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Abstract

Combining linear polymers and dendrimers provides numerous advantages such
as increased solubility, biodegradability and a large number of functionalizable peripheral
moieties. In this work, novel carborane-containing dendronized polymers were designed
as potential candidates for Boron Neutron Capture Therapy (BNCT). These polymers
were successfully synthesized using two different approaches. The resulting carborane-
functionalized polymers were dendronized using a divergent approach to introduce
aliphatic polyester dendrons of generation 1-4 grafted from the polymer backbone. Both
approaches produced water-soluble dendronized polymers with high molecular weights.

The synthetic approach developed in the first part of this work was also applied in
the functionalization of poly(ethylene glycol) (PEG)-grafted gold surfaces with
hydrophilic dendrons. In this project, the effect of surface dendronization on protein
adsorption was investigated. Contrary to our expectation, protein resistance was found to
decrease when the surfaces were covalently functionalized with the hydrophilic dendrons
despite their improved hydrophilicity. It was postulated that several factors could be
responsible for the increased protein adsorption to the dendronized surfaces, including
increased surface area, the introduction of hydrogen-bond donor groups, and a decrease in
the mobility of the surface-grafted polymers as a result of inter- and intra-molecular
hydrogen bonding between the dendrons. To circumvent these confounding phenomena,
while maintaining surface hydrophilicity, we have chosen to covalently attach PEG
mono-methyl ether (PEG-OMe) chains of various molecular weight to the peripheral

hydroxyl groups of first to fourth generation dendronized surfaces. Results showed that
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protein adsorption was reduced when dendronized surfaces were grafted with PEG-OMe
chains. The hydroxyl-terminated G1-G4 dendronized surfaces and PEG-grafted
dendronized surfaces were also investigated for cell adhesion and proliferation. These
studies showed that little or no cell adhesion occurred on PEG-grafted gold surfaces.
However, greater cell affinity for the dendronized surfaces was observed. When
dendronized surfaces were coupled with PEG-OMe chains, cell adhesion was

significantly diminished.
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Chapter 1: Overview of the Biological Applications of Dendronized Polymers and

Surfaces

Abstract

The use of synthetic polymers in the biomedical field has gained tremendous
ground in the past few decades due to their numerous advantages over natural polymers.
The synthetic flexibility with which they are made enables the introduction of functional
groups that allow fine-tuning of their properties such as, degradation rate,
biocompatibility, biodistribution and many more. Dendronized polymers are a new class
of polymeric drug conjugates with a unique cylindrical shape and characteristic properties
different from their individual dendrimer and linear polymer analogues. These
macromolecules have been investigated for numerous applications including, catalysis,
light harvesting, energy transfer, active therapeutics, drug delivery and many more.
Among the various dendrons synthesized to date, aliphatic polyesters are biodegradable
polymers and have been widely investigated for biological applications. These moieties
have been particularly applied in the synthesis of dendrimers, dendronized polymers, and

recently dendronized surfaces.



S. R. Benhabbour — PhD Thesis, Chemistry — McMaster

1.1. Introduction

1.1.1. Dendrimers

Examples of dendritic structure on our planet are innumerable and range from
snow flakes and lightning patterns to biological systems such as plant/animal
vasculatures, neurons, and tree branching/root systems.' Although the concept of
dendritic architectures was originally introduced many decades earlier by Flory,”* it was
not until the late 1970s that the first synthesis of such dendritic molecules was reported by
Buhleier ef al., who applied the concept of repetitive growth with branching to low
molecular weight amines.” This work was paralleled by the independent development of
the divergent synthesis of “true dendrimers” by the group of D. A. Tomalia, then located
at Dow Chemical Co.® The first report using the term “dendrimer” and describing a
detailed preparation of poly(amidoamine) (PAMAM) dendrimers was presented by
Tomalia at the 1* International Polymer Conference, Society of Polymer Science, Japan
(SPSJ) in 1984. This work was then published in 1985 and was followed by the synthesis
of “arborol” systems by Newkome ef al. in the same year.” Both of these dendritic
structures were constructed divergently, starting from a multifunctional core molecule
and growing outward to the periphery. In 1990, Fréchet introduced the convergent
approach in the synthesis of poly(ether) dendrimers.*” In this approach, the synthesis
starts at what eventually becomes the periphery, and is elaborated inward to the core to
afford outstanding control over growth, structure, and functionality.’

In contrast to the ever-increasing number of peripheral coupling steps required in

the divergent synthesis of dendrimers (Figure 1.1.A), the convergent growth, with its
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constant number of reactions per growth, allows for a significant reduction in the amount
of reagents used and intermediate purification steps required at each step of growth

(Figure 1.1.B).

A v, T

¥ » @ /t?f

X

- net mass increase

A. Divergent: \ B. Convergent:
- Increase in the # of - constant # of reactions
reactions per growth per growth
- slight defects at higher - defect structure easily
generation dendrimers separated

- net mass decrease

Figure 1.1. Representation of dendrimer synthesis by the divergent and convergent

methods.

Although the iterative syntheses of both linear and branched small molecules and
even macromolecules, such as linear oligopeptides and branched poly(lysine), were not
new, Tomalia’s dendrimers had evidently something special to offer. These well-defined
highly branched structures offer many unique properties such as low viscosity'’ and
thermal properties'' that arc significantly different from linear polymers, and which

fascinate and challenge researchers in a number of disciplines. This has led to the
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growing interest in dendrimers, and their numerous applications in a wide range of areas
including catalysis, light harvesting, molecular encapsulation, and biomedecine.'>"* One
of the most valued properties of dendritic architectures is the large number of
functionalizable groups that offer the ability to tailor their chemical and physical
properties to suit a specific application. In contrast to linear polymers in which the
influence of the end groups on their physical and chemical properties is negligible, in
dendrimers the situation is quite different. The fraction of end groups is significantly large
at high generations, and therefore, the nature of the peripheral groups strongly influences
the properties of a dendrimer.” These intrinsic properties of dendrimers make them
potential multivalent molecules that can be used as scaffolds for the preparation of new
polymeric systems for drug delivery and targeting applications.””** The commercial
availability of dendritic systems is, however, limited with currently PAMAM and
poly(propyleneimine) (PPI) as the only commercially available dendrimers. The
polycationic nature of these systems renders them toxic in cells and animals, limiting their
direct use in biomedical applications.”>?’ As a result, the search for new dendritic systems
for biomedical applications continues to be of considerable interest.

In the later 1990s, A. Hult and H. Thre developed new dendritic architectures
based on the 2,2-bis(hydroxymethyl) propanoic acid (bis-MPA) monomer, which exhibits
unique advantages over PAMAM, PPI, and poly(aryl ether) dendrimers."® This polyester
system is water soluble in the neutral state, which avoids the necessity to functionalize it
with solubilizing groups. In addition, even though polyester bonds are in most cases

susceptible towards hydrolysis, a feature generally exploited for biodegradable systems,
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the sterically hindered neopentyl ester bond of the bis-MPA monomer makes the
backbone more stable towards both nucleophilic attack and acid-catalyzed hydrolysis.
These advantages paralleled with their biocompatibility and low toxicity make them
attractive scaffolds for the preparation of drug carriers. The Fréchet group has explored
the use of polyester dendritic molecules as model systems designed to meet the properties
needed for their intended application as drug carriers, including water solubility,
nontoxicity, and stability of the polymeric backbone.”® Other potential applications of the
polyester dendrimers include their use as scaffolds for boron delivery to target malignant
cells and their potential use as boron neutron capture (BNCT) therapy agents. This work
has been explored in our group by M. C. Parrott et al. who developed a series of highly
boron-loaded polyester dendrimers as potential BNCT agents.29 Although these molecules
exhibited a high boron content and excellent aqueous solubility, their major limitation
was the tedious, multi-step synthesis required to reach molecular weights exceeding the
renal cut off known to be in the range of 30-50 kDa.** More recently, a new class of
polymeric drug conjugates combining a linear polymeric backbone with dendritic side
chains, also known as a dendronized polymer (Figure 1.2.C), has been explored by an
increasing number of researchers. These polymers were first reported in a patent by
Tomalia and Kirchhoff in 1987,*" and it was not until a few years later that the first
synthetic approaches to make these “rod-like dendrimers™' were reportf:d.32'35 These
macromolecules are unique because of the high degree of control over their size and
shape in addition to the large number of functionalizable groups at various locations in

the molecules, including chain end, polymer backbone, dendron branch point and
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periphery (Figure 1.2.C).>**® At higher dendron generations, dendronized polymers
exhibit a unique cylindrical shape, which provides them with physical properties that
cannot be achieved with either linear polymers or dendrimers. In addition, these
cylindrical macromolecules, when appropriately functionalized for biological
applications, have been found to have an enhanced blood circulation half-life.*>*" This
prolonged circulation time of high molecular weight dendronized polymers has enabled
their passive targeting to tumour tissue by a process known as the enhanced permeability
and retention (EPR) effect.*'™ In this phenomenon, which was described by Maeda and
co-workers two decades ago,* the irregular in shape and leaky blood vessels in the tumor
tissue, and the poorly aligned endothelial cells facilitate transport of macromolecules

within tumor tissues. Moreover, the poor lymphatic drainage in tumor tissue help the

45,46

retention and accumulation of macromolecules in the tumor.

A. Dendrimer

R o kS R
C. Dendronized polymer D. Dendronized surface

Figure 1.2. Schematic illustration of the various dendritic systems that can be achieved.
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1.1.2. Dendronized polymers

1.1.2.1. Synthesis of dendronized polymers

Dendronized polymers are unique in that they combine the ability to achieve high
molecular weights, attributed to their polymeric backbone, with the ability to incorporate
a large number of functionalizable groups, and a great flexibility to tune their properties
due to the presence of tethered dendrons. The main challenges in designing these
cylindrically shaped molecules include steric repulsion between dendrons leading to
incomplete reactions and uncontrolled polymerizations, autocatalytic degradation of
sensitive dendrons, and potential inter and/or intra molecular coupling between dendrons,
which can result in a drastic increase of the PDI. Dendronized polymers are made using
either of the two principal synthetic approaches known as the “grafting-onto” route and
the macromonomer route (Scheme 1.1).***" In the first approach, a premade polymer
comprising anchoring groups along its backbone is functionalized with pre-made
dendrons. The major limitation of this synthetic approach is the difficulty in achieving
complete functionalization of the polymeric backbone at each anchoring point. This is
mainly caused by steric hindrance, which becomes a major issue due to the shielding of
the anchoring groups on the backbone by dendrons already attached in close proximity, in
addition to the possibility of dendron self-shielding of its core group used as the
attachment point to the backbone (Scheme 1.1.A). This limitation can be overcome using
a large excess of dendron to drive the reaction to completion, however, this large excess
may in turn result in purification issues of the final product.’” Another way to overcome

this limitation is by coupling low generation dendrons to the pre-made polymer to avoid
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overcrowding of high generation dendrons and achieve greater percentages of
functionalization of the pre-made polymer. The dendron growth is then carried out using

the divergent dendrimer synthesis (Scheme 1.1.B).***

Scheme 1.1. The various synthetic routes to dendronized polymers.

T T T T
4 4 d

B. Low generation »—1
dendron l *

Graft-onto
route

T

Macromonomer
route

A. High generation
dendron

? anchor group

The “grafting-onto™ approach offers more synthetic freedom as dendrons can be

made by divergent or convergent growth. This approach was recently utilized by Fréchet



S. R. Benhabbour — PhD Thesis, Chemistry — McMaster

and co-workers using commercially available poly(p-hydroxystyrene) as a backbone and
aliphatic polyester dendrons of up to the fifth generation to generate, for the first time,
dendronized polymers with molecular weights exceeding 10° Da, and with very narrow
PDI (< 1.2).”° In contrast, the macromonomer approach, in which a dendron-
functionalized macromonomer is used to generate the desired dendronized polymer, is
considered superior to the “grafting-onto” approach due to complete incorporation of
dendrons to every repeat unit of the polymer backbone.*® However, steric hindrance may
become an issue particularly for macromonomers bearing dendrons of generation three or
higher, where incoming monomers cannot connect to the chain end due to high steric
hindrance. As a consequence, low molecular weight dendronized polymers are usually
generated via the macromonomer approach.”>' Several polymerization methods have
been exploited to make dendronized polymers using the macromonomer approach

38,49,51-57

including radical polymerization, ring-opening metathesis polymerization

(ROMP),Sg’60 Suzuki polycondensaltion,59’6l'64 and Heck coupling.65

1.1.2.2. Design of dendronized polymers for biological applications

In contrast to dendrimers, very few studies have been reported on the potential use
of dendronized polymers for biological applications.*®®’ In these applications, the choice
of polymer backbone and dendrons is very important in developing new systems with
properties complying with the prerequisites for biomaterials. Among the various

dendrimers developed, aliphatic polyester dendrons have very high promise for biological
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applications due to their highly hydrophilic nature, biodegradability, and
biocompatibility, which make them ideal candidates as biomaterials and drug delivery
ag<:nts.40’68

Recently, Fréchet and co-workers reported the first in vitro and in vivo studies on
hydrophilic dendronized polymers based on the commercially available poly(4-
hydroxystyrene) backbone and fourth generation aliphatic polyester dendrons.** These
studies showed that the dendronized polymers exhibited very low levels of toxicity with
cell viability greater than 85% at a concentration of 0.25 mg/mL.** The in vivo
biodistribution studies of these dendronized polymers revealed a positive correlation
between polymer size and its blood circulation time, where the highest molecular weight
polymer (Mn = 130 kDa) had a half-life of 44 h.* Long blood circulation time, known to

play an important role in enhanced tumor accumulation, makes the development of

dendronized polymers as drug carriers a very promising area of research.

1.1.3. Dendronized Surfaces

Functionalization with dendrons has not been limited to linear polymeric systems.
In fact, their application has been recently extended to the functionalization and
modification of various solid substrates (i.e., glass, silica, and gold),69'7]
nanoparticles,”>” fullerenes, and carbon nanotubes (Figure 1.1.D).” Controlling physical
and chemical properties of surfaces is of a significant importance to numerous
technological and biological applications. The use of self-assembled monolayers (SAMs)

on surfaces has been widely studied as model systems for providing fundamental

10
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understanding of surface and interfacial phenomena. To further develop the fundamental
understanding of structure-property relationships and achieve control over surface
properties by manipulating surface structure, several studies focused on investigating
assemblies of more complex molecules on surfaces. Dendritic molecules with their highly
branched and well defined structures can form highly ordered SAMs with a large number
of functional groups at the periphery, providing the possibility to create unique materials
with surface characteristics that can be tuned and controlled at the molecular level. The
structural precision of dendritic molecules has motivated numerous studies aimed at
various applications including catalysis,”” surface coatings,’® chemical sensors,”’
biosensors,78 and many more.

The first reports on polymers end-grafted to surfaces were published in the late
70s by Alexander and early 80s by de Gennes, which have initiated a great foundation for
both academic and industrial researchers.””® Since then, the number of reports on
surface-tethered polymers has escalated, describing their synthetic methods, properties,

81-83 - 84
catalysis,  and

and applications in a wide range of areas including electronics,
biotechnology.*>*” The most desirable and widely used technique for the modification of
surfaces with macromolecular architectures is the covalent bonding of thin organic layers
to the substrate using the two main strategies known as the “grafting-onto” and the
“grafting-from” approaches.**”® Various synthetic approaches have been employed
including plasma polymerization, self-assembled mono- and multi-layers, click

chemistry,”* and a number of techniques combining electropolymerization with radical

polymerization that have been exploited using the “grafting-from” techniques. This

11
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approach involves the immobilization of initiators onto the substrate and in situ surface

9% ring-opening

polymerization using atom transfer radical polymerization (ATRP),
metathesis (ROMP),”” or nitroxide-mediate polymerization (NMP)97 to control the
molecular weight and the thickness of the grafted polymer chains. For more details on the
synthetic methods of surface-grafted linear polymers, the reader is referred to previous
pertinent reviews on this topic.”>” In the present report, we choose to focus on branched
architectures, and mostly dendritic structures and their applications in surface chemistry.
These highly multivalent macromolecules have become attractive alternatives to classical
linear polymers in a wide range of research fields due to their well-defined three-
dimensional architectures.'”"* The next few sections will focus on the various synthetic

methods used to prepare self-assembled monolayers of dendritic macromolecules on solid

substrates.

1.1.3.1. Synthesis of dendronized surfaces

Like dendronized polymers, dendronized surfaces are made using either the
“grafting-onto” or “grafting-from” strategies. The limitations associated with the
“grafting-onto” approach are similar to those described for dendronized polymers, where
the lack of control over the number of dendrons coupled to the surface and steric
hindrance, which can lead to low grafting density, are the main issues associated with this
approach. The “grafting-from” strategy is based on a step-wise dendron growth and
allows larger dendrons to be immobilized on the surface in a more controlled fashion.'®

This strategy is advantageous over the “grafting-onto™ approach and allows control over

12
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the size of the grafted dendrons, the density of functional groups at the periphery, and the
surface structure.'” This approach is also more convenient from the synthetic point of
view, since dendron growth can be carried out with relatively simple molecules and by
iterative immersion and rinse steps. This is in contrast with solution synthesis of
dendrons, which involves more tedious deprotection/growth steps and repeated
purifications, thereby making it more time and cost effective. Various surfaces including

117,118

gold,lm'116 mica, and silica/silicon substrated,'’*'?* have been functionalized with

branched macromolecules such as star polymers, hyperbranched polymers, and dendrons.

1.1.3.2. Functionalization of gold surfaces

1211123 gelf-assembled monolayers

Since first reported by Nuzzo and Allara,
(SAMs) prepared by adsorption of molecules bearing thiol groups or disulfides on gold
have been tremendously investigated.'**'** Modified gold surfaces provide a well-defined
model system for the control of surface chemistry and properties such as reactivity,
specific affinity, hydrophilicity, and biocompatibility, which allow introduction of
specific functions to the substrate in numerous applications.'”>"*® The majority of the
dendrimer-based SAMs reported in the literature are based on poly(amido amine)

(PAMAM), poly(benzyl ether), poly(propyleneimine), carbosilane groups, and recently

aliphatic polyester dendrons.

13



S. R. Benhabbour — PhD Thesis, Chemistry — McMaster

1.1.3.3. Grafting of hyperbranched polymers to gold surfaces

Hyperbranched polymers benefit from easier preparation methods when compared
to dendrons, however, these polymers lack the structural uniformity and the synthetic
control that dendrons have. Although used in a number of applications, very few
examples of hyperbranched polymers grafted onto gold surfaces have been reported in the
literature. Haag and co-workers were the first to report the synthesis of a gold surface
grafted with a series of hyperbranched polymers based on polyglycerol (PG) moicties
(Figure 1.3.2).""% The synthesis of the PG derivatives bearing a dithiolane ring, suitable

for the formation of stable SAMs on gold,"*”'*’

was carried out via a partial esterification
of the hydroxyl groups of a pre-made PG substrate with thioctic acid (Scheme 1.2)."'? The
PG precursors were obtained by DCC-mediated coupling using various core initiators.
The SAMs of PG derivatives on gold were subsequently formed by chemisorption of the
gold substrates in a solution containing the corresponding disulfide derivatives of the

various PGs (Scheme 1.2).'"?

14
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Figure 1.3. Highly hydrophilic linear, branched, and dendritic aliphatic polyethers and

other dendritic structures grafted to gold surfaces.

Scheme 1.2. Synthesis of self-assembled monolayers of hyperbranched polyglycerols on
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1.1.3.4. Grafting of dendrons to gold surfaces

1.1.3.4.1. Poly(amidoamine) (PAMAM) dendrons
Poly(amidoamine) (PAMAM), a commercially available dendron, has been the
most extensively studied among the various dendrons made to date. Numerous studies

have been reported on SAMs of PAMAM dendrons on gold surfaces for a wide range of

141,142 82,83,143

applications including catalysis,* sensor devices, nanoelectronics and most
commonly for biological applications. Crooks and co-workers were among the first to
report the synthesis of thiol-functionalized G4 PAMAM dendrimers and formation of
stable SAMs on flat Au surfaces and Au nanoparticles for use in sensing devices and
catalysis, 0% 131146 Oehor methods for grafting PAMAM dendrimers on gold
substrates include the preparation of amine or carboxylic acid functionalized SAMs on

gold surfaces and subsequent coupling with carboxyl-terminated or amine-terminated

PAMAM dendrimers, respectively (Scheme 1.3).

Scheme 1.3. Synthesis of PAMAM self-assembled monolayers on pre-functionalized

gold surfaces.'"

PAMAM g
dendrimer 3
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Chemisorption of gold substrates with solutions of PAMAM thiol dendrons to
covalently tether dendrons directly onto the gold substrates via a Au-S bond has also been
used to generate SAMs of PAMAM dendrons with a high density of functionalizable
groups that can be used in various coupling reactions. Yu and co-workers explored
PAMAM-thiol dendrons as a novel route to develop bioreactive gold surfaces for biochip
applications.'*”'*® This was one of the first reports investigating the direct immobilization
of dendron thiols on a gold surface without the use of extra spacer monolayers on gold.

(Scheme 1.4)."!

Scheme 1.4. Synthesis of PAMAM-thiol dendrons and their direct immobilization on

gold surfaces.'*®
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1.1.3.4.2. Polyether dendrons

Self assembled monolayers of polyether dendrons, also referred to as the Fréchet
type dendrons,'”’ have been studied extensively for various applications such as
lithography, energy transfer, and light harvesting."**'>* The most commonly studied
polyether dendrons are the poly(aryl ether) dendrons. Dong et al. prepared a series of
SAMs of poly(aryl ether) dendrons on gold substrates by introducing a thiol group at the

133 Using the convergent route, several polyether dendron thiols of

dendron focal point.
various generations were synthesized, resulting in well-defined dendritic structures prior
to their chemisorption on gold substrates (Figure 1.4).">>"® These systems were found to
exhibit specific patterns on the surfaces which were closely related to the size of the

dendrons, making them extremely useful in the development of patterned surfaces in a

designed and controlled way, which is highly recommended in numerous applications.156

18
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Surface-grafted dendrons bearing different substituents at the periphery

Figure 1.4. Monolayers of various symmetric and asymmetric poly(aryl ether) dendrons

on gold surfaces.'”

1.1.3.4.3. Organosilane dendrons

Unlike PAMAM and polyether dendrons, the use of organosilane dendrons as
SAMs on gold substrates has only been explored recently when Xiao ef al. reported the
first organosilane-based SAMs on mica.'®""'®* Since then, very few examples have been
reported on the grafting of organosilane dendrons to solid substrates and to gold surfaces

in particular.”*’ Cai and co-workers investigated the synthesis of GO and G1 alkylsilane

19



S. R. Benhabbour — PhD Thesis, Chemistry — McMaster

dendrons bearing multiple thiol groups at the periphery and bromophenyl groups at the
core (Figure 1.3.3)."*° The presence of multiple thiol groups allowed a way to control the
spacing between the focal reactive groups in the monolayers, while the bromophenyl
groups were exploited for anchoring conjugated molecules onto the SAMs using the Heck
reaction.'® The organosilane dendrons were grafted to the gold substrates using the Au-S
chemistry by chemisorbing the gold substrates in solutions containing the thiolated

dendrons."’

1.1.3.4.4. Aliphatic polyester dendrons
Contrary to PAMAM and PPI dendrimers, which exhibit significant toxicity due

164165 aliphatic

to the presence of multiple cationic amine groups at their peripheries,
polyester dendrons are neutral, biocompatible and biodegradable molecules and are,
therefore, very promising candidates for biological applications.'**'%® In addition to their
aforementioned advantages, the polyester dendrons are highly soluble in water, contrary
to the poly(aryl ether) dendrimers developed by Fréchet and Hawker,'*’ which necessitate
incorporation of a large number of solubilizing groups at their periphery to overcome
their poor solubility for drug delivery applications.'®'™ A new class of polyester
dendrons based on the 2,2-bis(hydroxymethyl) propionic acid (bis-MPA) monomer,
originally developed by H. Ihre and A. Hult,'”"""”® was recently explored by Fréchet and
co-workers as a new candidate for the development of anticancer drug delivery

174,175

systems. Various other polyester dendrimers, incorporating monomers such as

glycerol,m’l(’8 succinic acid,'®® phenylalanine and lactic acid,'®® have also been developed

20
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and explored for potential use in biological and tissue engineering applications. Although
the interest in polyester dendrimers has increased tremendously in the past few years,
very few examples of the preparation of SAMs based on these dendrimers on surfaces
have been reported in the literature.''>''® The first example describing the grafting of
aliphatic polyester dendrons on gold surfaces was reported recently by Malmstrém and
co-workers.'"” A series of disulfide polyester dendrons of generation 1 to 3 were
synthesized using the convergent route followed by subsequent chemisorption of gold
substrates with solutions containing the dendrons to generate the monolayers (Scheme
1.5). This approach allowed control over the chemistry and characterization of the
dendritic structures prior to the formation of SAMs onto the gold substrates. However, at
higher generations, this technique can suffer from steric crowding, which can lead to non-

homogenous or incomplete surface coverage.

Scheme 1.5. Synthesis of gold-grafted aliphatic polyester dendrons.'"
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1.1.3.5. Grafting of dendrons to other surfaces

1.1.3.5.1. Grafting of dendrons to silicon-containing substrates

Various dendrons have been grafted to silicon surfaces such as silicon dioxide and
PDMS, and investigated for numerous uses including organic coatings,'’*'”” development
of protein microarrays,'”® chemical sensors, and lithography.'**'”*'®" The preparation of
SAMs of dendrons on silicon surfaces has been done using various synthetic approaches.
For example, Engstrom and co-workers have examined the formation of first generation
PAMAM dendrons on silicon dioxide surfaces and subsequent dendron growth to higher
generations using the divergent approach.'®' The first step of this synthesis involved a
silanization reaction using alkyl silanes to form amine-terminated SAMs on silicon
dioxide substrates. Subsequent reaction of the terminal amine groups of the SAMs with
methyl acrylate formed the first generation dendrons which served as the anchor from

which higher generations were divergently synthesized (Scheme 1.6)."*'

Scheme 1.6. Preparation of a G1 PAMAM dendron monolayer on a silicon surface.'®’
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In a separate report, Archer and co-workers have outlined the synthesis of SAMs
of carbosilane dendrons on silicon wafers using the divergent dendron growth.'” The
SAMs were formed by immersing clean silicon substrates into solutions of
alkytrichlorosilanes followed by reaction of the terminal double bonds of the SAMs with
dichloromethylsilane in the presence of a platinum catalyst. The resulting dichlorosilane
groups were subsequently reacted with vinylmagnesium bromide to produce the first
generation of grafted carbosilane dendrons. Higher generation dendrons were obtained by

iterating the above procedure (Scheme 1.7).'7°

Scheme 1.7. Synthesis of self-assembled monolayers of carbosilane dendrons on silicon

wafers using the divergent dendron growth.'”®
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More recently, Pollock et al. described the synthesis of immobilized PAMAM

dendrons onto surface-modified silicon wafers using the “grafting-from” strategy.'® The
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first step of this synthesis involved coating the silicon substrates with a thin film of a
poly(acrylic acid) (PAA), which was introduced using the plasma polymerization
technique. The resulting PAA film was subsequently treated with poly(ethyleneimine)
(PEI) to generate an amine surface suitable for PAMAM dendron synthesis (Scheme

1.8).'%

Scheme 1.8. Synthesis of immobilized PAMAM dendrons onto surface-modified silicon

wafers using the “grafting-from” strategy.'*
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Other examples were reported by Ajikumar ez al.'” and Cha ez al.'® who grafted
the commercially available PAMAM dendrimers to silicon and PDMS surfaces
respectively. In the study by Ajikumar et al., carboxyl-terminated PAMAM dendrimers
were grafted to an amino silylated silicon wafer via an esterification reaction of the

EDC/NHS activated dendrimers (Scheme 1.9).'®

Scheme 1.9. Coupling of PAMAM dendrimers to amino silylated silicon surfaces using

EDC/NHS.!”®
. s
b T
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Cha et al. used a different approach where monolayers of PAMAM dendrimers
were formed on plasma-treated PDMS surfaces using two synthetic routes. In the first
route, solutions of PAMAM dendrimers were cast onto air-plasma-treated PDMS surfaces
forming a dendrimer monolayer via hydrogen and ionic bonds between the dendrimers
and the functional groups on the oxidized surface (Scheme 1.10)."* In the second
approach, the PDMS surfaces were treated with maleic anhydride (MAH) plasma to

generate succinic anhydride groups on the surface. Subsequent reaction between the
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amines of the PAMAM dendrimers and succinic anhydride groups resulted in the
formation of SAMs of dendrimers on the PDMS surfaces (Scheme 1.10)."*

Other examples include grafting of various hyperbranched polyesters to silicon
substrates via solution adsorption or spin-coating techniques.'””"** The aforementioned
systems have potential for numerous applications including surface catalysis, also
referred to as lab on a chip technology, bio-sensing and protein binding surfaces, and

continue to be the focus of many researchers in the area of surface chemistry.

Scheme 1.10. Formation of PAMAM self-assembled monolayers on plasma-treated

PDMS surfaces.'®
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1.1.3.6. Biological Applications of dendronized surfaces

1.1.3.6.1. Surfaces grafted with PAMAM dendrons

One of the major applications of PAMAM-grafted gold surfaces is in the
biotechnological field. These dendrons have proved very effective as bridging molecules
between gold surfaces and biological macromolecules such as peptides, proteins,

antibodies, and DNA strands. B AURLES

However, despite their broad range of applications,
modification of the peripheral amine groups of these dendrimers with neutral or anionic
moieties is generally needed to avoid toxicity and liver accumulation associated with their
polycationic nature.'®*'® SAMs of PAMAM dendrimers and dendrons on gold substrates
have been studied as novel bio-fouling resistant systems. However, results demonstrated
that PAMAM dendrimers were susceptible to non-specific protein adsorption which has
been attributed to the positively charged terminal amines under physiological conditions
of pH 7.4, thereby limiting their versatility as biomolecular interfaces.'**'**'*” To
overcome this limitation, and taking advantage of their multivalency, the peripheral
amine groups on the PAMAM dendrons have been derivatized with biocompatible
moieties such as poly(ethylene glycol) (PEG) and oligo(ethylene glycol) (OEG), which
are well-known biomaterials to reduce non-specific protein adsorption.'**'* Yam et al.
prepared a series of OEG-modified PAMAM films on SAMs of 11-mercaptoundecanoic
acid on gold surfaces (Scheme 1.11). They found that these surfaces resisted

approximately 95% of fibrinogen adsorption on the surfaces (Figure 1.5).'*
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Figure 1.5. Resistance to protein adsorption (%) of films derived from EG,-PAMAM
prepared at various chain densities on SAMs of 11-mercaptoundecanoic acid on gold. r =

fraction (density) of EG,-biotin attached to PAMAM with respect to the total number of

surface NH, groups.'*

Similar results were reported by Kim and co-workers, showing a significant
reduction in the adsorption of serum proteins on OEG-PAMAM films formed on gold
surfaces compared to their PAMAM film analogues.'* These results were attributed to
the high surface coverage with OEG chains imparted by the multivalent PAMAM

dendrimers (Figure 1.6).
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Figure 1.6. Non-specific binding of bovine serum albumin (BSA, 1 mg/mL in
PBS) over the PAMAM dendrimer (a-1) and EOs-dendrimer layers (a-2); non-specific
adsorption of serum proteins (1 mg/mL in PBS) over the PAMAM dendrimer (b-1) and

EOs-dendrimer layers (b-2)."*

1.1.3.6.2. Surfaces grafted with polyether dendrons

Fréchet and co-workers have explored the use of poly(aryl ether) dendrimers for drug
delivery applications, however, their highly hydrophobic nature combined with a
backbone that is inherently resistant to degradation renders them less suitable for such
applications.'”” Haag and co-workers reported the first study investigating SAMs of
dendritic polyglycerols (PG) on gold substrates and their potential application in

developing novel low-fouling surfaces.''”
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Scheme 1.11. Preparation of films derived from EG,-PAMAM on 11-

mercaptoundecanoic acid SAMs on gold substrates.'*’
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This study was based on previously reported criteria to achieve good protein resistance,
and on a structural analysis of previous examples including the use of a branched PEG-

grafted poly(ethylenimine) (Figure 1.3.3),'° and biopolymers presenting sugar

197-199 200

derivatives such as Dextran, and manitol (Figure 1.3.1),”" which have been shown
to be highly resistant to non-specific protein adsorption. By analogy to the manitol SAMs
prepared by Mrksich and co-workers and despite the presence of a high number of
hydrogen-bond donors, which is against a criterion formulated by Whitesides and co-

' the hydrophilic PG-Thioctic acid derivatives proved to be very highly

workers,”
resistant to protein adsorption.''> Protein adsorption to various PG-grafted gold surfaces
was measured using surface plasmon resonance (SPR). Results showed that protein
resistance using fibrinogen was observed only with SAMs of PGs covalently attached to
the gold substrates, whereas strong fibrinogen adsorption was observed with the
physically adsorbed PGs (Figure 1.7.a). Additionally, SAMs formed by PG derivatives on
gold were far more efficient as protein resistant surfaces compared to SAMs consisting of
the linear hexadecanethiol (HDT) (Figure 1.7.b). Structural relationship of the various PG
SAMs on protein resistance was also investigated in this study, and results revealed that
PGs with higher degree of branching were more inert to protein adsorption. These PG
monolayers exhibited protein resistance that was on par with PEG SAMs, and
significantly more effective than dextran-coated surfaces, which are commonly used as a

low-fouling biomaterial.'"?
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Figure 1.7. SPR sensograms comparing a) covalently versus physically formed SAMs of

PGs on gold; b) Linear HDT versus dendritic PG SAMs on gold.'"?

The goal of this thesis work was to develop new dendronized systems for boron
delivery and protein resistance based on the aliphatic polyester dendrons, and investigate
their potential towards developing novel therapeutics and biomaterials. First, the
application of the polyester dendrons to develop novel carborane-containing dendronized
polymers is described. These highly boron-containing macromolecules serve as model
systems and potential candidates for boron neutron capture therapy (BNCT). The use of
polyester dendrons to functionalize gold substrates is then discussed, and their study as
model systems towards protein resistance and cell adhesion and proliferation is described
in detail. The following chapters demonstrate the potential use of dendritic polyester
systems in the biological field. This work addresses important issues in the development
of novel pharmaceuticals and biomaterials and emphasizes the role of dendritic

macromolecules in achieving the desired properties for specific applications.
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Chapter 2: Synthesis and Properties of Carborane-Containing Dendronized

Polymers

Abstract

Carborane-containing dendronized polymers were successfully synthesized using
two different approaches up to the fourth generation. Nitroxide-mediated polymerization
(NMP) was effective for the polymerization of carborane-functionalized styrenic
monomers, leading to well-defined polymers with high boron content and narrow
molecular weight distributions (PDI < 1.1). The resulting carborane-functionalized
polymers could then be dendronized using a divergent approach to introduce aliphatic
polyester dendrons of generation 1 to 4 grafted from the polymer backbone. This first
approach afforded a maximum degree of dendronization of 70%. To increase the degree
of dendronization, a first-generation macromonomer was polymerized using NMP to
yield a fully functionalized first-generation dendronized polymer. This material was also
dendronized up to the fourth generation. Both approaches produced water-soluble
dendronized polymers (1 mg/mL in pure water) with high molecular weights (in excess of
70 kDa). It was found that the solubility of the polymer produced from the second
approach, where dendronization occurred at every monomer unit, exceeded that of the
first approach. This chapter has been reproduced in part with permission from

Macromolecules 2007, 5678-5688. Copyright 2007 American Chemical Society.
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2.1. Introduction

Carborane-containing macromolecules have attracted attention due to the unique
properties of the icosahedral boron-rich carborane clusters. As a result of their high
thermodynamic stability, these compounds have been postulated as potential flame
retardant materials.' In Addition, the extremely high neutron capture cross section of '’B
atoms, the highest of all light elements,” not only makes them ideal for radiation shielding
coatings,’ but also enables their use in medicinal applications.* Specifically, one type of
chemotherapy, dubbed Boron Neutron Capture Therapy (BNCT), is an extensively
studied experimental approach for tumor treatment,” and has been the focus of extensive
research since first proposed by Locher and coworkers in 1936.* This method relies on
the cytotoxic effect produced as a result of the nuclear reaction between '°B and thermal
neutrons.” In this binary procedure, upon irradiation of '’B nuclei with thermal neutrons, a
radiation dose composed of high linear energy transfer (LET) lithium ions and alpha
particles ("Li and ) is produced and has a penetration path length of about 10 um in
biological tissues, which is approximately equivalent to one cell diameter.® Therefore, it
is theoretically possible to destroy cancer cells without affecting adjacent healthy cells if
a significantly high "B concentration is selectively accumulated within a tumor.
However, one of the main challenges to BNCT therapy has been achieving the selective
delivery of high '°B concentrations to cancer cells, where a minimum of 10° '°B atoms
per cell, or approximately 30 ug '°B per gram of tumor tissue, is needed.”*

To address this issue, carborane cages have received significant attention due to

their boron-rich nature, high stability, charge neutrality, and ease of chemical
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modification.” Unfortunately, the lipophilic nature of carboranes prohibits their direct
intravenous delivery to target tissues. To overcome this difficulty, conjugation of
carborane cages with various hydrophilic biological molecules, including sugars,10
nucleic acids,'® liposomes'’, and DNA binding units such as trimethoxy indole (TMI)'?
has been investigated, but very limited success has been achieved. Recently the
incorporation of carborane cages within dendrimers has begun to attract attention. In the
early 1990’s, Newkome and co-workers synthesized a completely water soluble
hydrocarbon dendrimer internally functionalized with multiple carborane cages."
Subsequently, Qualmann et al. also reported a water soluble poly(lysine) dendrimer
functionalized with carborane units, where the carboranes were introduced at the
dendrimer periphery.'* In addition, other carborane containing dendritic structures have
been reported, '*17 but none of these have simultaneously exhibited water solubility,
biocompatibility, biodegradability, and low toxicity, which are key properties required for
BNCT.

In our group, we have recently extended this approach to the incorporation of
carborane cages within aliphatic polyester dendrimers to produce water soluble
conjugates using the divergent dendrimer growth approach.'®™*® These carborane-
functionalized aliphatic polyester dendrimers were prepared up to the fifth generation
and, due to their numerous peripheral hydroxyl groups, they exhibited water solubility.
Additionally, based on previous studies, it is known that the aliphatic polyester dendrimer
structure is non-toxic and biocompatible.”’ However, the tedious step-wise synthesis of

these macromolecules limited the achievable molecular weights (MWs) to approximately
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20 kDa, which is well below the MW cutoff for renal filtration, known to be in the range
of 30-50 kDa.” To overcome this limitation, we decided to investigate the synthesis of a
similar class of branched macromolecules that can reach MWs greater than 50 kDa using
an easier synthetic approach. This can be achieved by combining a classic polymerization
method with the divergent dendrimer synthesis to make carborane containing dendronized

polymers, as depicted in Figure 2.1.

Figure 2.1. Schematic representation of carborane-loaded dendronized polymer.

Dendronized polymers™ represent an interesting new class of macromolecules
that have a unique cylindrical shape and can exhibit a large number of functionalizable
groups at their periphery.”* The growth of aliphatic polyester dendrons from linear
polymer backbones to produce water soluble dendronized polymers has recently been
reported.m'27

Here, we present the synthesis and characterization of carborane-containing
dendronized polymers based on the same aliphatic polyester dendritic units, as a new

addition to the family of macromolecules with promising properties for BNCT

43



S. R. Benhabbour — PhD Thesis, Chemistry — McMaster

applications. As far as the authors know, this is the first report on carborane-containing
dendronized polymers, combining high MW (> 50 kDa), water solubility, high boron

content, and a low polydispersity index (PDI).

2.2. Results and Discussion

2.2.1. Synthesis and polymerization of carborane-functionalized monomers

The preparation of dendronized polymers can be carried out in a number of ways,
including (a) polymerization of dendron-functionalized macromonomers, (b) grafting of
dendrons to a linear polymer backbone or (c) the divergent dendronization of
appropriately functionalized linear polymers. We initially chose to use a combination of
methods (a) and (c¢), where a low-generation dendritic monomer is first polymerized and
then dendronized to higher generations. To accomplish this, we treated p-carborane with
two equiv. of n-butyllithium (n-BuLi) in THF, followed by treatment with two equiv. of
trimethylene oxide to give p-dihydroxypropyl carborane (2.1) in 90% yield after acidic
work-up and crystallization of the crude product from chloroform (Scheme 2.1).*° The
resulting diol (2.1) was treated with one equiv. of the highly reactive benzylidene-
protected anhydride of bis-MPA (2.2), which was synthesized in two steps following a
literature procedure.”® The resulting mono-functionalized hydroxyl carborane (2.3) was
isolated in 50% yield after purification by column chromatography. Further treatment of
(2.3) with one equiv. of acryloyl chloride gave the [G1]-(Bn) acrylate monomer (2.4) in

98% yield after purification by column chromatography (Scheme 2.1).
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Scheme 2.1. Synthesis of [G1]-(Bn)-dendronized acrylate polymer, DMAP = 4-

dimethylaminopyridine
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With monomer (2.4) in hand, polymerization was attempted using the nitroxide-
mediated polymerization (NMP) strategy. This was done by heating the universal
alkoxyamine initiator (2.5), initially reported by Hawker and coworkers,” to 125°C in the
presence of monomer 2.4, using chlorobenzene as the solvent. Unfortunately, the
polymers obtained using this methodology were bimodal in nature, with size exclusion
chromatography (SEC) data indicating the presence of high MW (M,, > 280 kDa) main
peaks and low MW (M,, < 7 kDa) shoulders. Attempts to optimize the polymerization
conditions by varying the reaction time and monomer concentration all failed to give a

well-defined polymer with low PDI (Table 2.1).
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Table 2.1. Results from polymerization of monomer 2.4 by nitroxide-mediated

polymerization (NMP) using various conditions.

Monomer: [Mono- Reaction Temperature  Polymer M, Polydisper
Initiator mer] time (°C) nature (g/mol)  sity index
Ratio M) (h) (PDI)
40:1 0.4 1 125 Broad 27,000 24
40:1 0.4 8 125 Broad 28,000 2.0
40:1 0.4 12 125 Multimodal 54,000 34
40:1 0.9 1 125 Multimodal 14,000 1.4
40:1 0.9 8 125 Multimodal 45,000 2.6
40:1 1.5 1 125 Broad 54,000 1.6
40:1 1.5 8 125 Broad 280,000 2.5

* All polymerizations were conducted in chlorobenzene.
¥ Weight average molecular weight (M,,) from size exclusion chromatography (SEC)
using polystyrene standards.

Having been unsuccessful in the production of well-defined polymers from the
acrylate monomer 2.4, we turned our attention to the preparation of an analogous styrene
functionalized p-carborane monomer (2.7) (Scheme 2.2). From previous studies, we have
already shown that NMP of a styrene-functionalized o-carborane gave a well defined
polymer with PDI < 1.1,"® and we reasoned that similar results could be obtained with the

p-carborane analog.

Scheme 2.2 Synthesis of carborane-functionalized styrene monomer, THF =

tetrahydrofuran.
=

|
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The synthesis of monomer (2.7) was again accomplished by deprotonating p-
carborane with n-BuLi (1.0 equiv.) in THF to give a statistical mixture of three
components, including a monoanion, a dianion, and the starting material.** This mixture
was then treated with 1 equiv. of 4-vinylbenzyl chloride to give the p-carborane
functionalized monomer (2.7) in 50% yield after purification by column chromatography
using hexanes as the eluent.

Contrary to the results with monomer 2.4, this styrenic monomer was successfully
polymerized by NMP to give a well-defined polymer (2.9) that could be subsequently
dendronized (Scheme 2.3). The polymerization involved 80 equiv. of monomer (2.7) in
the presence of 1 equiv. of the alkoxyamine initiator (2.5), a catalytic amount of the free
nitroxyl radical (2.8) (0.05 equiv.), and acetic anhydride (1.8 equiv.). After degassing
under N, for 1 h, the polymerization was carried out for different time periods at 125°C.
We have found that high MWs (> 16 kDa) and low PDIs (< 1.1) were afforded with a
monomer concentration of 5.0 M and a polymerization time of 7 h, producing polymers in
greater than 90% yield (Table 2.2, bold entry). Other conditions, where the monomer
concentration was decreased or the monomer to initiator ratio was varied, resulted in
either lower molecular weights or broader molecular weight distributions (Table 2.2). We
refer to the polymerization of monomer 2.7 by NMP as Route A. After this successful
polymerization, dendronization of carborane-loaded poly(styrene) (CPS, 2.9) to higher

generations was achieved using the divergent dendrimer growth, as detailed below.
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Scheme 2.3. Synthesis of [G-1]-(OH), to [G-4]-(OH),¢-dendronized polymers.
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Table 2.2. Results from polymerization of monomer 2.7 by nitroxide-mediated

polymerization (NMP) using various conditions.

Monomer: [Mono- Reaction Tempera Polymer M, ' Polydispersity
Initiator mer] Time (h) ~ture” Nature (g/mol) index
Ratio (M) (°C) (PDI)
40:1 1.5 3 125 Monomodal 3,000 1.08
40:1 1.5 5 125 Monomodal 4,500 1.10
40:1 1.5 £ 125 Monomodal 6,000 1.12
40:1 1.5 9 125 Monomodal 7,000 1.11
40:1 1.5 24 125 Monomodal 8,500 1.23
100:1 3.8 8 125 Monomodal 16,000 1.25
100:1 3.8 10 125 Broad 17,000 1.30
100:1 3.8 12 125 Broad 21,500 1.45
80:1 3.8 7 125 Monomodal 12,000 1.08
80:1 5.0 7 125 Monomodal 15,000 1.10
80:1 5.0 10 125 Monomodal 16,000 125
80:1 5.0 12 125 Broad 22,000 1.40

" All polymerizations were conducted in chlorobenzene.
' Weight average molecular weight (M,,) from size exclusion chromatography (SEC)
using polystyrene standards.

2.2.2. Dendronization of the pre-formed linear carborane-functionalized polymer

The [G1]-(Bn) dendronized polymer was prepared utilizing the “grafting from”
approach. The carborane loaded polymer (2.9) was first treated with a stoichiometric
quantity of n-BuLi, relative to the number of carborane units in the polymer. The
resulting polyanion was subsequently reacted with excess benzylidene-protected
anhydride (2.2) to afford the [G1]-(Bn) dendronized polymer with approximately 70%
functionalization. The key to this dendronization step was optimization of the polymer
concentration prior to reaction with #-BuLi to give the polyanion. It was found that when
the reaction was carried out at polymer concentrations greater than 0.6 mM, the high

anion concentration resulted in precipitation of the polymer and a final product having a
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bimodal MW distribution. However, at lower concentrations, precipitation of the
polyanion was not observed and the isolated product remained well-defined. The degree
of dendronization was determined by comparison of the '"H NMR of the polymer prior to
and after reaction with anhydride 2.2. The ratio of the aromatic (styrene) protons (6 = 6.2-
6.6 ppm) from the polymer backbone to the aliphatic protons in the benzylidene
protecting groups of the dendron (8 = 5.4 ppm), gave the percentage of carborane units
functionalized with the [G1]-(Bn) group, which was found to be approximately 70%

(Figure 2.2).

A" JVMA
"
—J[j\'k_ - JM

10 ] 8 7 1] 5 4

Figure 2.2. '"H NMR of a) polymer 2.9, b) [G-1]-(Bn)-dendronized polymer 2.10, ¢) [G-

1]-(OH),-dendronized polymer 2.11.

Dendron growth was carried out to the fourth generation using an iterative

deprotection and esterification approach. Removal of the benzylidene protecting groups
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in the dendronized polymers was carried out using a Pd-catalyzed hydrogenolysis with
PdOH/C (20%, wt) in a 1:1 solution of CH,Cly/methanol with typical yields greater than
95%. Although deprotection of low MW dendronized polymers can be achieved in
quantitative yields, it was found that this reaction leads to a bimodal MW distribution and
significant MW broadening at higher generations. Similar results were reported by
Yoshida et al. in the divergent synthesis of dendronized poly(hydroxystyrene) with very
high MW.** It was reported that trans acetalization by-products were responsible for this
effect, and they could be removed by carrying out the deprotection under homogenous
acid-catalyzed conditions instead of hydrogenolysis. However, several iterations to
achieve quantitative yields were required.”** In our study, we found it more efficient to
carry out a near quantitative Pd-catalyzed deprotection first, followed by the acid-
catalyzed deprotection using H>SO4 (2% v/v) in THF/MeOH (4:3 v/v), as this allowed for
a total reaction time of less than 24 h. This treatment was followed by neutralization of
the excess acid with ammonia, and the products were isolated in nearly quantitative yields
after several washings with THF/MeOH (9:1) to remove all the ammonium sulfate salt
that was generated. The deprotection reaction was followed by NMR ('H, B¢, 600 MHz)
and SEC analysis to verify the completion of the reaction. This was indicated by the
absence of proton signals from the benzylidene protecting group in the '"H NMR, as well
as the absence of any high MW shoulder in the SEC analysis, which is a result of
intermolecular coupling of polymer chains.

Achieving complete deprotection is a key step to the successful synthesis of well-

defined high generation dendronized polymers. This is clearly shown in Figure2.3, which
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depicts the major difference between the dendronized polymers obtained following an
incomplete deprotection using hydrogenolysis alone, and the polymers obtained when the
deprotection was driven to completion using the acid-catalyzed conditions described
above. In the former case, SEC analysis indicated that, beyond the second generation,
significant shoulders at high MW (corresponding to double, triple, and quadruple the
MWs of the major peak) were formed (Figure 2.3.a). However, as illustrated in Figure
2.3b, the polymers obtained following complete deprotection using the acid-catalyzed
second step were well-defined, with no presence of shoulders at higher MWs. These
results confirm that the origin of the aforementioned by-products was the incomplete
removal of benzylidene groups prior to dendron growth.

G4 G3 G2 G1 GO

. \M//

17 18 19 20 2 2 23 24 2B 2 2
minutes

G4 G3 G2 G1 Go

b VAL

17 18 19 20 2 2 24 28 2% 7

Figure 2.3. Size exclusion chromatography (SEC) analysis of [G0] — [G4]-benzylidene
protected polymers having performed generation growth after Pd-catalyzed deprotection

only (a), and Pd-catalyzed deprotection followed by acid-catalyzed deprotection (b).
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2.2.3. Molecular weight determination by SEC

In this study, SEC was used to evaluate the molecular weight of the carborane
containing dendronized polymers. The observed weight average molecular weight (M,,,
PS standard) and PDIs obtained by SEC are summarized in Table 2.3. The
underestimation of the M,, by SEC, leading to a large discrepancy between the theoretical
MW values and SEC derived values, is caused by the significant difference in the
hydrodynamic radii of the dendronized polymers, with their compact rod-like
architecture, as compared to the linear poly(styrene) (PS) standards used to calibrate the
instrument. As has been previously observed, this effect becomes more pronounced for
the higher generation dendronized polymers, where the observed MWs were significantly
lower than the theoretical values (Table 2.3).>* These results show the limitations of SEC
for the characterization of these materials, requiring the utilization of NMR analysis to
obtain a more accurate estimation of the MW. The MW evaluation from 'H NMR was
achieved by comparing the integration of the two chloromethyl protons (6 = 4.5 ppm),
initially part of the alkoxyamine initiator (2.5), to the aromatic proton signals (6 = 6.0 —
6.8 ppm) originating from the polymer backbone, or to the proton signal of the
benzylidene protecting group (& = 5.4 ppm). The MWs estimated by NMR analysis were

found to be in good agreement with the theoretical MWs (Table 2.3).
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Table 2.3. Comparison of molecular weights (MWs) determined by size exclusion

chromatography (SEC) to the theoretical and NMR calculated MWs.

Compound Theoretical SEC (THF) NMR
MW’ M,, PDI Calc. MW
CPS (2.9) 21,000 15,000 1.06 21,000
[G1]-(Bn)-CPS (2.10) 37,000 18,000 1.15 32,000
[G1]-(OH),-CPS (2.11) 27,000 13,000 1.09 29,000
[G2]-(Bn),-CPS (2.12) 49,000 20,000 1.14 54,000
[G2]-(OH)4-CPS (2.13) 40,000 16,000 1.18 33,000
[G3]-(Bn)4-CPS (2.14) 84,000 23,000 1.15 92,000
[G3]-(OH)s-CPS (2.15) 65,000 19,000 115 74,000
[G4]-(Bn)s-CPS (2.16) 153,000 30,000 1.18 164,000
[G4]-(OH),6-CPS (2.17) 115,000 25,000 1.16 114,000

" Based on the SEC data of (2.9)
" Relative to polystyrene standards, THF = tetrahydrofuran.

2.2.4. Water solubility and boron content

The main goal of the present work was to synthesize water soluble carborane-
functionalized dendronized polymers with high boron content as potential candidates for
BNCT. At low generations (G1-G2), the dendronized polymers were insoluble in water.
This lack of water solubility is mainly caused by the highly lipophilic carborane cages
and polymer backbone. This effect can be overcome by introducing a large number of
hydrophilic groups around each carborane cage to impart an overall water solubility. It
was found that solubility in water, at a concentration of 0.5 mg/mL, was achieved at the
third generation, with 8 hydroxyl groups per carborane cage. Dendronization to the fourth
generation, where 16 hydroxyl groups were appended to each carborane cage, resulted in
a solubility of 1 mg/mL in water. This was consistent with our previously reported results

on carborane loaded dendrimers, where water solubility (1 mg/mL) was achieved with the
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same carborane:OH-group ratio of 1:16.*° At the fourth generation, the deprotected
dendronized polymer ([G4]-(OH);c-CPS) had a boron content of 12%, and a MW
exceeding 100 kDa, as determined from "H NMR data.

This approach, although successful in making high MW carborane-containing
polymers, was still limited by the incomplete functionalization of the pre-made polymer
with the [G1]-(Bn) dendron, which left some of the carborane cages unfunctionalized. In
order to solve this issue, a different route to making a fully functionalized carborane
containing polymer was adopted. This was accomplished by first synthesizing a GI-
dendron-containing macromonomer, and then polymerizing it by NMP to obtain a
polymer having the [G1]-(Bn) dendron at every repeat unit. This approach is termed
Route B. Dendronization of the fully [G1]-(Bn)-functionalized polymer was carried out
using the same iterative deprotection and coupling steps described previously in Route
A.2*% Preparation of the [G1]-(Bn)-macromonomer (2.18) was accomplished by treating
monomer (2.7) with 1 equiv. of »-BuLi in THF to deprotonate the remaining acidic
proton on the carbon vertex (Scheme 2.4). This was followed by reaction of the resulting
carbanion with the benzylidene protected anhydride (2.2) to yield macromonomer (2.18)
in nearly quantitative yield after purification by column chromatography using

CH,Cly/hexanes (1:1) as the eluent.
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Scheme 2.4. Synthesis of [G1]-(Bn) macromonomer.

=

1. 1eq.n-BuLi/0°C

O O o
e 8

2.7

(2.2) P
CH,Cly, Pyridine o/\#
O
70% >
O
H' bn
2.18

2.2.5. Polymerization of carborane-containing macromonomer

Polymerization of macromonomer 2.18 (80 equiv.) by NMP in the presence of 1
equiv. of the alkoxyamine initiator (2.5), catalytic amounts of the free nitroxide radical
(2.8) (0.05 equiv.), and acetic anhydride (1.8 equiv.), resulted in the formation of well
defined, low PDI (< 1.1) polymers having high MWs (> 10 kDa). Best results were
achieved with a macromonomer concentration in the range of 0.5-0.7 M and a
polymerization time of 7 h. This carborane loaded linear polymer was subsequently
dendronized up to the fourth generation using the iterative deprotection and coupling

approach described above.

2.2.6. Molecular weight determination
The MWs of the dendronized polymers prepared by Route B were determined by

SEC and '"H NMR (Table 2.4 and Figure 2.4). Similarly to the previous samples, the
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measured SEC values grossly underestimated the polymer MWs, again due to the
difference in hydrodynamic volume between the dendronized polymers and the linear PS
standards used to calibrate the instrument. Fortunately, 'H NMR measurements, based on
the relative integration of the 'H signal corresponding to the two chloromethyl protons (3
= 4.5 ppm), originally part of the alkoxyamine initiator (2.5), to the 'H signal
corresponding to the benzylidene protecting group proton (8 = 5.4 ppm) again provided
closer agreement with the theoretical values (Table 2.4). It should be noted that, due to its

lack of solubility in THF, the [G4]-(OH),6-CPS could not be characterized by SEC.

Table 2.4. Comparison of molecular weights (MWs) determined by size exclusion

chromatography (SEC) to the theoretical and NMR calculated MWs.

Compound Theoretical MW" SEC (THF)' NMR
M,, PDI Calc. MW
[G1]-(Bn)-CPS (2.19) 21,000 13,000 1.07 21,000
[G1]-(OH),-CPS (2.20) 17,000 9,500 1.10 17,000
[G2]-(Bn),-CPS (2.21) 35,000 16,000 1.10 36,000
[G2]-(OH)4-CPS (2.22) 27,000 13,500 1.20 28,000
[G3]-(Bn)4-CPS (2.23) 64,000 20,000 1.18 61,000
[G3]-(OH)s-CPS (2.24) 48,000 17,000 1.23 46,000
[G4]-(Bn)s-CPS (2.25) 122,000 29,000 1.23 101,000
_[G4]-(OH);6-CPS (2.26) 90,000 N/A N/A 75,000

"Based on the SEC data of (2.19)
" Relative to polystyrene standards, THF = tetrahydrofurane.
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Figure 2.4. Size exclusion chromatography (SEC) analysis of the benzylidene protected

G1-G4 series (top), and the deprotected G1-G3 series (bottom) of dendronized polymers.

2.2.7. Water solubility and boron content

The aqueous solubility of the series of polymers prepared by Route B was
evaluated and compared to the polymer series from Route A. It was found that higher
solubilities occurred with the polymers synthesized via Route B (Table 2.5). Here, a
solubility of 1 mg/mL was achieved with the third generation dendronized polymer ([G3]-
(OH)s-CPS, 2.24), and higher concentrations (> 1 mg/mL) were achieved at the fourth

generation ([G4]-(OH);6-CPS, 2.26). These results show that when the carborane-loaded
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polymer is functionalized with dendrons at each repeat unit, the water solubility is
enhanced. The boron content of the fourth generation deprotected dendronized polymer
[G4]-(OH)6-CPS, prepared using Route B, was estimated from 'H NMR to be

approximately 8%.

Table 2.5. Solubility in water.

Dendron Generation Route A Route B
(mg/mL) (mg/mL)
1 0 0
2 0 0.5
3 0.5 >1.0
4 >1.0 >2.0

2.3. Conclusions

High molecular-weight carborane-containing dendronized polymers were
successfully prepared up to the fourth generation by two different approaches. Using the
first approach (Route A) we were able to achieve approximately 70% functionalization of
the carborane-loaded polymer with the first generation dendrons. In the second approach
(Route B), a fully functionalized dendronized polymer was synthesized by introducing the
dendron unit within a macromonomer, followed by polymerization using NMP. Both sets
of dendronized polymers were characterized by NMR (‘H and °C) and SEC. It was found
that SEC data underestimated polymer MWs, but 'H NMR data closely matched
theoretical values. The resulting polymers, having MWs in excess of 50 kDa exhibited

water solubility when the OH:carborane ratio exceeded 8:1. Additionally, the fully
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dendronized polymers, prepared by Route B, exhibited greater solubility than those
prepared by Route A. However, higher boron content is achieved via Route A, where
dendronization does not occur at every carborane unit. To our knowledge, this is the first
report of the synthesis of well-defined carborane-containing dendronized polymers that
exhibit high MW and aqueous solubility. Due to these characteristics, the synthesized
polymers may serve as potential agents for BNCT applications, which will be the focus of

our future studies.

2.4. Experimental Section
2.4.1. Materials

4-Vinylbenzyl chloride (>90%), 4-(dimethylamino)pyridine (DMAP, 99%), 2,2-
bis(hydroxymethyl) propionic acid (bis-MPA, 98%), benzaldehyde dimethyl acetal
(99%), p-toluene sulfonic acid-monohydride (p-TSAOH, 98%), and n-butyl lithium
(2.5M), and palladium hydroxide (20 wt.% Pd/C) were purchased from Sigma-Aldrich.
Benzylidene-2,2-bis(oxymethyl)propionic acid and its anhydride were prepared following
literature procedures.’® Dichloromethane (DCM) was distilled under nitrogen from
calcium hydride immediately prior to use. Tetrahydrofuran (THF) was passed through
two columns of activated molecular sieves using a solvent drying system supplied by
MBraun, immediately prior to use. All other reagents were commercially obtained and

used without further purification.
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2.4.2. Characterization

NMR spectra were measured on Bruker DRX 500 MHz and Avance 600 MHz
spectrometers. 'H spectra were recorded at 600 MHz, ''B spectra were recorded at 190
MHz, and °C NMR spectra were recorded at 150 MHz in CDCl; or methanol-d4. The
non-deuterated solvent signal was used as the internal standard for both 'H and "C
spectra. Where aliphatic '"H NMR signals from the dendrimer overlap with signals form
the B-H in the carborane cage or with the broad polymer signals, an accurate integration
could not be assigned. In these cases, theoretical values are provided in parentheses { }.
High Resolution Mass spectrometry using Electrospray lonization (HRMS (EI+)) was
conducted for the synthesized monomers on a Micromass Quattro Ultima Triple
Quadrupole mass spectrometer using positive ion mode. Elemental analyses were also
conducted for the synthesized monomers using a Thermo Flash EA1112 elemental
analyzer equipped with a CHN reactor and O reactor. The samples were weighed out on a
Mettler-Toledo MX5 balance prior to elemental analysis. Polymer molecular weight and
polydispersity index (PDI) were estimated by size exclusion chromatography (SEC) using
a Waters 2695 Separations Module equipped with a Waters 2414 refractive index detector
and four Polymer Labs PLgel individual pore size columns, with 5 um bead size and pore
sizes of 100 A, 500 A, 10° A, and 10° A, kept at 40°C. Polystyrene standards were used
for calibration, and tetrahydrofuran (THF) was used as the eluent at a flow rate of 1.0

mL/min.
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2.4.3. General procedure for polymer synthesis using nitroxide-mediated
polymerization (NMP)

A flame-dried round-bottom flask was charged with p-carborane styrene monomer
2.7) (1.03 g, 3.95 x10™ mol) in chlorobenzene (1.2 mL) under argon. Alkoxyamine
initiator (2.5) (0.018 g, 4.8 x10™ mol), along with catalytic amounts of the free nitroxide
radical (2.8) (0.3 mL of a 9 mM solution in chlorobenzene, 2.4 x107 mol), and acetic
anhydride (8.2 pL, 8.6 x10” mol) were added to the flask charged with monomer 2.7. The
solution was degassed under N, for 1 h and heated to 125 °C for 7 h. The polymer was
precipitated from methanol as a white solid and recovered by filtration through a glass
fritted funnel. The collected solid was dried in a vacuum oven overnight to give 2.9 as a
white powder: 0.9 g (90%). "H NMR (500 MHz, CDCl3): & (ppm) = 1.2-1.5 (br, ~364 H,
—CH,CHPh), 2.1-2.5 (br, ~274 H, -CHCHy), 2.5-2.7 (br, ~228 H, —-CH,C(BH)10), 2.7-2.9
(br, ~180 H, -CH(BH),0), 4.5 (m, 2 H, ~CH,PhCl), 6.3-6.6 (br, ~ 320 H, —Ph). °C NMR
(125 MHz, CDCL): & (ppm) = 40.2 (—CH,CHPh), 44.6 (—CH,CHPh) , 583 (-
CH,C(BH)10), 127.4 (-CH=CCHCH,), 129.3 (-CH=CCH,C(BH),¢), 134.03 (-CCHCH,

and —CCH,C(BH),0). SEC (THF eluent), M, = 1.5 x 10* Da, PDI = 1.06.

2.4.4. General procedure for dendronization of pre-made carborane-loaded polymer

In a flame-dried round-bottom flask, under argon atmosphere, [GO]-polymer (2.9)
(0.506 g, 3.37 x107 mol) was introduced as a solution in THF (52 mL). The solution was
cooled to 0 °C, followed by a slow addition of #-BuLi (0.9 mL, 2.2 x10 mol) via a

syringe. After 30 min at 0 °C, the solution was warmed up to room temperature, the
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benzylidene-protected anhydride (2.2) (1.2 g, 2.8 x10™ mol) was added, and the reaction
mixture was stirred for an extra 8 h at room temperature. The polymer was precipitated
from methanol and recovered by filtration through a glass fritted funnel. After drying in a
vacuum oven overnight, the [G1]-(Bn)-dendronized polymer (2.10) was obtained as a
white powder (0.6 g, 87% yield, and ~70% functionalization). "H NMR (500 MHz,
CDCl): 8 (ppm) = 0.8-1.0 (br, ~176 H, -CH;3C), 2.5-2.7 (br, ~344 H, -CH,CH), 2.7-3.0
(br, ~385 H, -CH>C(BH))), 3.5 (br, ~108 H, -CH,OCHPh), 4.4 (m, 2 H, -CH,PhCl), 4.7
(br, ~92 H, —-CH,OCHPh), 5.4 (br, ~54 H, —CHO,Ph), 6.1-6.8 (br, ~320 H, —
PhCH,C(BH),), 7.3 (br, ~245 H, -PhCHO,). “C NMR (125 MHz, CDCl;): & (ppm) =
17.5 (-CH3C), 40.2 (-CH,CHPh), 44.6 (-CH,CHPh), 49.7 (-CH,C(BH)0), 73.5 (-
CH,OCHPh), 81.8 (-CH,CHPh), 84.7 (—CCH;), 102.2 (-CHO,Ph), 1264 (-
CH=CCH;C(BH),0 and —CH=CH-CCHO,), 128.2 (-CH=CH-CCH,C(BH)p and —
CH=CCHO,), 129.0 (-CH=C-CH,C(BH);y and —CH=CH-CH=CCHO,), 137.7 (-
CCHCH, and ~CCHO3), 193.6 (-COC(OCH,),CH3). SEC (THF eluent), M, = 1.8 x 10*

Da, PDI = 1.15.

2.4.5. General procedure for the Pd-catalyzed deprotection of the benzylidene
protecting group

A round-bottom flask was charged with the first generation protected carborane
polymer, [G1]-(Bn)-CPS (2.10) (0.505 g, 2.81 x 107 mol), and dissolved in a 1:1 mixture
of CH,Cly:methanol. Subsequently, PdAOH/C (20%) was added, and the flask was

evacuated and back-filled with H, three times. The flask was fitted with a H, filled

63



S. R. Benhabbour — PhD Thesis, Chemistry — McMaster

balloon and the reaction mixture was stirred vigorously overnight at room temperature.
The catalyst was removed by filtration through a plug of celite and washed with
methanol. The filtrate was evaporated to dryness on a rotary-evaporator in vacuo, yielding

the desired product as a white foam in quantitative yield (0.47g, 99%).

2.4.6. General procedure for acid-catalyzed deprotection of the benzylidene
protecting group

Due to the equilibrium between the benzaldehyde, (or benzaldehyde dimethyl
acetal) generated as a deprotection byproduct, and the benzylidene protected dendrons, a
small percentage (< 10%) of benzylidene groups usually remained after Pd-catalyzed
hydrogenolysis. Therefore, the product was subjected to an acid-catalyzed deprotection to
achieve complete removal of the benzylidene group. The partially protected polymer,
recovered after the Pd-catalyzed hydrogenolysis (2.10) (0.47 g, 2.61 x 10° mol), was
dissolved in THF/methanol (4:3 v/v, 100 mL) and transferred to a round-bottom flask.
Concentrated sulfuric acid (2% v/v. pH 3) was added to the flask, and the solution was
allowed to stir overnight (8-12 h) at room temperature. The excess sulfuric acid was
neutralized with a 7N solution of ammonia in methanol, to precipitate ammonium sulfate
as a white solid. The precipitate was removed by filtration, and the filtrate was
concentrated in vacuo. The viscous liquid was taken up in THF (G1-G2) or in
THF/MeOH (9:1) (G3-G4), and filtered to remove any remaining undissolved ammonium

sulfate. This was repeated several times until no further salt was observed. Upon
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evaporation of solvent, the resulting viscous oil was dried under vacuum to give the

deprotected dendronized polymer as a white foam in quantitative yield.

2.4.7. General procedure for the divergent growth of dendrons

A flame-dried round-bottom flask equipped with a magnetic stir bar (under argon
atmosphere) was charged with the hydroxyl-terminated dendronized polymer (generation
1-3) in a mixture of CH,Cl,/pyridine (3:2). The benzylidene-protected anhydride of bis-
MPA (2.2) was introduced along with a catalytic amount of 4-dimethylamino pyridine
(DMAP) and the solution was stirred for 12-72 h at room temperature. Then, 2 mL of
water was added and the reaction was stirred for an extra 18 h to quench the excess
unreacted anhydride. The product was isolated by diluting the mixture with CH,Cl, (100
mL) and washing with 1 M NaHSO4 (3 x 100 mL), 10% Na,COs (3 x 100 mL), and brine
(100 mL). The organic layer was dried over anhydrous MgSO, and filtered through a
glass fritted funnel. The filtrate was evaporated to dryness on a rotary-evaporator in
vacuo. The polymer was isolated by precipitation from methanol as a white powder in

good yields.

2.4.8. Synthesis of compound 2.3

p-Di-hydroxypropyl carborane (2.1)* (2.05 g, 7.7 x 10~ mol) was introduced to a
flame-dried round-bottom flask, equipped with a magnetic stir bar (under argon
atmosphere), and dissolved in CH,Cly:pyridine (5:1, 50 mL). Benzylidene-protected

anhydride (2.2) (3.32 g, 7.7 x 10” mol) was added, along with a catalytic amount of
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DMAP (9.40 g, 7.7 x 10™ mol), and the reaction mixture was stirred overnight at room
temperature under argon. The product of the reaction was a statistical mixture of three
components, including a mono-ester, a di-ester, and the starting material. The crude
product was separated by column chromatography (CH,Cl,:EtOAc, 9:1) to give 2.3 as a
white powder: 1.78g (50%). '"H NMR (500 MHz, CDCls): & (ppm) = 1.02 (s, 3 H, —
CH;C), 1.41 (m, 2 H, -CH,CH,OH), 1.55 (m, 2 H, -CH,CH,0CO), 1.75 (m, 4 H, —
CH»(CH,),0CO and —CH,(CH>),0H), 3.48 (t, 2 H, /= 6.21, -CH,0H), 3.65 (d, 2 H, J =
11.37, -CH,OCHPh), 4.08 (t, 2 H, J = 6.10, -CH,0CO), 4.60 (d, 2 H, J = 11.38, —
CH,OCHPh), 5.48 (s, 1H, -CHPh), 7.39 (m, 3H, Ph), 7.42 (m, 2H, Ph). °C NMR (125
MHz, CDCls): 6 (ppm) = 17.81 (—CH3C), 28.72 (—-CH,(CH,),OH and —CH»(CH,),OCO),
32.47 (-CH,CH,0CO), 34.18 (—CH,CH,0OH), 42.41 (-CCH3), 61.84 (—CH,OH), 63.80 (—
CH,0CO), 73.56 (-CH,OCHPh), 78.22 (—C(CH2);:0H), 78.86 (—C(CH2);0CO), 101.73
(-CHO,Ph), 126.21 (-CH=C-CHO), 128.20 (-C=CH-CH=CH), 128.97 (—-CH=(CH)»),
137.78 (CH=C-CHO), 173.78 (C—CO>—(CHy)3) . Anal. Calc. C 51.70%; H 7.81%.
Found: C 51.98%, H 7.69%. HRMS (EI+) m/z calc. for Cy0H36B100s [M+]: 464.6068,

found: 464.6105.

2.4.9. [G1]-(Bn)-dendronized acrylate monomer (2.4)

Acryloyl chloride (0.268 mL, 3.30 x 10~ mol), along with Et;N (0.920 mL, 6.60 x
10” mol) were added to a flame-dried round-bottom flask, charged with compound 2.3
(1.54 g, 3.30 x 16 mol) in 10 mL of CH,Cl, under argon. The reaction mixture was

stirred for 2 h at room temperature under argon and monitored by TLC. After completion,
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the solvent was evaporated in vacuo to give the crude product as a yellow viscous liquid,
which was purified by column chromatography (100% DCM) to give the desired acrylate
carborane monomer (2.4) as a colorless oil: 0.827 g (98%). 'H NMR (200 MHz, CDCl):
S (ppm) = 1.0 (s, 3 H, -CH3C), 1.5 (m (br), 4 H, —CH»(CH;),OCOCH=CH, and —
CH,(CH,),0COC), 1.6 (m (br), 4 H, -CH,CH,OCOCH=CH; and -CH,CH,OCOC), 3.6
(d, 2 H, J = 5.54, -CH,OCHPh), 4.0 (m, 4 H, -CH,OCOCH=CH; and -CH,OCOC), 4.6
(d, 2 H, J = 5.57, -CH,OCHPh), 54 (s, 1 H, -CHPh), 58 (d, 1 H, J = 5.12, —
CH,=CHCO,), 6.1 (dd, 1 H, J=5.17, -CH=CH,), 6.3 (d, 1 H, J = 8.61, -CH,=CHCO,),
7.3 (m, 5 H, —Ph). >C NMR (50.3 MHz, CDCls): & (ppm) = 17.8 (CHs-C), 28.5 (-
CH,(CH,),OCOCH=CH; and —~CH»(CH,),0COC), 34.0 (-CH,CH,OCOCH=CH, and —
CH,CH,0COC), 42.4 (-CCHj3), 63.4 (-CH,OCOCH=CH,), 63.8 (-CH,OCOC), 73.5 (-
CH,OCHPh), 101.7 (-CHO,Ph), 125.5 (-CH=CH-CH=C-CHO,), 126.1 (-C=CH-
CH=CH), 128.2 (-CH=C-CHO,), 128.9 (-CH=C-CHO), 136.1 (-CH,=CHCO), 137.7
(—~CH,=CHCO), 167.1 (-CH;=CHCO), 173.7 (-CH3CCO»(CH,)3). Anal. Calc. C 53.26
%, H 7.38 %. Found: C 53.36 %, H 7.54 %. LRMS (EI+) m/z calc. for C3H33B10Os

[M+]: 518.65, found: 518.72.

2.4.10. [G1]-(Bn)-dendronized acrylate polymer (2.6)

The alkoxyamine initiator (2.5) (0.007 g, 1.93 x 10 mol), along with catalytic
amounts of the free nitroxide radical (2.8) (0.1 mL of a 9.08 mM solution in
chlorobenzene, 9.6 x 10”7 mol), and acetic anhydride (3.30 puL, 3.5 x 10° mol) were

added to a flame-dried round-bottom flask charged with macromonomer 2.4 (0.407 g,
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7.85 x 10 mol) in chlorobenzene (0.4 mL). The solution was degassed under N, for 1 h
and heated at 125 °C under N, for 8 h. The polymer was precipitated from methanol,
filtered, and dried in a vacuum oven overnight to give 2.6 as a white powder: 0.17 g

(42%). SEC (THF eluent), M, = 2.8 x 10° Da, PDI (broad) = 2.5.

2.4.11. [GO]-styrene monomer (2.7)

p-Carborane (3.02 g, 2.1 x 102 mol), dissolved in dry THF (150 mL) was
introduced in a flame-dried round-bottom flask (under argon atmosphere) equipped with a
magnetic stir bar, and the flask was cooled to 0 °C. To this solution, n-BuLi (2.5 M) (1.95
mL, 2.1 x 102 mol) was added dropwise, and the solution was stirred for 30 min at 0 °C.
The solution was allowed to warm up to room temperature, followed by a very slow
addition of 4-vinylbenzyl chloride (2.93 mL, 2.1 x 10 mol) via a syringe. The solution
was stirred for 8 h at room temperature and was monitored by TLC analysis. The solvent
was subsequently removed by rotary-evaporation and the crude product was purified by
silica-packed column chromatography in straight hexanes to yield the mono-substituted p-
carborane monomer (2.7) as a white solid (2.70 g, 50%). "H NMR (500 MHz, CDCls): &
(ppm) = 2.6 (s, {1 H}, -CH(BH)10), 2.9 (s, {2 H}, -CH,C(BH)yy), 5.25 (d, 1 H, J=10.81,
—-CH,=CHPh), 5.75 (d, 1 H, J = 17.48, -CH,=CHPh), 6.7 (dd, 1 H, J = 17.56, —
CH=CH,), 6.9 (d, 2 H, J = 8.11, -CH=C-CH=CH,), 7.3 (d, 2 H, J = 7.95, -CH=C-
CH,C(BH),). >C NMR (125 MHz, CDCl): & (ppm) = 44.5 (~CH,C(BH),), 58.4 (-

CH,=CPh), 113.9 (-CH,=CPh), 126.0 (-CH=CCH,C(BH)j), 130.0 (-CH=C-
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CH=CH,), 136.3 (-C-CH=CH). Anal. Calc. C 50.74%; H 7.74%. Found: C 49.95%, H

7.88%. HRMS (EI+) m/z calc. for C;;Hz0B1o [M+]: 260.2568, found: 260.2545.

2.4.12. [G1]-(OH),-CPS (2.11)

Deprotection of 2.10 (0.505 g, 2.81 x 10° mol) in 20 mL of (1:1)
CH,Cly:methanol was carried out, as described in general procedures, for 12 h at room
temperature under H, atmosphere, followed by acid-catalyzed deprotection using sulfuric
acid in THF/methanol for an extra 12 h at room temperature. For the acid-catalyzed
deprotection, to a round bottom flask charged with 2.10 (0.500 g, 2.8 x 10” mol) in a
solution of THF/methanol (4:3 v/v, 100 mL), concentrated sulfuric acid (2% v/v. pH 3)
was added and the solution was stirred overnight at room temperature. The excess sulfuric
acid was neutralized with a solution of 7V ammonia in methanol, and the resulting
ammonium sulfate salt was removed following the same method described in general
procedures. Upon evaporation of solvent, the resulting viscous oil was dried under
vacuum to give polymer 2.11 as a white foam (0.45 g, 95%). '"H NMR (500 MHz,
CDCl): & (ppm) = 1.1 (br, ~174 H, —CH3C), 2.6-2.7 (br, ~433 H, —-CH,CHPh and —
CHPhCH,), 2.7-2.8 (br, ~385 H, -CH,C(BH)o), 3.6 (br, ~115 H, -CH,OH), 3.96 (br,
~119 H, -CH,0H), 6.0-6.8 (br, ~320 H, —Ph). °*C NMR (125 MHz, CDCL):  (ppm) =
16.1 (-CH3C), 29.7 (-CH,CHPh), 40.1 (-CH,CHPh), 44.5 (—CH,C(BH)0), 53.3 (-
CCHz), 583 (-CCH;OH), 1263 (-CH=CH-CCHz(BH)p), 129.5 (-CH=CH-
CCH2(BH)), 134.0 (-CH=CH-CCH,(BH);¢), 194.1 (-COCCHjs). SEC (THF, cluent),

M,,=1.3 x 10* Da, PDI = 1.09.
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2.4.13. [G2]-(Bn),-CPS (2.12)

The coupling was carried out, as described in general procedures, using [G1]-
(OH),-CPS (2.11) (0.407 g, 3.13 x 10° mol), benzylidene-protected anhydride (2) (0.851
g, 1.99 x10? mol), and DMAP (0.25 mL of a 10 mM solution in CH,Cl, 2.5 x 10 mol)
in a solution of 3:2 CH,Cly/pyridine (25 mL), and stirring for 24 h at room temperature.
After quenching, washing, precipitation, and drying, polymer 2.12 was isolated as a white
powder (0.6 g, 70%). 'H NMR (500 MHz, CDCls): & (ppm) = 0.9 (br, ~403 H, -CH3C,
peripheral), 1.2 (br, ~264 H, —CH;C, internal), 2.5-2.7 (br, ~405 H, -CH,CH), 2.7-3.0 (br,
~385 H, -CH,C(BH)yy), 3.6 (br, ~264 H, -CH,OCHPh), 4.3 (br, ~116 H, -CH,OCHPh),
44 (br, ~136 H, -CH,OCHPh), 4.5 (br, ~242 H, -CH,OCHPh), 5.4 (br, ~120 H, —
CHO,Ph), 6.0-6.8 (br, ~320 H, -PhCH,C(BH)(), 7.3 (br, ~190 H, -PhCHO), 7.4 (br,
~110 H, ~PhCHO;). >C NMR (125 MHz, CDCl;): & (ppm) = 17.6 (—CH3C, peripheral),
23.46 (CH3C, internal), 42.5 (~CH,CHPh), 53.9 (-CH,CHPh), 58.3 (—CH,C(BH)yo), 64.5
(~CH,OCHPh), 73.3 (-CH,OCHPh), 81.8 (-CH,CHPh), 84.54 (—CCH3), 86.35 (—CCH3),
101.7 (-CHO;Ph) , 126.2 (-CH=CCH,C(BH);p and —CH=CH-CCHO,), 128.1 (-
CH=CH-CCHC(BH),y and —-CH=CCHO,), 128.8 (—-CH=C-CH,C(BH),p and —
CH=CH-CH=CCHO,), 129.3 (-CH=C-CH,C(BH)(), 134.1 (-CH=CH-CH=CCHO),
137.8 (-CCHCH; and —-CCHO,), 172.9 (-COC(OCH:),CHs, internal), 193.7 (-

COC(OCH,),CHs, peripheral). SEC (THF, eluent), M,, = 2.0 x 10* Da, PDI = 1.14.
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2.4.14. [G2]-(OH)4CPS (2.13)

Deprotection of 2.12 (0.510 g, 2.55 x 10° mol) in 20 mL of (1:1)
CH,Cly:methanol was carried out, as described in general procedures, using both
hydrogenolysis and acid-catalyzed deprotection. The polymer (2.13) was recovered as a
white foam (0.3 g, 99%). "H NMR (500 MHz, CDCls): § = 1.1 (br, ~430 H, -CH;C), 2.6-
2.7 (br, ~392 H, -CH,CHPh and -CHPhCH,), 2.7-3.0 (br, ~385 H, -CH,C(BH)y), 3.5-
3.7 (br, ~502 H, -CH,OH), 4.2-4.3 (br, ~198 H, -CH,OH), 6.0-6.8 (br, ~320 H, —Ph). *C
NMR (125 MHz, CDCls): & (ppm) = 16.0 (-CH3C), 17.0 (-CH;3C), 29.0 (-CH,CHPh),
40.1 (-CH,CHPh), 44.5 (—CH,C(BH)y), 50.2 (—CCH3), 53.8 (—CCH3), 58.8 (-CCH,OH),
644 (-CCH,OH), 126.5 (-CH=CH-CCHy(BH)(), 129.3 (-CH=CH-CCH,(BH))y),
134.0 (-CH=CH-CCHx(BH)0), 175.4 (-COCCHj3), 194.1 (-COCCHj3). SEC (THF,

eluent), M,, = 1.6 x 10" Da, PDI = 1.18.

2.4.15. [G3]-(Bn)s-CPS (2.14)

The coupling was carried out as described in general procedures, using [G2]-
(OH)4-CPS (2.13) (0.208 g, 1.30 x 10° mol), benzylidene-protected anhydride (2.2)
(0.600 g, 1.41 x 10 mol), and DMAP (8.2 pL of a solution of 10 mM in CH,Cl,, 8.1 x
10”7 mol) in a solution of 3:2 CH,Cly/pyridine (30 mL), and stirring at room temperature
for 48 h. upon quenching, washing, precipitation, and drying, polymer 2.14 was isolated
as a white powder (0.3 g, 67% yield). 'H NMR (500 MHz, CDCls): & (ppm) = 0.9 (br,
~976 H, —CH3C, peripheral), 1.1 (br, ~486 H, —-CH3C, internal), 1.5 (br, ~422 H, —-CH;C,

internal), 2.7-3.0 (br, ~138 H, ~CH,C(BH),0), 3.6 (br, ~521 H, -CH,OCHPh), 3.7 (br,

71



S. R. Benhabbour — PhD Thesis, Chemistry — McMaster

117 H, -CH,OCHPh), 3.8-4.1 (br, 182 H, -CH,OCHPh), 4.4 (br, ~501 H, -CH,OCHPh),
4.6 (br, ~516 H, -CH,OCHPh), 5.4 (br, ~261 H, —-CHO,Ph), 6.0-6.8 (br, ~320 H, —
PhCH,C(BH),), 7.3 (br, ~1008 H, ~PhCHO,), 7.4 (br, ~612 H, ~PhCHO,). °C NMR
(125 MHz, CDCls): & (ppm) = 16.0 (-CHsC, peripheral), 17.0 (CH3C, internal), 19.0
(CHsC, internal), 29.0 (-CH,CHPh), 50.8 (-CH,CHPh), 53.8 (-CH,CHPh), 58.0 (-
CH,C(BH)0), 64.4 (-CH,OCHPh), 75.0 (-CH,OCHPh), 101.7 (-CHO,Ph), 126.0 (-
CH=CCH,C(BH);p and —CH=CH-CCHO,), 128.2 (-CH=CH-CCH,C(BH);p and —
CH=CCHO,), 129.0 (-CH=C-CH,C(BH);p and —CH=CH-CH=CCHO,), 134.0 (-
CH=CH-CH=CCHO,), 137.8 (-CCHCH, and —CCHO,), 172.9 (—COC(OCH,),CHj3,
internal), 193.7 (—-COC(OCH,),CHs, peripheral). SEC (THF, eluent), M,, = 2.3 x 10* Da,

POI=1.135.

2.4.16. [G3]-(OH)s-CPS (2.15)

Deprotection of 2.14 (0.210 g, 9.13 x 10 mol) was carried out, as described in
general procedures, using both hydrogenolysis and acid-catalyzed deprotection. For
hydrogenolysis, 20 mL of (1:1) CH>Cly:methanol was used with a reaction time of 12 h.
After acid-catalyzed deprotection in THF/methanol (4:3 v/v), the polymer (2.15) was
recovered as a white foam (0.10 g, 99%). 'H NMR (500 MHz, CDCl3): § (ppm) = 1.1
(br, ~886 H, -CH3C), 1.2 (br, ~764 H, —CH;C), 2.7-2.9 (br, ~325 H, -CH,C(BH),¢), 3.6
(br, ~ 1054 H, -CH,OH), 4.1-4.3 (br, ~500 H, -CH,0H), 6.0-6.8 (br, ~320 H, —Ph). °C
NMR (125 MHz, CDCls): 6 (ppm) =16.0 (—CH3C), 17.0 (—CH3C), 19.0 (-CH;3C), 29.0 (—

CH,CHPh), 50.2 (~-CH,C(BH),0), 54.0 (-CCHj), 58.0 (-CCH,OH), 64.2 (-CCH,OH),
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750 (-CCH,OH), 1262 (-CH=CH-CCH,(BH))0), 128.8 (~CH=CH-CCH,(BH),0),
129.3 (-C=CH-CH=CCH,(BH)(), 137.8 (-CH=CH-CCH,(BH),0), 172.9 (-COCCHj),

193.7 (-COCCHj3). SEC (THF, eluent), M, = 1.9 x 10* Da, PDI = 1.15.

2.4.17. [G4]-(Bn)s-CPS (2.16)

The coupling was carried out, as described in general procedures, using [G3]-
(OH)5-CPS (2.15) (0.102 g, 5.37 x10°® mol), benzylidene-protected anhydride (2.2) (1.70
g, 3.99 x 10” mol), and DMAP (8.1 uL of a 10 mM solution in CH,Cl,, 8.1 x 107 mol)
in a solution of 3:2 CH,Cly/pyridine (50 mL), and stirring for 72 h at room temperature.
Upon quenching, washing, precipitation, and drying, polymer 2.16 was isolated as a white
powder (0.16 g, 56% yield). '"H NMR (500 MHz, CDCls): & (ppm) = 0.9 (br, ~776 H, —
CH;C, peripheral), 1.1 (br, ~704 H, —CHs3C, internal), 2.7-3.0 (br, ~184 H, -
CH,C(BH)0), 3.6 (br, ~800 H, -CH,OCHPh), 4.3 (br, ~873 H, -CH,OCHPh), 4.6 (br,
~679 H, —-CH,OCHPh), 54 (br, ~464 H, —CHO,Ph), 6.0-6.8 (br, ~320 H, —
PhCH,C(BH),), 7.3 (br, ~1672 H, ~PhCHO,), 7.4 (br, ~772 H, -PhCHO,). °C NMR
(125 MHz, CDCl3): & (ppm) = 16.0 (—CH3C, peripheral), 17.0 (CH3C, internal), 19.0
(CHsC, internal), 29.0 (-CH,CHPh), 50.8 (-CH,CHPh), 53.8 (-CH,CHPh), 58.0 (-
CH,C(BH),0), 64.4 (—CH,OCHPh), 75.0 (-CH,OCHPh), 101.7 (~CHO,Ph), 126.0 (-
CH=CCH,C(BH),y and —CH=CH-CCHO,), 128.2 (-CH=CH-CCH,C(BH),p and —
CH=CCHO,), 129.0 (-CH=C-CH,C(BH);p and —~CH=CH-CH=CCHO,), 134.0 (-

CH=CH-CH=CCHO,), 137.8 (-CCHCH, and —~CCHO,), 172.9 (~COC(OCH,),CHs,
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internal), 193.7 (-COC(OCH,),CHs, peripheral). SEC (THF, eluent), M, = 3.0 x 10* Da,

PDI = 1.18.

2.4.18. [G4]-(OH)6-CPS (2.17)

Deprotection was carried out, as described in general procedures, including both
hydrogenolysis and acid-catalyzed deprotection, with 2.16 (0.153 g, 5.10 x 10 mol)
dissolved in 20 mL of 1:1 CH,Cl,:methanol. The Polymer (2.17) was isolated as a white
foam (0.12 g, 97%). '"H NMR (500 MHz, CDCls): & (ppm) = 1.1 (br, ~902 H, —CH;C),
1.2 (br, ~376 H, —-CH;C), 1.3 (br, ~294 H, —CH;C), 2.7-2.9 (br, ~ 326 H, -CH>C(BH))0),
3.6 (br, ~ 1057 H, -CH,OH), 4.1-4.3 (br, ~656 H, -CH,OH), 6.0-6.8 (br, ~320 H, —Ph).
PC NMR (125 MHz, CDCls): & (ppm) =16.0 (—~CH;C), 17.0 (-CH;C), 19.0 (-CH;C),
29.0 (—CH,CHPh), 50.2 (—CH.C(BH)0), 54.0 (—-CCHj3), 58.0 (-CCH,OH), 64.2 (-
CCH,OH), 75.0 (-CCH,0H), 101.7 (-CHOPh), 126.2 (-CH=CH-CCH,(BH)), 128.8
(-CH=CH-CCH»(BH),p), 129.3 (—C=CH-CH=CCH2(BH)(), 137.8 (-CH=CH-
CCH2(BH)0), 172.9 (-COCCHs) , 193.7 (-COCCHj3). SEC (THF, eluent), M,, = 2.5 %

10* Da, PDI = 1.16.

2.4.19. [G1]-(Bn)-functionalized monomer (2.18)

A solution of monomer 2.7 (1.51 g, 5.79 x 10 mol) in THF (150 mL) was added
to a flame-dried round-bottom flask (under argon atmosphere) equipped with a magnetic
stir bar, and the flask was cooled to 0 °C. To this solution, n-BuLi (2.5 M) (0.54 mL, 5.76

x 107 mol) was added dropwise, and the solution was stirred for 1 h at 0 °C. The solution
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was warmed up to room temperature and benzylidene anhydride (2.2) (2.45 g, 5.76 % 10°
mol) was added. The solution was stirred for an extra 8 h at room temperature. Once TLC
analysis showed no further change in the reaction product, the solvent was removed by
rotary-evaporation and the crude product was purified by column chromatography on
silica (CH,Cl,:Hexanes, 1:1) to yield the [G1]-(Bn)-functionalized macromonomer (2.18)
as a white solid (1.85 g, 70%). 'H NMR (500 MHz, CDCls): & (ppm) = 0.9 (s, 3 H, -
CH;C), 2.9 (s, 2 H, -CH,C(BH)y¢), 3.4 (d, 2 H, J = 5.78, -CH,OCHPh), 4.7 (d, 2 H, J =
5.78, -CH,OCHPh), 5.2 (d, 1 H, J = 5.47, —is-CH,=CHPh), 5.4 (s, 1 H, -CHO,Ph), 5.7
(d, 1 H, J=8.77, —trans-CH,=CHPh), 6.7 (dd, 1 H, J= 5.44, -CH=CH,), 6.9 (d,2 H, J =
4.04, -CH=C-CH=CH,), 7.3 (m(br), 7 H, ~-PhCH,C(BH),, and ~-PhCHO,). *C NMR
(125 MHz, CDCl3): & 17.4 (-CH;3C), 43.9 (-CH>C(BH)10), 49.7 (-CCH3), 73.5 (-
CH>OCHPh), 102.2 (-CHO,Ph), 114.0 (-CH=CPh), 126.3 (—-CH=CCH=CH>), 128.2 (-
CH=CCH,C(BH)9), 129.9 (-CH=C-CH=CH;), 136.3 (-CH,=CPh), 1948 (-
COC(OCH),CHs). Anal. Calc. C 59.46 %; H 6.94 %. Found : C 58.61%, H 7.07%.

LRMS (EI+) m/z calc. for Co3HzoB1003 [M+]: 464.33, found: 464.34.

2.4.20. [G1]-(Bn)-CPS (2.19)

The alkoxyamine initiator (2.5) (0.005 g, 1.35 x 10” mol), along with catalytic
amounts of the free nitroxide radical (2.8) (0.1 mL of a 9.08 mM solution in
chlorobenzene, 6.7 x 107 mol), and acetic anhydride (2.3 uL, 2.4 x 10 mol) were added
to a flame-dried round-bottom flask charged with macromonomer 2.18 (0.504 g, 1.21 x

10 mol) in chlorobenzene (2.0 mL). The solution was degassed under N, for 1 h and
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heated at 125 °C under N, for 7 h. The polymer was precipitated from methanol, filtered,
and dried in a vacuum oven overnight to give 2.19 as a white powder: 0.4 g (80%). 'H
NMR (500 MHz, CDCl;): & (ppm) = 0.8-1.0 (br, ~160 H, -CH3C), 2.5-2.7 (br, ~240 H, —
CH,CHPh), 2.7-3.0 (br, ~265 H, -CH,C(BH))¢), 3.5 (br, ~112 H, -CH,OCHPh), 4.4 (m,
2 H, -CH,OCHPh), 4.7 (br, ~102 H, -CH,OCHPh), 5.4 (br, ~50 H, -CHO,Ph), 6.1-6.8
(br, ~220 H, —PhCH,C(BH)y0), 7.3 (br, ~245 H, —PhCHO,). *C NMR (125 MHz,
CDCl): & (ppm) = 17.5 (—CH;3C), 40.2 (—CH,CHPh), 44.6 (—-CH,CHPh), 49.7 (-
CH,C(BH),0), 58.4 (-CH,CHPh), 73.5 (-CH,OCHPh), 81.8 (-CH,CHPh), 84.7 (~CCHs),
102.2 (-CHO,Ph), 126.4 (-CH=CCH,C(BH);q and —CH=CH-CCHO,), 128.2 (-
CH=CH-CCH,C(BH);y and —CH=CCHO,), 129.0 (-CH=C-CH,C(BH),p and —
CH=CH-CH=CCHO,), 137.7 (-CCHCH, and —CCHO), 193.6 (-COC(OCH;),CHz).

SEC (THF eluent), M,, = 1.3 x 10* Da, PDI = 1.08.

2.4.21. [G1]-(OH),-CPS (2.20)

Deprotection of 2.19 (0.303 g, 2.3 x 10" mol) in 30 mL of (1:1) CH,Cl,:methanol
was accomplished by hydrogenolysis and acid-catalyzed deprotection as described in
general procedures. The polymer (2.20) was recovered as a white foam (0.26 g, 96%). 'H
NMR (500 MHz, CDCls): 6 (ppm) = 1.1 (br, ~145 H, -CH3C), 2.7-3.0 (br, ~255 H, —
CH>C(BH))0), 3.6 (br, ~108 H, -CH,OH), 3.7 (br, ~98 H, -CH,OH), 6.0-6.8 (br, ~220 H,
—Ph). ®C NMR (125 MHz, CDCls): & (ppm) = 16.1 (~CH;C), 29.7 (-CH,CHPh), 40.1 (-

CH,CHPh), 44.5 (—-CH,C(BH),0), 53.3 (-CCHs), 58.3 (-CCH,OH), 126.3 (-CH=CH-
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CCHa(BH)y0), 129.5 (-CH=CH-CCH,(BH)y(), 134.0 (-CH=CH-CCH,(BH),;). SEC

(THEF, eluent), M,, = 9.5 x 10° Da, PDI = 1.1.

2.4.22. [G2]-(Bn),-CPS (2.21)

The coupling was carried out, as described in general procedures, using [G1]-
(OH),-CPS (2.20) (0.240 g, 2.53 x 107 mol), benzylidene-protected anhydride (2.2) (0.85
g 1.99x 107 mol), and DMAP (0.23 mL of a 10 mM solution in CH,Cl,, 2.25 x 10°¢
mol) in a solution of 3:2 CH,Cly/pyridine (25 mL), and stirring at room temperature for
24 h. Upon quenching, washing, precipitation, and drying, polymer 2.21 was isolated as a
white powder (0.33 g, 90%). '"H NMR (500 MHz, CDCls): § (ppm) = 0.9 (br, ~285 H, —
CH;C, peripheral), 1.2 (br, ~128 H, —CH3C, internal), 2.5-2.7 (br, ~235 H, -
CH>C(BH)10), 3.6 (br, ~ 176 H, -CH,OCHPh), 4.3 (br, ~ 94 H, -CH,OCHPh), 4.4 (br,
~190 H, -CH,OCHPh), 4.5 (br, ~102 H, -CH,OCHPh), 5.4 (br, ~88 H, -CHO,Ph), 6.0-
6.8 (br, ~220 H, -PhCH,C(BH);¢), 7.3 (br, ~280 H, —PhCHO,), 7.4 (br, ~150 H, —
PhCHO,). >C NMR (125 MHz, CDCl3): & (ppm) = 17.6 (~CH5C), 42.5 (—-CH,CHPh),
53.9 (-CH>CHPh), 58.3 (-CH>C(BH),0), 64.5 (~CH>OCHPh), 73.3 (-CH,OCHPh), 101.7
(—~CHO,Ph), 126.2 (-CH=CCH,C(BH),) and -CH=CH-CCHO,), 128.1 (-CH=CH-
CCH,C(BH);p and —CH=CCHO,), 128.8 (-CH=C-CH,C(BH),) and —CH=CH-
CH=CCHO), 129.3 (-CH=CH-CH=CCHO,), 137.8 (-CH=CH-CH=CCHO,), 172.9 (-
COC(OCH),CHs, internal), 193.7 (-COC(OCH,),CH3, peripheral). SEC (THF, eluent),

M, =1.6 x 10* Da, PDI = 1.1.
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2.4.23. [G2]-(OH)4-CPS (2.22)

Deprotection of 2.21 (0305 g, 191 x 10° mol) in 30 mL of (l1:1)
CHyCly:methanol was carried out by both hydrogenolysis and acid-catalyzed
deprotection. The polymer (2.22) was recovered as a white foam (0.28 g, 99%). 'H NMR
(500 MHz, CDCls): 6 = 1.1 (br, ~258 H, —CH;C), 2.7-3.0 (br, ~248 H, —-CH,C(BH))0),
3.5-3.7 (br, ~356 H, -CH,OH), 4.2-4.3 (br, ~188 H, -CH,OH), 6.1-6.8 (br, ~220 H, —Ph).
BC NMR (125 MHz, CDCL): & (ppm) = 16.0 (—CHsC), 17.0 (-CHsC), 29.0 (-
CH,CHPh), 50.2 (—CH,C(BH)j¢), 53.8 (-CCHs), 58.8 (-CCH,OH), 64.4 (-CCH,OH),
75.0 (-CCH,OH), 129.3 (-C=CH-CH=CCH,(BH),0), 134.0 (-CH=CH-CCH2(BH))0).

SEC (THF, eluent), M, = 1.4 x 10* Da, PDI = 1.2.

2.4.24. |G3]-(Bn)4-CPS (2.23)

The coupling was carried out, as described in general procedures, using [G2]-
(OH)4-CPS (2.22) (0.201 g, 1.44 x 107 mol), benzylidene-protected anhydride (2.2) (1.0
g, 2.7 x 10~ mol), and DMAP (0.15 mL of a 10 mM solution in CH,Cl,, 1.5 x 10°° mol)
in a solution of 3:2 CH,Cly/pyridine (25 mL), and stirring at room temperature for 48 h.
Upon quenching, washing, precipitation, and drying, polymer 2.23 was isolated as a white
powder (0.30 g, 75% yield). 'H NMR (500 MHz, CDCl5): & (ppm) = 0.9 (br, ~508 H, —
CH3;C, peripheral), 1.1 (br, ~244 H, —CH3C, internal), 1.5 (br, ~118 H, —CH3C, internal),
2.7-3.0 (br, ~242 H, —CH,C(BH),y), 3.6 (br, ~330 H, -CH,OCHPh), 3.7 (br, ~174 H, —
CH,OCHPh), 3.8-4.1 (br, ~180 H, -CH,OCHPh), 4.4 (br, ~322 H, -CH,OCHPh), 4.6 (br,

~180 H, -CH,OCHPh), 5.4 (br, ~170 H, -CHO,Ph), 6.0-6.8 (br, ~220 H, -CHO,Ph), 7.3
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(br, ~945 H, ~PhCHO,), 7.4 (br, ~472 H, —-PhCHO,). >C NMR (125 MHz, CDCl;): &
(ppm) = 16.0 (—CH3C, peripheral), 17.0 (CH3C, internal), 19.0 (CH3C, internal), 29.0 (—
CH,CHPh), 50.8 (~CH,CHPh), 53.8 (~CH,CHPh), 58.0 (~CH,C(BH)i0), 64.4 (-
CH,OCHPh), 75.0 (-CH,OCHPh), 101.7 (~CHO,Ph), 126.0 (-CH=CCH,C(BH),, and —
CH=CH-CCHO,), 1282 (-CH=CH-CCH,C(BH);q and —CH=CCHO,), 129.0 (-
CH=C-CH,C(BH),y and —CH=CH-CH=CCHO,), 134.0 (-CH=CH-CH=CCHO,),
137.8 (-CCHCH, and —-CCHO), 172.9 (-COC(OCH,),CHs, internal), 193.7 (-

COC(OCH,),CHjs, peripheral). SEC (THF, eluent), M,, = 2.0 x 10* Da, PDI = 1.18.

2.4.25. [G3]-(OH)s-CPS (2.24)

Deprotection of 2.23 (0.203 g, 1.02 x 10° mol) in 30 mL of (1:1)
CH,Cly:methanol was carried out using both hydrogenolysis and acid-catalyzed
deprotection as detailed in general procedures. The polymer (2.24) was recovered as a
white foam (0.15 g, 96%). '"H NMR (500 MHz, CDCl;): & (ppm) = 1.1 (br, ~768 H, —
CH;C), 1.2 (br, ~118 H, -CH3C), 2.7-2.9 (br, ~238 H, -CH,C(BH),), 3.6 (br, ~692 H, —
CH,OH), 4.1-4.3 (br, ~522 H, -CH,0H), 6.0-6.8 (br, ~220 H, —Ph). >*C NMR (125 MHz,
CDCl): & (ppm) =16.0 (—CH3C), 17.0 (—CH3C), 19.0 (-CH;3C), 29.0 (—~CH,CHPh), 50.2
(~CH>C(BH),0), 54.0 (-CCH3), 58.0 (-CCH,0OH), 64.2 (-CCH,OH), 75.0 (-CCH,OH),
101.7 (—CHOPh), 126.2 (-CH=CH-CCHy(BH),p), 128.8 (-CH=CH-CCH,(BH))y),
129.3 (-C=CH-CH=CCH2z(BH)¢), 137.8 (-CH=CH-CCH2(BH)(), 172.9 (-COCCH3),

193.7 (-COCCH3). SEC (THF, eluent), M, = 1.7 x 10* Da, PDI = 1.23.
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2.4.26. |G4]-(Bn)s-CPS (2.25)

The coupling was carried out, as described in general procedures, using [G3]-
(OH)s-CPS (2.24) (0.150 g, 8.82 x10°® mol), benzylidene-protected anhydride (2.2) (1.7 g,
3.97 x 10 mol), and DMAP (88.0 pL of a 10 mM solution in CH,Cl,, 8.8 x 107 mol) in
a solution of 3:2 CH,Cly/pyridine (30 mL), and stirring at room temperature for 72 h.
Upon quenching, washing, precipitation, and drying, polymer 2.25 was isolated as a white
powder (0.18 g, 70% yield). "H NMR (500 MHz, CDCls): & (ppm) = 0.9 (br, ~1025 H, —
CHs;C, peripheral), 1.1 (br, 455~ H, —CH3C, internal), 1.5 (br, ~105 H, —-CH3C, internal),
2.7-3.0 (br, ~245 H, —CH,C(BH))y), 3.6 (br, ~612 H, -CH,OCHPh), 4.3 (br, ~625 H, —
CH,OCHPh), 4.4 (br, ~598 H, -CH,OCHPh), 4.6 (br, ~438 H, -CH,OCHPh), 5.4 (br,
~298 H, -CHO,Ph), 6.0-6.8 (br, ~220 H, -PhCH,C(BH))(), 7.3 (br, ~1640 H, ~PhCHO,),
7.4 (br, ~1298 H, -PhCHO;). >C NMR (125 MHz, CDCls): & (ppm) = 16.0 (—CH;C,
peripheral), 17.0 (CH3C, internal), 19.0 (CHsC, internal), 29.0 (—CH,CHPh), 50.8 (-
CH,CHPh), 53.8 (-CH,CHPh), 58.0 (-CH,C(BH)p), 64.4 (—CH,OCHPh), 75.0 (-
CH,OCHPh), 101.7 (-CHO,Ph), 126.0 (-CH=CCH,C(BH),p and -CH=CH-CCHO),
128.2 (-CH=CH-CCH,C(BH),¢p and -CH=CCHO), 129.0 (-CH=C-CH,C(BH),¢ and —
CH=CH-CH=CCHO,), 134.0 (-CH=CH-CH=CCHO,), 137.8 (-CCHCH, and —
CCHO»), 172.9 (-COC(OCH;),CHs, internal), 193.7 (-COC(OCH;),CH3, peripheral).

SEC (THF, eluent), M,, = 2.9 x 10* Da, PDI = 1.23.
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2.4.27. [G4]-(OH)6-PSC (2.26)

Deprotection was carried out, as described in general procedures, using both
hydrogenolysis and acid-catalyzed deprotection, with 2.25 (0.151 g, 5.21 x 10° mol) in
30 mL of (1:1) CH,Cly:methanol. The polymer (2.26) was recovered as a white foam
(0.10 g, 90%). "H NMR (500 MHz, CDCls): & (ppm) = 1.1 (br, ~895 H, -CH;C), 1.2 (br,
~674 H. —-CH;C), 1.3 (br, ~90 H, —CH3C), 2.7-2.9 (br, ~218 H, —CH,C(BH))(), 3.6 (br,
~1200 H, -CH,OH), 4.1-4.3 (br, ~895 H, -CH,0H), 6.0-6.8 (br, ~220 H, —Ph). >C NMR
(125 MHz, CDClz): 6 (ppm) =16.0 (-CH3C), 17.0 (-CH3C), 19.0 (-CH3C), 29.0 (—
CH,CHPh), 50.2 (—CH,C(BH)io), 54.0 (-CCHs), 58.0 (-CCH,0H), 64.2 (-CCH,OH),
75.0 (-CCH,0OH), 101.7 (-CHO,Ph), 126.2 (-CH=CH-CCH2(BH))(), 128.8 (-CH=CH-
CCHz(BH))0), 129.3 (-C=CH-CH=CCH(BH)(), 137.8 (-CH=CH-CCH(BH))(), 172.9

(-COCCH3), 193.7 (-COCCH3).
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Chapter 3: Protein Resistance of Surfaces Prepared by Chemisorption of Mono-
Thiolated Poly(ethylene glycol) to Gold and Dendronization with Aliphatic Polyester

Dendrons: Effect of Hydrophilic Dendrons

Abstract

Protein adsorption to surfaces prepared by chemisorption of thiol-terminated
poly(ethylene glycol) (HS-PEGeso-OH) to gold-coated silicon wafers followed by
functionalization of the terminal PEG OH-groups with aliphatic polyester dendrons was
investigated. Chemisorption of HS-PEGeso-OH to the gold surfaces was carried out under
cloud-point conditions to give a chain density of approximately 3.7 chains/nm’, as
calculated from AFM film thickness measurements. Dendronization of the PEG-
functionalized surfaces with aliphatic polyester dendrons, generation 1 to 4, was achieved
using divergent dendron growth. The hydrophilicity of the surfaces increased
significantly with increasing dendron generation as shown by water contact angle data.
The effect of the hydrophilic dendrons on protein adsorption from phosphate-buffered
saline (PBS) and plasma are reported. Adsorption of both '*’I-radiolabled fibrinogen and
lysozyme onto the dendronized surfaces showed that protein adsorption increases upon
introduction of dendrons to the PEG-functionalized surfaces. The similarity between
fibrinogen and lysozyme adsorption suggests that resistance of the dendronized surfaces
to proteins follows the same trend regardless of protein size. This chapter has been
reproduced in part with permission from Macromolecules 2008, 2567-2576. Copyright

2008 American Chemical Society.
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3.1. Introduction

Among the biomaterials under investigation, polymers constitute a versatile class
that has received attention in various biological applications due to the vast flexibility in
their synthesis and facile modification to suit specific physical and mechanical properties
of a wide range of tissues. In comparison to natural polymers, the use of synthetic
polymers as biomaterials is a relatively recent phenomenon.' A variety of polymers,
including polyurethanes, polyethylene, poly(ethylene terephthalate), silicones, and
various polyacrylates have been used in applications such as blood contacting devices,
hip joint replacement, and intraocular lenses." Even though the application of biostable
polymeric materials has played an important role in the advancement of modern health
care, many of these materials are limited by their lack of long-term biocompatibility.

Protein adsorption is known to be the first event that occurs following
implantation of biomaterials, and is therefore important in initiating events that determine
host responses such as blood coagulation, thrombus formation, platelet activation,
bacterial infection, and other undesirable responses.” Surfaces that resist the nonspecific
protein adsorption are useful in numerous applications, including sensors, materials for
contact lenses, implantable devices in blood contacting applications,” and drug delivery
devices.* A common approach for minimizing problems arising from protein adsorption
involves coating the surface with a material that inhibits non-specific interactions. A
number of such materials have been used, including heparin,5 dextran,® and
poly(ethyloxazoline).”* However, the most prominent and commonly used material for

protein adsorption resistance is poly(ethylene glycol) (PEG).” While a number of different
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d,'"""* a molecular-level understanding of

PEG-functionalized surfaces have been studie
their protein-repelling mechanisms is still a matter of debate.'®"® For example, Nishiumi
and coworkers suggested that protein resistance of the PEG-modified surfaces is directly
attributed to the highly dynamic nature of the segments in water."” Based on a model
study by Andrade and de Gennes to rationalize the protein resistance of surfaces grafted
with PEG, it was found that the conformational flexibility of the grafted PEG plays an
important role in this process.'*'>*" In separate studies, Grunze and co-workers'*' found
that the conformation of PEG chains at the interface and their interaction with water is an
important determinant of protein resistance, whereas Brash and coworkers have reported
that chain density is one of the key contributors to this phenomenon.*'***%*

While these studies have thoroughly investigated the protein-resistant properties
of linear hydrophilic polymers, focusing on hydrophilicity/hydration, conformation,
molecular weight, and surface density, relatively little attention has been given to the
effect of polymer branching on protein repulsion. Although branched polymers and
dendrimers have attracted significant interest as drug delivery vehicles,”*?’ investigation
of their anti-fouling properties on surfaces has been limited to the use of PAMAM
dendrimers and polyglycerol hyperbranched polymers.zg’30 In the case of PAMAM
dendrimers, protein resistance was significantly diminished as a result of their
polycationic nature under physiological pH.*'** Non-specific protein adsorption is
known to be exacerbated on cationic surfaces relative to neutral surfaces.’

Hyperbranched polyglycerols, on the other hand, are neutral under physiological

conditions. These structures were shown to exhibit protein resistance that is practically
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equivalent to a PEG monolayer on gold.** However, the polymerization mechanism
precludes precise control of polymer size, architecture, and degree of branching in these
materials. Here, we present the synthesis and characterization of model dendronized gold
surfaces, which combine the linear PEG with aliphatic polyester dendrons based on the
2,2-bis(hydroxymethyl)propionic acid (bis-MPA) building block. Similar to the
hyperbranched polyglycerols, the polyester dendrons exhibit charge neutrality under
physiological conditions and a well-defined structure that arises from their step-wise
synthesis. In addition, the dendrons investigated here have been shown to be
biocompatible, making them ideal for biological applications.***> The focus of this study
was therefore to investigate the effect of surface functionalization with hydrophilic bis-
MPA-based polyester dendrons on protein adsorption at each dendrimer generation, and

to compare this system with more traditional PEG-grafted surfaces.

3.2. Results and Discussion

3.2.1. Surface grafting with HS-PEG650-OH

Surface dendronization was preceded by the chemisorption of monothiolated
PEG, HS-PEGgs0-OH, onto the gold surfaces. Conditions for the chemisorption of HS-
PEGgso-OH were optimized by varying the ionic strength of the chemisorption solution as
well as the chemisorption time at 25 °C. This strategy was based on the previously
reported premise that higher chain densities should be obtained when chemisorption is

carried out under cloud-point conditions.”® The surface grafting was evaluated by water
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contact angle measurements. Based on the results from advancing contact angle
measurements, higher chain densities were obtained in the high ionic strength (IS = 2.9,
pH = 7.4) chemisorption solution after 4 h or longer at 25 °C, as reflected by the decrease
in the contact angle (Table 3.1). Based on these results, all subsequent chemisorptions
were carried out using a solution of 5 mM of HS-PEGgso-OH in high IS PBS for 4 h at 25

g o4

3.2.2. Divergent dendron synthesis

Growth of aliphatic polyester dendrons up to the fourth generation was
accomplished using a divergent synthetic approach® with the acetonide-protected
anhydride of 2,2-bis(hydroxylmethyl)propionic acid (bis-MPA) (3.1) as the building

block (Scheme 3.1). The reactivity of this anhydride has proven to be useful for the

36,40-43 25,44-50

synthesis of dendrimers, dendronized polymers, and dendronized
surfaces.””'™® The first generation dendrons were introduced via an esterification
reaction carried out on the terminal hydroxyl groups of PEGgso-functionalized gold
surfaces with excess acetonide anhydride (3.1) and a catalytic amount of DMAP in a
mixture of CH,Cl,:pyridine (3:2 v/v). This step was followed by removal of the acetonide
protecting groups to give the hydroxyl-terminated first generation dendrons. The
deprotection step was carried out following a literature procedure, using the acidic resin

DOWEX 50W-X2 in methanol at 50 °C for 1 h.* Iterative esterification and deprotection

reactions allowed surface dendronization up to the fourth generation (Scheme 3.1).
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Scheme 3.1. Synthesis of G1-G4 dendronized surfaces.
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3.2.3. Water contact angle measurements

Water contact angles were measured before and after surface grafting with PEG
and further dendronization with the aliphatic polyester dendrons of generation 1-4. It is
apparent from the results (Table 3.1, Figure 3.1) that the surfaces grafted with HS-
PEGeso-OH show a significant decrease in contact angle when compared to the
unmodified gold surfaces. The advancing and receding angles on unmodified gold were
70 + 3° and 40 + 8°, respectively. Following chemisorption with PEG, the angles
decreased significantly for all chemisorption conditions reflecting the hydrophilic nature

imparted by the grafted PEG on the gold surfaces (Table 3.1).
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Table 3.1. Water contact angles (°) under various chemisorption conditions: Effect of

ionic strength and time on surface grafting density.

Chemisorption Conditions” Advancing Receding Ionic strength
contact angle (°) contact angle (°) M)
Bare Au T70£3 40+ 8
High IS (low solubility), 30 min 4542 15%35 2.9
High IS, 2 h 41+3 17+4 2.9
High IS, 4 h 38+2 156 2.9
High IS, 12 h 3641 15455 2.9
Low IS (high solubility), 30 min 58+4 2543 0.26
Low IS, 2 h 3543 26+ 1 0.26
Low IS, 4 h 47+2 282 0.26
Low IS, 12 h 46 +3 27+4 0.26

5 mM chemisorption solution of HS-PEGgs0-OH in PBS at pH = 7.4

Water contact angles were also utilized to characterize the surfaces after each
esterification and deprotection step of the divergent growth of dendrons at every
generation. The results, summarized in Table 3.2 and Figure 3.1, show that the advancing
contact angles for the protected dendritic generations ranged between 51 + 3° and 58 +
1°, and the receding angles ranged between 26 + 5° and 33 + 3° for generations 1 to 4.
These increasing contact angle values reflect the hydrophobic character of the dendrons
bearing the acetonide groups at their periphery (Table 3.2, Figure 3.1).

Table 3.2. Water contact angles of unmodified Au, Au-PEG, and Au-G1(Ac) to G4(Ac).

Surface Advancing contact angle (°)  Receding contact angle (°)
Bare Au 70+ 3 40+ 8
Au-PEGeso 42+4 36 +2
Au-G1(Ac) 51+3 26+5
Au-G2(Ac) 54+2 3N +2
Au-G3(Ac) 57+4 24+2
Au-G4(Ac) 58+1 33+3

5 mM chemisorption solution of HS-PEGgso-OH in PBS at pH = 7.4 and high IS for 4 h.
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Figure 3.1. Advancing contact angles of Au, Au-PEG, and Au-Gl(Ac) to G4(Ac)

surfaces.

In contrast, the contact angles obtained after deprotection of the acetonide groups
show a significant decrease when compared to the PEG-functionalized gold surfaces
(Table 3.3, Figure 3.2). The advancing contact angles for the OH-terminated dendritic
generations 1 to 4 ranged between 40 + 2° and 30 + 2°, and the receding angles ranged
between 22 + 3° and 13 + 1°. These results reflect the hydrophilic character of the OH-
terminated dendron periphery after removal of the acetonide groups. This hydrophilic
character increases with increasing dendron generation as a result of the theoretical

doubling in number of hydroxyl groups at the periphery from one generation to the next.
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Table 3.3. Water contact angles of unmodified Au, Au-PEG, and Au-G1(OH) to

G4(OH).
Surface’ Advancing contact angle (°) Receding contact angle (°)
Bare Au 70£3 40+£8
Au-PEGgsg 42+4 36:+2
Au-G1(OH) 40+2 22 %3
Au-G2(OH) 3642 1541
Au-G3(OH) 321 10+1
Au-G4(OH) 302 1341

"5 mM chemisorption solution of HS-PEGgs0-OH in PBS at pH = 7.4 and high IS for 4 h.

85 +
75
65 4

55 4

Bare Au Au-PEG  Au-G1(OH) Au-G2(OH) Au-G3(OH) Au-G4(OH)

Advancing
contact angle (°)

Figure 3.2. Advancing contact angles of Au, Au-PEG, and Au-G1(OH) to G4(OH)

surfaces.

3.2.4. X-ray photoelectron spectroscopy (XPS)

High-resolution XPS data for sulfur and carbon within each of the samples are
summarized in Figure 3.3 The S2p photoelectron peak at ~162 ¢V was assigned to the
gold-bound sulfur atoms (S-Au) obtained for both PEG-grafted and G4-dendronized

surfaces (Figure 3.3.b and c). The Cls peak at 284.6 ¢V, observed on the bare gold
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surfaces (used as a control), was assigned to aliphatic carbon contamination on gold,
which was also seen with the low-resolution data (not included). Such surface
contamination with carbonaceous material is extremely common and difficult to avoid.”*
Deconvolution of the Cls peak of the PEG-modified surfaces revealed two distinct peaks
shown in Figure 3.3.e. The presence of the new major peak at 286 eV, assigned to the
ether carbons within each repeat unit of PEG, clearly demonstrated the presence of PEG
at the surface (Figure 3.3.d). Similarly, analysis of the G4(Ac) dendronized surfaces
revealed two major signals at 284.6 eV and 286 eV after deconvolution of the Cls peak,
as well as minor peaks at 287 eV and 290 eV corresponding to higher oxidation state
carbons (Figure 3.3.f). The main difference between the PEG-functionalized surface and
the G4(Ac)-dendronized surface was the reversal in the intensity of the deconvoluted Cls
peaks corresponding to the aliphatic and ether carbons. In the case of the Au-PEG
surface, the ratio of ether to aliphatic carbons is greater than 1, whereas in the case of Au-
G4(Ac) surface, this ratio is less than 1 due to the larger number of aliphatic carbons
resulting from multiple acetonide groups at the dendron periphery (data for Au-G1(Ac) to
Au-G3(Ac) is given in Appendix I, Figure 3.1.1). Furthermore, for a more quantitative
evaluation of surface functionalization, the ratios of the deconvoluted peaks obtained
from the high-resolution Cls analysis for each carbon environment were calculated and
compared to the expected theoretical values (Table 3.4). The ratios were calculated for
four specific carbon environments at binding energies of 284.6, 286, 287 and 290 eV,
corresponding to aliphatic bis-MPA carbons, ether carbons (C-O-), ester carbons (-

CH,OCO-), and carbonyl carbons (-CH,OCO-), respectively. These four carbon
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environments were specifically chosen to provide a direct comparison between the PEG
carbons and the dendron carbons. All ratios were calculated in reference to the aliphatic
bis-MPA C atoms. For instance, the ratio of the aliphatic carbons, present only in the
dendrons, to the ether carbons, present only in the PEG chains, would be expected to
increase as the dendron generation increases. The XPS data shows that, as dendron
generation increases, the agreement between measured and theoretically calculated ratios

generally improves (Table 3.4).

Table 3.4. Atomic composition % ratios from high-resolution Cls XPS data for various

surfaces.

Surface Takeoff (284.6:286¢V) (284.6:290eV) (284.6: 287¢V)

angle (°) C* . C-O C* :COO C* :CH,0CO

Calc. Found Calc. Found Calc. Found

Au 90 0 3.26 0 5.56 0 4.80
20 0 3.47 0 8.09 0 6.45

Au-PEG 90 0 0.88 0 3.54 0 2.75
20 0 0.67 0 2.78 0 1.56

Au-G1(Ac) 90 0.18 2.50 5 6.88 215 5.44
20 0.18 2.47 5 5.47 215 491

Au-G2(Ac) 90 0.36 1.92 3.33 4.57 1.67 4.49
20 0.36 2.06 3.33 3.37 1.67 3.37

Au-G3(Ac) 90 0.71 1.68 2.86 3.66 1.43 3.57
20 0.71 1.06 2.86 4.01 1.43 2.92

Au-G4(Ac) 90 1.42 1.67 2.67 2.19 1.33 2.66
20 1.42 1.39 2.67 2.12 1.33 1.88

* Alipahtic carbons of the acetonide protecting groups within the dendrons.
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Figure 3.3. High-resolution S2p XPS data at 90° takeoff angle for: (a) Bare Au, (b) Au-
PEG, (c) Au-G1(Ac), and Cls data at 90° takeoff angle for: (d) Bare Au, (¢) Au-PEG, (f)

Au-G4(Ac).

3.2.5. Time-of-Flight Secondary Ion Mass Spectroscopy (TOF-SIMS)

In order to further characterize the surface functionalization, all the surfaces were
analyzed in detail using TOF-SIMS in both positive and negative modes. The major
advantage of TOF-SIMS over XPS measurements is the ability to analyze only the

outermost surface layer (~ 5 A) of a sample, and provide not only information on the
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elemental composition of the surface, but also the chemical structure of species on the
surface. The positive ion TOF-SIMS spectra of the bare Au, Au-G1(Ac), Au-G1(OH),
and Au-G2(Ac), are shown in Figure 3.4 for two different mass ranges corresponding to
two fragments specific to the immobilized dendrons. These two fragments, with
molecular formula of CsHyO4" (MW = 133.12 Da) and CgH;304" (MW = 173.19 Da),
correspond to the deprotected and acetonide-protected bis-MPA units, respectively.
Therefore, analyzing the TOF-SIMS spectra at these specific mass values for the various
surfaces provided direct evidence of functionalization with the aliphatic polyester
dendrons (the full TOF-SIMS spectra over the entire mass range are included in
Appendix I, Figure 3.1.2). For each surface, the observed molecular fragments
corresponded to the species expected at the dendron periphery. For example, after
reaction of the surfaces with the anhydride (3.1) at any dendron growth step, the TOF-
SIMS spectra indicate the presence of the expected acetonide-protected fragment at 173
Da (Figure 4 B(ii), D(ii), F(ii), and H(ii)). After any deprotection step, the spectra
indicate the presence of a fragment at 133 Da, corresponding to the expected diol
fragment (Figure 3.4 C(i), E(i), G(i), and I(i)). Importantly, for the first three generations,
the observed signals are mutually exclusive (i.e., the fragment at 133 Da is not observed
in the samples measured after reaction with 3.1, and the fragment at 173 is not observed
after deprotection steps). Low intensity signals observed in several samples were
identified as fragments of PEG chains and small amounts of unreacted lower-generation

dendrons.
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Figure 3.4. Normalized negative ion TOF-SIMS spectra of various surfaces for two mass

ranges; i) mass range corresponding to the deprotected G1(OH) fragment (CsHoOy), i1)

mass range corresponding to the acetonide-protected fragment (CgH;304).
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From the data for higher generations, it is clear that dendron growth from G3 to
G4 on the surfaces does not go to completion, as a significant signal is observed for the
deprotected fragments (133 Da) at this stage. This decreased efficiency of the coupling
step at higher generations is likely a result of increasing steric hindrance arising from the
presence of bulky dendrons on the surface. Nevertheless, along with the XPS and contact
angle results, this data illustrates that dendronization of the PEG-functionalized surfaces
and subsequent divergent dendron growth using the iterative deprotection and coupling

protocol (Scheme 3.1) were carried out successfully.

3.2.6. AFM Analysis

Ex situ ellipsometry is the most widely used technique for film thickness
measurement on smooth surfaces. However, the rough nature of gold surfaces (1-2 nm
surface roughness) and the relatively small adsorbate thicknesses limited its use in the
present work. Therefore, film thickness measurements of the chemisorbed PEG layer on
gold were accomplished by Tapping Mode™ AFM height measurements using the
“scratch” method. The average thickness of the gold layer measured on a clean surface
prior to functionalization was found to be ~111.4 nm £ 0.6 nm, which is in good
agreement with the expected thickness of 100 nm, as reported by the manufacturer. This
result indicated that the scratch introduced onto the surface prior to functionalization
penetrated the entire gold layer. This was important, since any gold remnants within the
scratch could be grafted with PEG chains in the chemisorption step, resulting in

inaccurate film thickness measurements. The film thickness data of the PEG-grafted
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surfaces (Au-PEG) show that the average thickness, measured at numerous points using
the average mode calculation in the AFM Nanoscope-(R) I1I software, was ~115.3 + 0.4
nm (see Appendix I, Figure 3.1.3). Therefore, the thickness of the PEG chain layer was
3.9 £ 1 nm, which is in close agreement with the theoretical value of 4.1 nm calculated
for the film thickness of a PEGgso layer based on the characteristic monomer length of
2.78 A for the ethylene oxide repeat unit.”

The AFM thickness data obtained for the G1(Ac)-G4(Ac) dendronized surfaces
show very little difference compared to the PEG layer thickness (Figure 3.5). These
results were not surprising since the theoretical height of the grafted dendrons is expected

to be less than 1 nm, which is within the error of the AFM measurements.
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Bare Au (0-Au-PEG Gl-Au-PEG G2-Au-PEG G3-Au-PEG G4-Au-PEG

Thickness (nm)

Figure 3.5. Film thickness measurement using Tapping ModeTM AFM height analysis.

The surface topographies of the scratched gold surface prior to and after

functionalization were also examined by AFM. The results from the 3D AFM amplitude
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images 1illustrated in Figure 3.6 show that the control gold surface prior to
functionalization was relatively smooth, with a mean roughness (Ra) value of 1.26 nm
(Figure 3.6.a). In contrast, the surface roughness of the PEG-grafted surface increased to
227 nm (Figure 3.6.b). The surface roughness increased considerably upon
dendronization, with values ranging between 2.41 nm and 5.42 nm for the Gl to G4

dendronized surfaces (Figure 3.6.c-f, Table 3.5).

a) b)

Figure 3.6. AFM amplitude images of (a) bare Au, (b) Au-PEG, (c) Au-G1(Ac), (d) Au-

G2(Ac), (e) Au-G3(Ac), (f) Au-G4(Ac). (Image size: 1 x 1 pm?).
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The increase in surface roughness upon PEG-functionalization is believed to be a
result of PEG aggregation into phase-separated domains on the surface. Similar AFM

56,57 . . -
>’ The continued increase in

results on PEG-modified surfaces were reported previously.
surface roughness upon dendronization is likely caused by additional local aggregation of
hydrophobic acetonide-protected dendrons as their size increases. Furthermore, the

general dendron shape and the incomplete surface dendronization at higher generations

can both lead to increased surface roughness and heterogeneity.

Table 3.5. Root-mean-square (Rms) roughness of bare and modified gold surfaces

obtained from AFM data.
Surface Rms (nm)
Bare gold 1.26
Au-PEG650 2.27
Au-G1(Ac) 241
Au-G2(Ac) 3.57
Au-G3(Ac) 4.04
Au-G4(Ac) 542

3.2.7. Fibrinogen adsorption

The effect of surface modification with PEG and its subsequent dendronization on
protein adsorption was investigated. Fibrinogen (Fg) was selected for these studies due to
the crucial role it plays in wound healing® clot formation,” and platelet
adhesion/activation.”® Adsorption onto various surfaces was studied from both PBS-Nal
buffer and plasma. Prior to adsorption, the protein was radiolabeled with '*’I, which

enabled quantitative estimation of the amount of protein adsorbed onto the surfaces in
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units of pg/cm’®. This study was based on the previously reported results showing
significant protein adsorption resistance of surfaces functionalized with PEG chains of

»12 Although the mechanism of protein repulsion in the

various molecular weights.
presence of PEG is not fully understood, this effect was attributed to several factors,
including chain density, length, flexibility, and PEG hydration due to its hydrophilic
nature.'*'*?**%% In the present work, we set out to determine whether or not the
increased hydrophilicity introduced by dendron grafting could improve protein repulsion.
The results from the Fg adsorption studies show that the dendronized surfaces
exhibit an opposite effect on protein adsorption to the one originally expected. The results
obtained show that protein adsorption increased upon introducing the G1(OH) dendrons
compared to the PEG-modified surfaces. Furthermore, protein adsorption continued to
increase with increasing dendron generation as shown in Figure 3.7, despite the increase
in surface hydrophilicity imparted by the dendrons. It has been proposed that one of the
contributing factors to protein resistance on PEG-modified surfaces is PEG chain
flexibility and dynamics, where it is believed that higher chain flexibility enhances
protein repulsion.™'? In our studies, the increase in protein adsorption as a result of
surface dendronization can potentially be explained by this hypothesis, as a decrease in
PEG chain mobility can result from intra- and inter-molecular hydrogen-bonding of the
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