with the alternative catalysts were attempted as described more fully in the
experimental section. The reactions utilizing these two monomers resulted in no signs of
polymerization through NMR. In both reactions, lactide was fully recovered from the
reaction. Despite possible coordination of ETEG to the metal, results indicate the conditions

were not suitable for polymerization.
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Figure 2.10. Other catalysts explored for copolymerization. Ethylaluminum dichloride and
manganese vanadium salen third generation catalyst.

2.3. Grafting
2.3.1. Grafting From Silicon with PLA

Previous group members successfully grafted poly(lactide) brushes from the surface
of silicon oxide wafers.? The procedure consisted of hydroxylation of the native silicon oxide
via ultraviolet ozonolysis followed by submersion into a monomer solution as described
more fully in the experimental section. To investigate the effectiveness of grafting
homopolymers with tin and aluminoxane catalyst, the general grafting scheme, shown in

Scheme 2.5, was used.
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Scheme 2.5. General grafting from approach for silicon oxide wafers.
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Previously optimized conditions were used with variations in reaction time and

temperature. The results obtained are presented in Table 2.7. The two samples that were
reacted for 15 days only differed in that the second trial was conducted in inert atmosphere
whereas the first trial was conducted in air. The extended time doubled the brush thickness of
the reported 10 nm for the optimized conditions. The use of an inert atmosphere increased
brush thickness as well. The use of the unaltered optimized parameters gave a brush growth
of 10.7 nm. Use of the aluminoxane catalyst gave minimal brush growth. Finally, switching
to a scintillation vial reactor doubled the brush thickness. The reactor, described more fully in
the experimental, increases the stirring. These trends indicated that increased time and
efficient stirring can increase the brush growth and the previously reported conditions will
suffice for this project. The lack of brush growth with the aluminoxane catalyst indicated that

aluminoxanes cannot catalyze brush growth of PLA.
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Table 2.7. Thickness of homopolymer brush via grafting from on hydroxylated native silicon
oxide.

Catalyst® Temp(°C)® Time Thickness (nm)°
sn® 33 15d 17.8
Sn 33 15d 32.7
Sn 28 20h 10.7
AlO 28 20h 3.27
Sn°® 33 22 h 21.5

Monomer = Lactide. *Catalyst:Lactide = 1:25; "Sn" = Tin octoate and "AlO" = Aluminoxane
solution prepared with Triethylaluminum and water. ®In THF. “Determined by ellipsometry.
dPrepared outside of drybox. Prepared in reactor.

2.3.2. Grafting From Silicon with P(LA-co-ETEG)

The success of homopolymer brush growth lead to attempts at growth of
epoxide/lactide copolymer brushes. These brushes were grown using a combination of the
conditions established for effective grafting of the homopolymer and those determined for
effective copolymerization in solution. Specifically, the ratios that worked well in the
solution copolymerization were used, but the temperature used for grafting was employed.
The results obtained are presented in Table 2.8. The experiments resulted in sub 5.0 nm brush
thicknesses for both tin and aluminoxane systems. The tin catalyst exhibit larger brush
thickness in comparison to aluminoxane, but neither gave a brush with the desired, minimum

thickness of ca. 10 nm.

Table 2.8. Thickness of copolymer brush via grafting from on hydroxlated native silicon
oxide.

Catalyst® Temp(°C)® Time  Thickness (nm)©
Sn 28 20 h 4.17
AlO 28 20h 2.67

Lactide:ETEG = 1:2. *Catalyst:Lactide = 1:25."Sn" = Tin octoate and "AlO" = Aluminoxane
solution prepared with Triethylaluminum and water. ®In THF. “Determined by ellipsometry.

Despite the low brush thicknesses, infrared ellipsometry was utilized in an attempt to
verify brush thickness and determine the percentage of incorporation of the two monomers in

the brush. The copolymer brush grown with tin on the silicon wafer was used to investigate
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the potential applicability of IR ellipsometry. The sample was measured at three different
incident angles with approximately 100 scans per angle. The IR spectra are shown in Figure
2.11. The data indicated there was no significant brush signal. The signals observed were
attributed to vibrations in the epitaxial silicon oxide layer.?! One way to circumvent this

problem could be to utilize gold or other reflective substrate.
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Figure 2.11. IR Ellipsometry of PLA on silicon. Incident angles of 65°, 70°, and 75° are
displayed from top to bottom, respectively.

2.3.3. Grafting From Gold with PLA

The complications in surface characterization of silicon oxide grafted brushes led to
the use of gold substrates to determine if an IR signal could be obtained. Glass slides with a
100 nm thick gold layer were used as substrates. The gold was treated with mercaptoethanol
to establish a short, hydroxyl functionalized self-assembled monolayer (SAM) on the surface.
PLA was grafted from the SAM in a similar manner as performed on the silicon oxide
surface as described more fully in the experimental section. A thickness measured on an UV-
Visible ellipsometer of 9.6 nm was obtained which was close to the 10.7 nm obtained on a

silicon oxide surface. The sample was then analyzed with an IR ellipsometer to verify the
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thickness and to characterize the brush. The IR spectrum is shown in Figure 2.12. The IR
spectrum indicates no significant C=0, C-H, C-O stretching and significant O-H stretching
which was attributed to adsorbed water. This result eliminates the possibility of using IR

ellipsometry as a characterization technique for short polymer brushes
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Figure 2.12. IR Ellipsometry of PLA on gold. The red data set represents measurement of
clean gold substrate. The black data set represents measurements of PLA brushes grown from
gold mercaptoethanol treated substrate.

2.3.4. Grafting From Gold with P(LA-co-ETEG)
In an effort to completely explore all conditions, the co-catalyst reaction was
investigated at elevated temperatures on gold. A reactor was used as described more fully in

the experimental section. A thickness measured on an UV-Visible ellipsometer of 5.7 nm
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was obtained which was similar to that of the tin-catalyzed reaction on silicon and reduced in

comparison to homopolymer brushes.

2.3.5. Grafting Through GOPS

The lack of success with grafting from approaches lead to the exploration of a
grafting through method. Here, the surface would be modified to present epoxy groups
which could be incorporated into a copolymer growing in solution, creating a tethering point
between the surface and the polymer chain. Specifically, silicon oxide was modified with
glycidoxypropyltrimethoxysilane (GOPS).3?** In the presence of mild bases,
trimethoxysilanes covalently bond with surface hydroxyl groups on the silica as shown
schematically Scheme 2.6. Wafers were treated with 1% GOPS and 0.1%
diisopropylethylamine in toluene for 1 hour at room temperature. The wafers were sonicated,

rinsed, dried, and measured via ellipsometry. The average thickness of the wafer was 4.5 nm.
Scheme 2.6. GOPS treatment of silicon wafers.
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The GOPS modified surface then can act as a monomer in solution copolymerization.

The grafting scheme is shown in Scheme 2.7. The concentration of lactide was 0.1 M. The
ration of lactide to ETEG was 1:2. The ratio of catalyst to lactide was 1:100. The reaction
used xylene as the solvent reacted for 68 hours at 110°C. Thicknesses are reported as the
average of three ellipsometric measurements. The results of this grafting through approach

resulted in average brush thicknesses of approximately 3.7 nm. The results are smaller than
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all of the tin catalyzed grafting attempts. The brush thicknesses are larger than all

aluminoxane catalyzed reactions.

Scheme 2.7. Grafting through GOPS to form a poly(lactide-co-ETEG) brush.
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The surface could also react with itself to form poly(ethylene glycol) across the face
of the surface which could deactivate the surface as shown in Scheme 2.8. The lack of brush

growth indicated an ineffective brush growth using the developed procedure.

Scheme 2.8. Deactivation of epoxide surfaces via cross polymerization.
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2.3.6 Aluminum Treated Surfaces
In contrast to the GOPS experiment and parallel to the tin octoate grafting from

concept, preparing a catalytically active surface was considered. The mechanism for grafting
PLA from substrates with a tin catalyst is proposed to be the same, alcohol-initiated

mechanism established in solution.*!” The aluminoxane catalyst mechanism is not well

defined but does not require an alcohol initiator.®* Therefore, to utilize the aluminoxane
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catalyst, it was hypothesized that either the monomer or the catalyst must be bound to the
surface to effectively graft copolymer brushes. It was considered whether an active catalyst
could be created by reacting triethylaluminum with the native silanol groups on a silica
surface. This would replace the aluminum alkoxide in the aluminoxane with an aluminum
oxide bound to silicon (Scheme 2.9). This complex could act as either or both a Lewis acid
that binds to the monomer and/or a nucleophile that could attack the electrophilic carbonyl or
epoxide groups, facilitating polymerization. To test this concept, silicon wafers were brought
into the dry box immediately after UVO treatment along with dilute triethylaluminum. The
dilute catalyst solution was used to treat the wafers as described more fully in the
experimental section. The treatment scheme is shown in Scheme 2.9. No further handling or

characterization of the catalytically active surface were taken due to its expected reactivity.
Scheme 2.9. Dilute treatment of silicon wafers.
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The wafers were then immediately introduced to a polymerization solution in a

reactor to attempt to grow polymer as depicted in Scheme 2.10. The concentration of lactide
was 0.1 M. The ratio of lactide to ETEG was 1:2. The reaction used THF as the solvent and
was reacted for 24 hours at 65°C. Thicknesses are reported as the average of three
ellipsometric measurements. This reaction resulted in average copolymer brushes that were

2.7 nm thick as measured by ellipsometry. This value is much lower than desired.
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Scheme 2.10. Grafting from the catalytic surface to form a poly(lactide-co-ETEG) brush.
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The catalyst could have been deactivated by complete hydrolysis due to small
amounts of water that cannot be avoided. In addition, recent literature** indicates the
possibility of deactivation of the catalytically active surface by reactions with neighboring
hydroxyl groups. This additional alkoxy group reduces the catalytic activity of the
aluminoxane. The proposed, deactivated surface is shown in Scheme 2.11. This catalytically
active surface is not a good candidate for grafting PLA and ETEG copolymers. In any event,
there are few additional reaction parameters here that appear to be profitable to vary and

study, so this route was abandoned.

Scheme 2.11. Potential deactivation of the surface bound alkyl aluminum catalyst.
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2.4. Conclusion
2.4.1. Solution Polymerization
The method established for the synthesis of ETEG resulted in a 76% yield. The work

presented by Cho was successfully reproduced. Attempts at adaptation of the melt procedure
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for solution copolymerization led to a reduced molecular weight. The tin catalyst exhibited
reduced reactivity as the temperature increased but increase percent incorporation of ETEG.
Tin was not inhibited by higher molar ratios of ETEG. Aluminoxane exhibited increased
reactivity as temperature increased but produced smaller polymer chains. Increasing the
molar ratio increased percent incorporation of ETEG. The aluminoxane catalyst facilitated
homopolymerization reactions as well as copolymerization reactions. Carbonyl and aliphatic
carbon hydrogen IR signals could be potentially used as a spectroscopic handle during
surface characterization. Manganese Vanadium salen and ethylaluminum dichloride were not

effective catalyst for copolymerization reactions.

2.4.2. Grafting

The lactide homopolymer brush was successfully grafted and thicknesses greater than
10 nm were obtained. The aluminoxane catalyst failed to propagate any significant brush
growth. The copolymer brush was synthesized at a maximum thickness of 5.7 nm which is
inefficient. Grafting from gold gave similar results to the brushes grown on silicon. Silicon is
an ineffective substrate for IR characterization due to detection of only the epitaxial layer.
Gold based homopolymer brushes exhibited a spectrum which is believed to be water. IR
ellipsometry did not effectively characterize the surfaces of interest. Grafting through
polymerizations were explored as well but did not yield promising results. Catalytic surfaces
were explored as well. The triethylaluminum treated surfaces potentially bound to the

aluminum through two oxygens, effectively deactivating the catalyst.

2.5. Experimental
2.5.1. Solvents and Glassware

Solvents used in the ETEG synthesis were acquired from the solvent still or dried
prior to use. THF and toluene were acquired from the solvent still. Hexane was dried by
percolation over activated alumina and stored over 4 A molecular sieves for at least 8 hours.

All other solvents were used as shipped. All glassware was washed thoroughly with acetone,
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soap and water, and finally acetone. The glassware was either flame dried or oven dried

overnight. Amber glass was used for photodegradable compounds.

2.5.2. ETEG Synthesis

A two-necked round bottomed flask was loaded with 6.92 grams of NaH (60% in oil)
and purged with nitrogen. The flask was filled with 50 mL of hexanes via syringe and stirred
magnetically. The NaH was allowed to settle and the hexanes were removed via syringe. This
washing process was repeated three times. After the last hexane wash, 30 mL of THF was
added to the flask. The flask was placed in an ice bath and 25 mL of triethylene glycol was
slowly added via a pressure equalizing addition funnel. The reaction was allowed to react for
two hours at room temperature in a water bath. The flask was placed in an ice bath and 25
mL of epichlorohydrin was slowly added via a pressure equalizing addition funnel. The
reaction was allowed to react for 17 hours at room temperature in a water bath. The reaction
was then refluxed for 4.5 hours. Upon completion, the salt byproduct was allowed to settle
overnight. The organic solution was filtered off and collected. The salt was washed two times
with THF. The THF was combined with the organic solution. The salt was dissolved in
minimal amount of water and extracted three times with 30 mL of chloroform. The
chloroform layers were added to the oil and THF flask. The solvents were then removed via
rotatory evaporation followed by exposure to a high vacuum. The product was fractionally
vacuum distilled to give g (76% yield). '"H NMR (CDCls, 300 MHz): 6 2.61 (dd, 1H,J=3, 5
Hz), 2.77 (t, 1H, J= 5 Hz), 3.15 (m, 1H), 3.36 (s, 3H), 3.45 (dd, 1H, J= 12, 6 Hz), 3.53 (m,
2H), 3.65 (m, 10H), 3.80 (dd, 1H, J= 12, 3 Hz). '*C NMR (CDCls, 100 MHz): & 44.0, 50.6,
58.8,70.3,70.4,70.4, 70.4, 70.6, 71.8, 71.8.

2.5.3. Recrystallization of Lactide

In an Erlenmeyer flask 100g of lactide was dissolved in 750 mL of chloroform. The
insoluble fraction was filtered off. In a round bottom flask, the chloroform was removed via
rotatory evaporation to the point at which crystals started to form. The flask was then heated

to dissolve those crystals. The flask was placed in an ice bath to precipitate the lactide. The
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lactide was vacuum filtered and transferred to a 100 g bottle and residual solvents were

removed under high vacuum.

2.5.4. Preparation of Aluminoxane

A 10 mL Schlenk vessel was purged with nitrogen and placed in a dry ice/acetone
bath. Then, 1.8 mL of 1.1 M triethyl aluminum was added to the Schlenk vessel via syringe.
Then, 178 puL of 10% water in 1,4-dioxane was added via syringe pump at 5 uL/min. The
solution was stirred magnetically and allowed to reach room temperature overnight. The

resulting concentration was approximately 0.5 M.

2.5.5. Solution Copolymerization

In a nitrogen-purged two-necked round bottom flask, 1.0 mmol of lactide (144 mg)
was added with either 1.0 or 2.0 mmol of ETEG (0.24 or 0.48 mL respectively). Then, 0.5
mL of solvent was added if indicated. Then, 0.02 mL of 0.5 M catalyst was added via
syringe. The flask was heated in an oil bath to the desired temperature and stirred
magnetically. The reaction was then precipitated into 150 to 200 mL of hexanes. The product
was vacuum filtered, redissolved in chloroform, and the solvent was then removed via
rotatory evaporation. The product was characterized via 300 MHz 'H NMR and gel
permeation chromatography using refractive index detection. '"H NMR (CDCls, 300 MHz): &
1.58 (d, variable H, J =7 Hz), 3.37 (s, variable H), 3.54 (m, variable H), 3.63 (m, variable
H), 4.33 (m, variable H), 5.17 (q, variable H, J =7 Hz).

2.5.6. Solution Homopolymerization

In a nitrogen-purged two-necked round bottom flask 1.0 mmol of lactide or ETEG
was added. Subsequently, 0.5 mL of solvent was added if indicated. Then, 0.02 mL of 0.5 M
catalyst was added via syringe. The flask was heated in an oil bath to the desired temperature
and stirred magnetically. The reaction was then precipitated into 150 to 200 mL of hexanes.
The product was vacuum filtered, redissolved in chloroform, and the solvent was then

removed via rotatory evaporation. The product was characterized via 300 MHz '"H NMR and
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gel permeation chromatography using refractive index detection. Poly(lactide): 'H NMR
(CDCls, 300 MHz): &6 1.59 (m, 3H,), 2.67 (m, variable H), 4.36 (m, variable H), 5.18 (m,
1H). Poly(ETEG): 'H NMR (D-0, 300 MHz): & 3.19 (s, 3H), 3.44 (m, 4H), 3.50 (m, 13H).

2.5.7. Wafer Preparation

Mechanical grade silicon wafers were cut into 1.5 to 2.0 cm squares. The wafer chips
were hydroxylated via UV-Ozonolysis for 40 minutes. The chips were brought into the dry
box prior to grafting or catalytically active surface modification. The chips were briefly
immersed in 0.14 M triethylaluminum solutions when attempts were made to prepare
catalytically active surfaces. To prepare epoxide functionalized surfaces, the chips were
immediately immersed in 1% glycidoxypropyltrimethoxysilane (GOPS) and 0.1%
diisopropylethylamine solutions (in toluene), capped, and reacted for one hour. The chips
were sonicated in toluene for 3-5 minutes, rinsed with copious amounts of methanol, and

dried under a stream of nitrogen gas.

2.5.8. Preparation of Gold Slides

Glass slides coated with 1 nm chromium followed by 100 nm of gold were cut into 1
cm sections. The slides were rinsed with ethanol and UVO treated for 40 minutes. The
cleaned slides were incubated in 1 mM of 2-mercaptoethanol in ethanol for a minimum of 12

hours. The slides were rinsed with ethanol and blown dry with nitrogen.

2.5.9. Grafting

In the dry box the appropriately functionalized wafer was placed in a 20 mL
scintillation vial. The vial was filled with 0.1 M lactide, 0.2 M ETEG (if copolymer was
being prepared), and 1 mM catalyst in 10 mL THF. The vial was capped and sealed with
electrical tape. The vial was removed from the dry box and placed in a shaker table. The
modified scintillation vial shown in Figure 2.13 was an alternative reactor that was used with

oil baths and magnetic stirring. After the completion of the reaction, the wafers were cleaned
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by sonication in THF for 3-5 minutes, rinsed with deionized water, then methanol, and blown

dry with nitrogen gas. The wafers were analyzed via ellipsometry.

Figure 2.13. Wafer reactor for high temperature reactions. Screw cap not shown in image.
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Chapter 3 Poly(succinic acid-co-epoxymethoxytriethylene glycol)
3.1. Introduction

The lactide/epoxide copolymer reported in Chapter 2 generally suffered from a lack
of incorporation of the epoxide monomer and a lack of substantial brush growth. As a result,
an alternative monomer was explored. A potential candidate for a monomer was an
anhydride, due to the established copolymerizations of various anhydrides with cyclic
esters.!” Chen et al. specifically used succinic anhydride and ethylene oxide to produce
poly(ethylene succinate) (PES) through solution ROCOP.* Feng et. al. reported the
copolymerization of succinic anhydride and various ethylene glycol modified epoxides.® The
succinic anhydride and modified epoxides copolymers were biodegradable via hydrolysis as
well. Complete degradation of the copolymer was not observed after 4 weeks of incubation
in a buffer solution at elevated temperatures.

The goal of this work was to investigate the viability of a PES-based copolymer to
graft polymer brushes with a protein resistant moiety to a surface. Since ROCOPs of
anhydrides and epoxides are generally not alcohol initiated, an alternative to ‘grafting from’
must be used (e.g. grafting through or grafting to). Grafting to does not allow control over the
thickness of the brush via exposure time. An ultimate goal is to create a brush coated surface
with a gradient thickness, which eliminates grafting to as an option. Grafting through can be
accomplished by functionalizing the surface with a monomer. Due to the commercially
availability of epoxysilanes and established surface functionalization procedures using

them10713

, it was decided that grafting through an epoxide functionalized surface was the best
option. Specifically, attempts to graft poly(succinic acid-co-ETEG) through a glycidol

moiety to the desired substrate were made.

3.2. Solution Polymerization
3.2.1. Adaptation of Original Oxirane Techniques

The original work done by Chen surveyed various aluminum catalyst for succinic
anhydride and ethylene oxide copolymerization.* This approach is slightly different than the

proposed polymerization, but it is believed that it is still applicable due to the work done by
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Inoue? and Feng.?® Specifically, work done by Inoue showed copolymerization of succinic
anhydride and ethylene oxide. Substituting the ETEG for ethylene oxide may not have an
adverse effect on conversion but may affect molecular weight because of steric hindrance
which was demonstrated by Feng. The reaction times reported by Chen for ethylene oxide
copolymers ranged from 1 to 2 days where the reaction times for the propylene oxide
copolymer ranged from 3 to 21 days. Therefore, we decided to base our approach on work

done by Chen. The reaction is shown in Scheme 3.1.
Scheme 3.1. ROCOP of ethylene oxide and succinic anhydride.
o} o}
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In choosing a catalyst and monomer ratio, previously established data were evaluated
as shown in Table 3.1. The two highest average molecular weights correspond to an increase
in the monomer to catalyst ratio. All of the reactions reported by Chen consisted of a 1:1 feed
ratio and resulted fairly uniform percentage of incorporation (monomer fraction). Feng
utilized aluminum isopropoxide as a catalyst in a neat reaction and achieved molecular
weights of approximately 5, 4, and 3 kDa for mono-, di-, and tri-ethylene glycol epoxide
derivatives. Chen reported molecular weights (ca. 6.0 kDa) via solution copolymerization
with aluminum isopropoxide and an unsubstituted epoxide. The data indicates that
ethylaluminum dichloride provides the highest molecular weights and percent completion at
the 100:1 monomer to catalyst ratio. Therefore, it was utilized as the catalyst for solution

polymerization and grafting.
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Table 3.1. ROCOP of succinic anhydride (SA) and ethylene oxide (EO) reported by Chen.*

Run Catalyst Time (Hrs) Yield %’ M,”(Da) M.>(Da) Muw/M.® Fsa® Feo®
1 AIlEt;-H,0(1:0.5) 16 39 2950 4580 1.56 0.43 0.57
2° AlEt3-H,0 (1:0.5) 48 70 8090 11700 1.45 0.39 0.61
3  Al(iBu)s-H,0(1:0.5) 16 77 5880 8000 1.36 0.44 0.56
4 Al(iBu)s-H,0 (1:0.5) 48 82 8650 11200  1.29 = -- -
5°  Al(iBu)s-H,0 (1:0.5) 48 85 7130 9160  1.28 0.43 0.57
6 EtAIOEt 16 40 2000 3240 1.62 0.42 0.58
7 Et,AIOEt 48 62 4850 6880 1.42 0.38 0.62
8 EtAIlCI, 16 79 4140 5260 1.27 0.46 0.54
9 EtAICI, 48 100 5920 7990 1.35 0.47 0.53
10 EtAICI 16 44 2480 3200 1.29 0.43 0.57
11 EtAICI 48 69 4600 6560 1.43 0.40 0.60
12 AI(OEt); 48 86 4420 5320 1.20 0.48 0.52
13 AI(OtBu); 16 54 2630 3480 1.32 0.43 0.57
14 AI(OtBu); 48 92 5480 6830 1.25 0.45 0.55
15 AI(QiPr)3 16 20 1580 2120 1.34 0.44 0.56
16 AIl(QiPr); 48 98 4650 5980 1.29 0.47 0.53
17 AIl(OiBu);s 16 46 1800 2350 1.30 0.42 0.58
18 AI(QiBu); 48 94 3580 3980 1.11 0.48 0.52

[M]total:[ Al]=100:1; [SA]:[EO]=1:1; 62 £ 2°C; in 1,4-dioxane (1g SA/7 mL); *Determined
by the petroleum ether insoluble product/total monomerx100%. °Determined by GPC in
chloroform at 1 mL/min versus polystyrene standards. ‘Determined by '"H NMR.
d'M]total:[A1]=200:1.

3.2.2. Solution Copolymerization

Several solution copolymerizations with succinic anhydride and ETEG we attempted
(Scheme 3.2). The reaction time, temperature, and feed ratio were treated as variables and are
described more fully in the experimental section. The variations are shown in Table 3.2. The
percentage of completion was lower when higher temperatures were employed. The
percentage of incorporation of the ETEG was relatively independent to changes in
conditions. The molecular weights were a fourth of what was expected but followed the trend

reported by Feng.® The data indicates that this procedure is not efficient. This is possibly due
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to the fact that a substituted epoxide is used here which may be sterically hindered. This
could also be an explanation for the increased reaction time used in the copolymerization of

propylene oxide and succinic anhydride.?

Scheme 3.2. ROCOP of ETEG and succinic anhydride.
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Table 3.2. ROCOP of succinic anhydride and ETEG
% Incorp.
Anyhdride:Epoxide Catalyst’ Temp(°C)°  Time Completion% of ETEG M,° (Da) p¢
1:1 AlCI 70 48 h 30 55 539 1.29
1:1 AlCI 70 50 h 2.2 N/A N/A N/A
1:1 AlCI 75, reflux 108 h 55 51 509 1.15
1:2 AlCI reflux 48 h 51 59 N/A N/A
1:1° AlCI 62-67 48 h 100 54 1200 1.87

Lactide:ETEG = 1:1. Catalyst:Lactide = 1:25. "AIC1" = Ethylaluminum dichloride. °In 1,4-
Dioxane. “Determined by '"H NMR. 9Determined by GPC. *Completed in dry box.

3.3. Grafting
3.3.1. Grafting Through GOPS

Concomitant with the solution copolymerization study, brush growth via grafting
through was examined. The first step was to functionalize the surface with epoxide groups
via an established surface modification procedure.'® The epoxide functionalized surface was
prepared with 23% glycidoxypropyltrimethoxysilane (GOPS) and 0.75%
diisopropylethylamine in toluene for 48 hours at 85°C, as shown in Scheme 3.3. The
thickness of the GOPS layer was determined to be 4.5 nm via ellipsometry. The thickness

indicates multilayer formation. The GOPS monolayer is calculated to be approximately 0.8
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nm when fully extended considering bond lengths and angles. In principle, however, the
multilayer formation should not affect the polymerization as long as the epoxide is present at
the surface.

Scheme 3.3. GOPS treatment of silicon wafers.
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The multilayer surface was then utilized for brush synthesis via the grafting through

approach. The modified solution polymerization procedure was used. The grafting through
scheme is shown in Scheme 3.4. The grafting through experiment resulted in an average
brush thicknesses of 8.9 nm. This value exceeds that obtained using the lactide and ETEG
system, which had a maximum copolymer brush thickness of 5.7 nm. The thickness of the
brush is significant enough to investigate if the branched brush has protein resistant
characteristics. The procedure provides preliminary indications that this approach is effective

for brush growth.
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Scheme 3.4. Grafting through GOPS to form a poly(succinic acid-co-ETEG) brush.
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[Succinic Anhydride] = 0.1 M. Anhydride:ETEG = 1:1. Anhydride:Aluminum = 1:100. 1,4-
dioxane was used as the solvent (60 hrs, 70°C). Thicknesses are reported as the average of
five ellipsometric measurements.

3.3.2. Protein Adsorption Study

To evaluate the biodegradability of poly(succinic acid-co-ETEG) brushes, the
copolymer was grafted through silicon wafers and exposed to a buffered protein solution.
Silicon wafers were epoxide functionalized via the previously established method. The
wafers were sonicated, rinsed, and dried as described more fully in the experimental section.
The wafers were then grafted through via ROCOP as described more fully in the
experimental section. Each wafer was place in a separate reactor. Wafers 1-3 were heated
together and wafers 4-6 were heated together. The thicknesses measured via ellipsometer are
shown in Table 3.3. The results show a GOPS multilayer formation of approximately 5 nm
for each wafer. The wafer with a 7 nm thick copolymer layer had a large deviation in the
measured thicknesses of the surface indicating abnormal functionalization. The brush
thicknesses vary largely from wafer to wafer. Both sets show a similar trends in thickness

variation. This result suggests poor stirring or heat transfer.

Table 3.3. GOPS treatment and ROCOP of epoxide functionalized wafers.

Wafer1l Wafer2 Wafer3 Wafer4d Wafer5 Wafer6
Avegerage GOPS (nm)° 7.70 5.23 5.31 5.24 5.20 5.43
Grafting Through (nm)b 11.0 10.4 12.6 9.45 14.5 19.3
Calculated Brush/Film Layer® 3.25 5.12 7.32 4.21 9.31 13.9

100:30:1 Toluene:GOPS:DIIPEA at 85°C for 48 hours. °Grafting through GOPS. [Succinic
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Anhydride] = 0.1 M. Anhydride:ETEG = 1:1. Anhydride: Aluminum = 1:100. In 1,4-dioxane
at 70°C for 60 hrs. °Calculated by grafted through minus GOPS.

The brushes were then exposed to a buffered bovine serum albumin (BBSA) solution
with a pH of 7.4, ionic strength of 100 mM, and protein concentration of 4.5 mg/mL'#. The
thinnest brushes had the shortest BBSA incubation time. Wafers were cleaned by sonication,
rinsing, and drying as more fully described in the experimental section. The thicknesses
measured via ellipsometer are shown in Table 3.4. Instead of an increase in thickness that
would be expected if protein adsorbed to the surfaces, a decrease in layer thickness was
observed in each case. The results indicate complete degradation of all polymer brushes and
partial degradation of the GOPS layers. The preliminary results indicate rapid degradation
that occurred faster than described by Feng.® The excessive and rapid degradation indicates
possible random chain scission at ester bonds at the GOPS multilayer and polymer brush
interface. The results warrant further investigation of the polymer brush in both buffered
saline and buffered protein saline solutions and further method development for the GOPS

treatment.

Table 3.4. Exposure of polymer brushes to protein solution.

Wafer1l Wafer2 Wafer3 Wafer4 Wafer5 Wafer6
GOPS + Brush (nm) 11.0 10.4 12.6 9.45 14.5 19.3
Calculated Brush/Film Layer| 3.25 5.12 7.32 4.21 9.31 13.9
Incubation time 2h 4.5h 6h 3h 6h 4.5h
Post-incubation (nm)® f 5.50 4.11 4.17 4.36 5.01 f 4.60
Degredation (nm)b 5.45 6.24 8.46 5.09 9.50 14.7
% Total Degredation® 50 60 67 54 65 76

“Detectable thickness after incubation and cleaning. *Calculated by subtracting post-
incubation thickness from GOPS + Brush thickness. ‘Calculated from post-incubation
thickness and GOPS + Brush thickness.

3.3.3. GOPS Method Development
In an effort to reduce the thickness of the multilayer formed with the current surface
functionalization procedure, different conditions for GOPS functionalization were evaluated.

Multiple sources report 1-5% solutions of trimethoxysilanes!'®!3:15°19 as effective as the 23%

53



GOPS'? solution that was previously used. Some of those sources report the aid of a mild
base to facilitate silanization. Both of these conditions were investigated at varying
incubation times. The results are shown in Table 3.5. The presences of a base facilitated a
more uniform surface. As treatment time increased the thickness increased. As stated
previously, the GOPS monolayer is calculated to be approximately 0.8 nm at full extension.
The results suggest that the monolayer is formed in under an hour and multilayer formation

occurs past that.

Table 3.5. Film thickness of GOPS treated wafers.

Time | Cond. 1*“ Thickness (nm) | Cond. 2® Thickness (nm)
10.6 10.1
24 h 6.93 10.1
8.79 10.3
6.72 9.70
18 h 6.78 9.91
6.76 8.93
3.27 6.28
3h 2.73 6.54
3.14 6.57
2.74 3.43
1h 3.09 3.45
2.78 3.42
1.22
30m 0.99
0.80
0.40
10 m 0.49
0.53

1% GOPS in toluene. °1% GOPS and 0.1% diisopropylethylamine in toluene. *Determined
by ellipsometry.

3.4. 3" Generation Catalyst
3.4.1. Concept of 3 Generation Catalyst
There has been substantial efforts to develop new catalysts to control

copolymerizations.?’ Here, catalysts are generally classified by generations. The 3™
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generation catalysts consist of any catalyst with a well-defined ancillary ligand network that
utilize a weakly coordinated anion (WCA) to induce a cationic state of the metal core. These
3 generation catalyst are preceded by use of metal alkyls (1% generation), metal halides (1°
generation), alkyl metaloxanes (2"¢ generation), and metal alkoxides (2" generation). The
polymerization catalyzed by 3™ generation catalyst are shown in Scheme 3.5.

Scheme 3.5. General scheme of ROP catalyzed by 3rd generation catalyst.

5 R

The mechanism as proposed by Sarazin®® is a cationic polymerization where the
cationic species are stabilized by coordination with the WCA. The mechanism is shown in
Scheme 3.6. The mechanism proposed by Sarazin shows the least substituted carbocation
being formed and stabilized by the WCA. Sarazin indicates that there is head-to-tail, head-to-
head and tail-to-tail formations. The head-to-head and tail-to-tail formation indicates that

both carbocations are formed during propagation.
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Scheme 3.6. Initiation and Propagation via Metal-Anion complexes.
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3.4.2. Manganese and Cobalt Porphyrin Catalyst

To examine 3™ generation catalyst, manganese®’ and cobalt’® porphyrins were
evaluated for their catalytic effectiveness towards copolymerization reactions of epoxides
and anhydrides. Toa Huang of the Weare group was investigating the effectiveness of these
metal porphyrin catalyst to copolymerize epoxides and carbon dioxide. He graciously
synthesized and provided the metal porphyrins used in this project. Cobalt
tetraphenylporphyrin (Co-TPP) and manganese tetraphenylporphyrin triphenylphosphonium
oxide (Mn-TPP-TPPO) are shown in Figure 3.1. Both metals can act as a Lewis acid in
polymerization of epoxides. The manganese complex is complexed with an electron rich

triphenylphosphine oxide.
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Figure 3.1. Cobalt Tetraphenylporphyrin complex and Manganese Tetraphenylporphyrin
triphenylphosphine oxide complexes. The Mn-O and P-O bonds are elongated for visual
purposes only.

Both porphyrins were used in solution ROCOP experiments to evaluate their viability
using the previously established method. The effect of benzyl alcohol as a co-initiator was
also evaluated. In the non-co-initiated reaction the '"H NMR spectra for manganese and cobalt
reactions indicated ring opened succinic anhydride and unpolymerized ETEG monomer. The
GPC data for both experiments showed no mass above the lowest standard of 266 Da. The
co-initiated systems showed no difference in the reaction products as indicated by NMR and

GPC.

3.4.3. Manganese Vanadium Salen Catalyst

To continue the examination of 3" generation catalysts, a manganese vanadium salen
complex was evaluated. The salen complex was graciously synthesized and provided by Tao
Huang of the Weare group. The salen complex was evaluated for its effectiveness of ROCOP
with and without a co-initiator in solution as more fully described in the experimental
section. The complex is shown in Figure 3.2. DMSO was used as a solvent to dissolve the
catalyst. Both the co-initiated ROCOP and the general ROCOP failed to produce any
polymer. The '"H NMR spectra indicated the presence of monomer. The GPC chromatograms
showed no mass above the lowest standard of 266 Da. This indicates the catalyst was

ineffective at polymerization of succinic anhydride and/or ETEG.
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Figure 3.2. Manganese vanadium salen complex.

3.5. Conclusion
3.5.1. Solution Polymerization

In attempt to adapt the work done by Chen et al.* to copolymerization, their procedure
was used. The difference between the two experiments was the epoxide. The epoxide of
interest here was ETEG as opposed to ethylene oxide in the original report. This substitution
resulted in a significantly lower molecular weight polymer. This result is consistent with the
work done by Inoue et al.? where propylene oxide copolymerizations required increased
reaction times to obtain comparable molecular weights. The results also agree with the work
done by Feng® that resulted in decreased molecular weights of polymers as the length of the

epoxide substituent increased.

3.5.2. Grafting

Grafting from poly(succinic acid-co-ETEG) gave positive results. These results
allowed a preliminary investigation of the protein adsorption and biodegradability of the
polymer. The results of the protein adsorption study indicated that rapid hydrolysis was
occurring. Rapid hydrolysis could be occurring along the polymer backbone or at the
multilayer interface. Due to the slight degradation of the multilayer observed by ellipsometry,

we hypothesize that monolayers would avoid hydrolysis in the GOPS multilayer.

58



3.5.3. 3" Generation Catalyst.

A number of catalysts with well-defined ancillary ligand frameworks were explored

for the copolymerization of succinic anhydride and ETEG. Specifically, porphyrin- and
salen-based catalysts containing manganese and cobalt were explored. The manganese and

cobalt porphyrins resulted in no polymerization either with or without a co-initiator. The

manganese vanadium salen complex also resulted in no polymerization either with or without

a co-initiator.

3.6. Experimental
3.6.1. Solvents and Glassware

THF and toluene were acquired from a solvent still. All other solvents were used as
shipped. All glassware was washed thoroughly with acetone, soap and water, and finally
acetone. The glassware was either flame dried or oven dried overnight. Amber glass was

used for photodegradable compounds.

3.6.2. Monomers
ETEG was synthesized and purified as described in Chapter 2. Succinic anhydride
was recrystallized from acetic anhydride and azeotropically dried with toluene and ethyl

acetate.

3.6.3. Preparation of Ethylaluminum Dichloride Solution

A 10 mL Schlenk vessel was purged with nitrogen. To this flask, 0.1 mL of 1.8 M
Ethyl aluminum dichloride in toluene was added via syringe. Subsequently, 1.9 mL of
toluene was added via syringe. The solution was stirred magnetically. The resulting

concentration was 0.09 M.

3.6.4. Solution Copolymerization
In a nitrogen-purged two-neck round bottom flask 1.0 mmol of succinic anhydride

(0.1 g) was added with either 1.0 or 2.0 mmol of ETEG (0.24 and 0.48 mL respectively).
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Then, 5.0 mL of solvent was added if indicated. Subsequently, 0.1 mL of 0.09 M catalyst was
added via syringe. For the 3 generation catalyst, solutions were made with appropriate
solvents to transfer the necessary amount of catalyst. Benzyl alcohol was used as a co-
initiator where indicated. The co-initiator to catalyst ratio was 1:1 where applicable. The
flask was heated in an oil bath to the desired temperature and stirred magnetically. Upon
completion, the reaction mixture was precipitated in 150 to 200 mL of hexanes. The product
was vacuum filtered, redissolved in acetone, and the solvents were removed with a rotatory
evaporator. The product was analyzed via 300 MHz 'H NMR and gel permeation
chromatography using a refractive index detector. Alternatively, reactions conducted in the
drybox utilized 20 mL scintillation vials instead of Schlenk flasks. The reactions conducted
in the drybox were heated via a heating block. 'H NMR ((CD3)>CO, 300 MHz): § 2.64 (m,
variable H), 3.28 (s, variable H), 3.48 (m, variable H), 3.57 (m, variable H), 4.31 (m, variable
H), 5.18 (m, variable H).

3.6.5. Wafer Preparation

Mechanical grade silicon wafers were cut into 1.5 to 2.0 cm squares. The wafer chips
were hydroxylated via UV-Ozonolysis for 40 minutes. Chips were brought into the dry box
prior to grafting. Initially, Chips were immediately immersed in a solution of 100:30:1
toluene:glycidoxypropyltrimethoxysilane (GOPS):diisopropylethylamine in capped vials, and

reacted for 48 hours at 85°C for epoxide functionalized surfaces.

3.6.6. Grafting

In the dry box the appropriately functionalized wafer was placed in a 20 mL
scintillation-vial reactor shown in Figure 3.3. The vial was filled with 0.1 M succinic
anhydride, 0.1 M ETEG, and 0.001 M catalyst in 10 mL 1,4-dioxane. The vial was capped
and sealed with electrical tape. The vial was removed from the dry box and placed in an oil
bath and stirred magnetically. After the completion of the reaction, the wafers were cleaned

by sonication in 1,4-dioxane for 3-5 minutes, rinsed in DI water, then, methanol, and were
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then blown dry with nitrogen gas. The thickness of the layers grown on the wafers were

measured via ellipsometry.

Figure 3.3. Wafer reactor for high temperature. Screw cap not shown in image.

3.6.7. Preparation of Buffered Bovine Serum Albumin Saline Solution

The buffer solution was prepared by adding 260 mg of monobasic sodium phosphate
and 451 mg of dibasic sodium phosphate heptahydrate to 180 mL of DI water. To the
solution, 506 mg of sodium chloride was added. The pH was adjusted to 7.41 with sodium
hydroxide. The solution was then brought to a volume of 200 mL with DI water. In a
volumetric flask, 451 mg of bovine serum albumin was added and dissolved in 100 mL of the

buffer. The BSA required sonication to completely dissolve.

3.6.8. Polymer Brush Degradation in BBSA

Wafers with polymer brushes on their surfaces were immersed in 10 mL of the BBSA
solution. The wafers were removed at the indicated times, sonicated in THF, rinsed with
water and methanol and then dried under stream of nitrogen. The thickness of the layers

grown on the wafers were measured via ellipsometry.
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