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Abstract

Dendrimers are three-dimensional, hyperbranched macromolecules that possess a
uniform size and shape. Most dendrimers are spherical in shape; however, the shape of the
dendrimer can be adjusting using the number and the position of the branching groups in the
core. For example, dendritic rods have been prepared by assembling a dendron around each
repeat unit of a linear polymer core, and hybrid-linear dendritic diblock copolymers have been
prepared by attaching a dendron to the end functional group of a linear polymer. This linear
block in the diblock copolymers also adds physical integrity and an assembly mechanism for
arrangement of the polymer. Nonetheless, no one has combined the unique shape of the
dendritic rod with that of the linear dendritic diblock copolymer. The objective of this research
was to prepare a linear-dendritic rod diblock copolymer, and to examine its assembly behavior in
solution, at the air/water interface, and in the bulk. These polymers consisted of a linear
poly(ethylene oxide)-poly(ethylene imine) diblock copolymer around which poly(amido amine)
branches were divergently synthesized. The dendritic branches were terminated with amine and
ester groups, as well as alkyl chains of various lengths in order to “tune” the amphiphilic nature
of the polymer.

A fundamental change in the assembly behavior of the polymers was observed at
generation 4.0 (eight end-groups). In solution, the hydrodynamic and viscometric radii were
found to increase to a much greater extent than expected for the generation 4.0 and 4.5 polymers,
consistent with a breakdown of the spherical approximation as the dendritic block extended into
arod-like shape. Similarly, at the air/water interface, the dendritic block of generation 4.0-alkyl
terminated polymers all adopted a horizontal rod configuration, while the dendritic block of the
lower generation polymers took on a random coil configuration, whose shape depended on the
length of the terminal alkyl groups as well as the generation number of the dendritic block.
Finally, in the bulk, direct observation of the generation 4.0-dodecyl terminated polymer with
TEM indicated that the polymer was adopting a rod- or worm-like conformation, while the lower
generation polymers only exhibited traditional diblock copolymer or polymer brush behavior.
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Chapter 1

Introduction and Objectives

1.1 Introduction

Dendrimers are three-dimensional, hyperbranched macromolecules that possess a
uniform size and shape.! These macromolecules derive their name from the Greek words
dendron meaning tree and mers meaning parts, since each polymer is composed of many tree
like parts.” For the same reason, these polymers have also been called “arborols™ and “cascade”
polymers.” Dendrimers differ from conventional polymers in that they are synthesized in a
stepwise manner, which allows for precise control over the number and the length of the
branches, as well as the molecular weight.” This stepwise synthesis also allows one to tailor the
chemistry of the polymer in the core, in the interior branches, and most importantly on the
surface where the chemistry can dramatically affect the properties of the polymer.® While
researchers have assembled a whole library of dendritic chemistries and architectures, their
common characteristic is their unique, controlled, hyperbranched structure.

The first dendrimers that were prepared were spherical in shape, consisting of a small
molecule core with three or four sites for dendron attachment;’ however, researchers have found
that the shape of the dendrimer could be altered by modifying the number and the position of the
branching points in the core. For example, rod shaped dendrimers have been synthesized by

8-17

assembling the dendrons around each repeat unit of a linear polymer core,”"’ and dendritic

mushrooms (hybrid-linear dendritic diblock copolymers) have been synthesized by attaching a

single dendron to the end functional group of a linear polymer.'®°

In general, the sizes of
dendrimers are on the order of nanometers, but the particular size of a dendrimer can be tuned
using not only the chemistry and the generation number for spherical dendrimers, but also the
length of the linear polymer core for dendritic rods, and the length of the linear block for hybrid-
linear dendritic diblock copolymers. The unique tree-like nature of dendrimers also allows for
the formation of molecular cavities or pores in the interior area between the branches.®

Thus, due to their specific shape, a size that can be carefully programmed, and their

ability to form molecular cavities, dendrimers offer an interesting approach to the formation of
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nanomaterials.”’ Nanomaterials are those materials that have length scales between 1 and 100
nanometers and that are also able to exhibit some function.”” Recently, there has been a large
interest in the formation of nanomaterials as researchers have been trying to tailo"r the properties
of materials down to the molecular level. In addition, researchers have been trying to make
devices that arc smaller, faster, and less expensive than current devices, which are micrometers
in size, and as the devices have become smaller and faster, the techniques that have been used to
make these devices have been approaching their limits of applicability.® Thus, there exists a
need to find new methods and new materials to work at the nanoscale level.

Spherical dendrimers have already been used as nanomaterials for applications in
solution, in thin interfacial films, and in the bulk. In solution, spherical dendrimers have been
shown to absorb and release two different dye molecules upon the application of two different
acidic conditions.>*** Azobenzene terminated dendrimers have been shown to form
photoresponsive Langmuir and Langmuir-Blodgett interfacial films.>**® Finally, dendrimers
have been used to template the formation of metal nanoparticles, creating unique nanoscopic
composite materials in the bulk.>*** For some applications, spherical dendritic homopolymers
have proved to be sufficient, but for other applications, they have lacked the necessary
organization and physical integrity. Thus, researchers have prepared hybrid-linear dendritic
diblock copolymers in which the linear block adds not only physical integrity, but also a
mechanism to induce assembly and organization of the dendritic block. For example, in
solution, amphiphilic hybrid-linear dendritic diblock copolymers have been found to assemble
into macromolecular micelles whose aggregation follows classic Isrealachvili behavior for small
molecule surfactants in which the shape of the surfactant affects the type of aggregation.”> >
Similarly, in interfacial films, the linear block in amphiphilic hybrid-linear dendritic diblock
copolymers has provided a cohesive layer to aid in the formation of multi-layer Langmuir-
Blodgett films.2*>* Finally, in the bulk, the presence of the linear block has been shown to
induce segregation of the dendritic and the linear block into domains due to unfavorable
interactions between the two blocks.***

While extensive research has focused on the synthesis and characterization of spherical
dendrimers, the synthesis and properties of dendritic rods are only beginning to be developed and
understood. Dendritic rods may find use in some nanomaterial applications where not only the

size and the function are important, but also the shape. Nonetheless, it can be expected that these
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dendnitic rods will suffer from some of the same difficulties that impeded the use of spherical
dendrimers in some nanomaterial applications, such as a lack of physical integrity as well as a
mechanism of assembly and organization. A natural solution to these problems is to add a linear
block to the dendritic rod, creating a linear-dendritic rod diblock copolymer; however, no one
has yet reported doing so. Thus, the synthesis, characterization, and assembly behavior of linear-

dendritic rod diblock copolymers are the subjects of this thesis.

1.2 Research Objectives and Scope

The objectives of this research were to design and synthesize a diblock copolymer
possessing a linear-dendritic rod diblock copolymer architecture and then to study the assembly
behavior of a series of these diblock copolymers in solution, at the air/water interface, and in the
bulk. Of primary interest are the effects of dendritic generation and end group chemistry on the
above properties. While dendrimers possessing a dendritic rod architecture and others
possessing a hybrid-linear dendritic diblock copolymer have been prepared, those with a linear-
dendritic rod diblock copolymer architecture proposed have not yet been reported. A graphical
representation of this unique dendritic architecture is presented in Figure 1.1. This architecture
was of interest as the polymers possessed not only a rod block, which is a nanosized object, but
also a linear block, which could add physical integrity and could drive the organization of these

molecular objects through various assembly mechanisms.
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Figure 1.1. Graphical representation of a linear-dendritic rod diblock copolymer.
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Specifically, the diblock copolymers under investigation consisted of a linear
poly(ethylene oxide)-poly(ethylene imine) diblock copolymer around which poly(amido amine)
branches were divergently synthesized. The dendritic branches were terminated with amine and
ester groups, which were formed during the generational synthesis; however, the ester groups
were also converted to alkyl groups of various lengths allowing one to “tune” the
hydrophilic/hydrophobic nature of the dendritic block, and thus, the amphiphilic nature of the
diblock copolymer. Poly(ethylene oxide) was chosen as the linear block because it was a
commercially available, hydrophilic linear polymer that was soluble in both water and organic
solvents, thus decreasing solvent compatibility issues during the synthesis.

In the remainder of this thesis, the following topics will be presented. Chapter Two will
focus on the design and synthesis of two series of linear-dendritic rod diblock copolymers, one
consisting of a dendritic block of approximately 97 repeats and a poly(ethylene oxide) block of
43 repeats and the other consisting of a dendritic block of approximately 178 repeats and a
poly(ethylene oxide) block of approximately 43 repeats. Functionalization of the dendritic end
groups with various lengths of alkyl chains will also be discussed. Finally, the chemical
characterization of all of the polymers will be presented. In Chapter Three, the solution behavior
of these linear-dendritic rod diblock copolymers will be explored. This behavior will be
examined using dynamic light scattering and intrinsic viscosity measurements in order to gain
insight into the size and aggregation of the polymers as a function of generation and end group
chemistry. The focus of Chapter Four will be the behavior of these linear-dendritic rod diblock
copolymers as Langmuir films as determined from pressure/area isotherms. Of particular
interest are the effects of generation number and alkyl chain length on the surface pressure,
surface area, compressibility, reversibility, and reproducibility of the films. In addition, from the
pressure/area isotherms, a model for the arrangement of the polymers in the films is presented.
Chapter Five will concentrate on the thermal and morphological bulk properties of the polymers.
The glass transition temperature and the melting point, as determined from differential scanning
calorimetry, as well as the morphology, as characterized with x-ray scattering and transmission
electron microscopy, will be presented and discussed with regard to the generation number and
end group chemistry. Preliminary imaging of one of the polymers with tapping mode atomic
force microscopy will also be shown. It should be noted that at the beginning of Chapters Two

through Five, literature about dendrimers relevant to each chapter will be reviewed. Finally, in
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Chapter Six all of the results will be summarized and conclusions will be drawn in light of the

work presented. In addition, suggestions for future research directions will be offered.
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Chapter 2

Synthesis and Chemical Characterization of the Linear-
Dendritic Rod Diblock Copolymers

2.1 Introduction

For many years, one of the primary goals of those working in the dendrimer community
was to synthesize as many different dendritic chemistries as possible so that a broad range of
applications, which each had their own specific chemical needs, could take advantage of the
unique properties offered by the dendritic structure.! In some cases, this meant developing an
entirely new synthetic scheme such that the resulting polymers had unique interior functional
groups and bonding configurations. In other cases, it meant tuning an existing chemistry by
changing the chemical nature of the end functional group resulting in dendrimers that were
amphiphilic.>” Over time, a huge library of chemistries had been compiled; however, almost all
of these chemistries had been developed for traditional spherical dendrimers.? Unfortunately, as
research progressed, it was found that chemistry alone could not be used to tune all of the desired
properties, and the spherical architecture limited the use of dendrimers in some applications.”'°
Thus, researchers began to turn their interest to dendritic architecture in order to examine the
effect of architecture on properties. One way that this was done was to incorporate traditional
polymers into their chemistries. They first prepared dendritic rods in which a linear polymer
served as the dendritic core, with each repeat unit serving as a site for dendron attachment.®!'"*
Other groups used the end functional group of a linear polymer as the dendritic core, forming
hybrid linear-dendritic diblock copolymers.”*?* When making these architectural changes,
researchers attempted to keep the chemistry of the dendritic portion very similar to that which
had been previously developed; however, it was found that the synthetic schemes developed for
the spherical dendrimers were not always directly applicable to these new structures.
Unfortunately, there were new problems that arose from the unique architecture involved.
Luckily, researchers were able to overcome these problems and create the novel dendritic

architectures with the desired chemistry; however, it was not as easy as originally expected.
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Therefore, while several researchers have prepared dendritic homopolymers and others
have prepared linear-dendritic diblock copolymers, no one has yet tried to combine the two
architectures into a single polymer — a linear-dendritic rod diblock copolymer. Thus, the first
goal in this project was to determine a suitable way to synthesize these polymers. The target
chemistry of the linear-dendritic rod diblock copolymers consisted of a poly(amido amine)
dendritic rod covalently linked to a linear poly(ethylene oxide) block. In order to make these
diblock copolymers amphiphilic, the ends of the dendrimer were functionalized with
hydrophobic groups since both the poly(ethylene oxide) and the poly(amido amine) dendrimer
were naturally hydrophilic. While functionalization of the poly(amido amine) dendrimers with
hydrophobic groups had been described in the literature, almost all of the chemistries introduced
new functional groups or arrangements of functional groups in the interior branches. Thus,
development of a method for dendritic end group functionalization that maintained the exact
branch chemistry and that was applicable over several generations as well as a wide range of
lengths of alkyl groups was also desired. The synthetic pathways that were developed to make
these linear-dendritic rod diblock copolymers along with a chemical confirmation that the
desired linear-dendritic rod diblock copolymers were prepared are the focus of this chapter. In
the remainder of this chapter, Section 2.2 will present background information on the synthesis
of spherical and rod-shaped dendritic polymers as well as hydrid-linear dendritic diblock
copolymers. Section 2.3 will describe the materials, instrumentation, and outline the synthetic
route for the linear-dendritic rod diblock copolymers and for the polymers that have been
functionalized with n-alkyl chains. Section 2.4 discusses the design of the overall synthetic
scheme as well as the successes/challenges encountered during the synthesis. In addition, an in-
depth analysis of the '"H NMR and FTIR data is presented. A chapter summary and concluding
remarks are presented in Section 2.5, and the references in Section 2.6. Finally, the detailed
synthetic procedures which were used for each of the polymers characterized in subsequent
chapters as well as their structural verification by 'H NMR and FTIR are given in Appendix 2.A.
Two different series of block copolymers are described; one which is synthesized up to
generation 4.5 and consists of a poly(cthylene oxide) block of 43 repeats and a dendritic block of
approximately 97 repeats, and the other which is only synthesized as far as generation 1.0 and
consists of a poly(ethylene oxide) block of 43 repeats and a dendritic block of approximately 178

repeats.
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2.2 Background

2.2.1 Spherical Dendritic Homopolymers

The three most common and highly developed dendrimer chemistries are the poly(amido
amine) (PAMAM) chemistry, the poly(propylene imine) chemistry,*” and the poly(benzyl
ether) (Fréchet type) chemistry.”® As researchers began to look at the effect of dendrimer
architecture, they began by trying to make architectural analogues of these three systems.
PAMAM dendrimers are divergently made by the exhaustive Michael addition of methyl
acrylate to an ammonia or ethylenediamine core, followed by the exhaustive addition of
ethylenediamine to the newly formed methyl ester branches.”**® Similarly, the poly(propylene
imine) dendrimers are divergently made by the exhaustive Michael addition of acrylonitrile to a
1,4-diaminobutane core, followed by the hydrogenation of the nitrile with a Raney-cobalt
catalyst, regenerating the amine.”” Conversely, the poly(benzyl ether) dendrimers are made in a
convergent manner by the selective alkylation of phenolic hydroxyl groups with brominated
exterior pieces, conversion of the remaining benzylic alcohol to a bromide, and coupling of these
larger, brominated dendritic pieces by the repeated selective alkylation of phenolic hydroxyl
groups.”™®

Over the years, researchers have tried to “tune” the properties of these three dendritic
chemistries by changing the chemical nature of the dendritic end functional groups. For
example, hydrophilic PAMAM dendrimers have been made amphiphilic by the addition of
hydrophobic groups to the amine terminated polymers. Sayed-Sweet ef al. accomplished this by
reacting the PAMAM amino end groups with various epoxyalkanes,® and Sui et al. did this by
reacting the PAMAM amino end groups with the N-hydroxysuccinimide ester of
hydroxydodecanoic acid.®’ Similarly, Aoi ef al. reacted a methyl ester terminated generation 2.5
polymer with n-hexyl amine.** Dvornic ef al. used a slightly different approach by adding
hydrophobic organosilicon groups to the PAMAM amino groups using a Michael addition as
well as haloalkylation.’®*' Finally, Iyer et al. functionalized the end groups of a poly(ethylene
oxide)-poly(amido amine) hybrid-linear dendritic diblock copolymer using a DCC coupling of
the amine terminated polymers with stearic acid.®"*? Hydrophilic poly(propylene imine)
dendrimers have also been made amphiphilic by the addition of large hydrophobic groups to the

surface of the polymer. Schenning et al. have reacted the amine terminated polymers with three
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different reagents using three different chemistries.” In the first, they reacted the dendrimer with
palmitoyl chloride using simple acid chloride/amine chemistry; in the second, they rcacted the
dendrimer with pentafluorphenyl azo-ester using ester/amine chemistry; and in the third, they
reacted the dendrimer with 1-succinimidoyl adamantine carboxylate using succinimide
ester/amine chemistry. Finally, Hawker ef al. found that they could make their hydrophobic
poly(benzyl ether) dendrimers (Fréchet-type) amphiphilic by starting with exterior phenyl pieces
that had been substituted with methyl ester groups, which could later be hydrolyzed to form

hydrophilic carboxylic acid exterior surfaces.”

2.2.2 Dendritic Rods

The first dendritic architecture that combined a linear polymer and a dendrimer was the
dendritic rod. As early as 1987, Tomalia ef al. reported the synthesis of a PAMAM dendritic
rod;'" however, inadequate analytical methodologies prevented the unequivocal characterization
of this structure until 1998."% This polymer was prepared by the divergent addition of
poly(amido amine) branches around a linear poly(ethylene imine) core. Unfortunately, there
were several problems that were encountered during the syntheéis of this architectural analog,
which were not encountered in the synthesis of the spherical polymer. The primary problem was
that during the ethylenediamine step, the polymer was found to crosslink unless huge excesses of
ethylenediamine (1250 for generation 1.0 and 10,000 for generation 4.0) were used and unless
the reaction was run at low temperatures (5°C) and for long times (5 days for generation 1.0 and
8 days for generation 4.0.) The excess ethylenediamine was needed so that the difunctional
amine would only react at one end and would not react on the other end with neighboring methyl
ester groups, thus resulting in the crosslinking. The low reaction temperatures were needed to
slow the reaction down to ensure that unreacted ethylenediamine had time to diffuse to the
unreacted methyl ester groups, and the long reaction times were needed to ensure complete
conversion. These conditions were not needed for the spherical dendrimers since there were
significantly fewer amine groups on the spherical polymers and their proximity to each other was
not as close. Another problem with the PAMAM dendritic rod synthesis was that there were
purification challenges that needed to be addressed for the dendritic rods, which did not need to
be addressed for the spheres. Since the spherical PAMAM dendrimers were relatively small, the

low generation polymers did not need to be purified after each reaction since the excess reagents
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could be easily removed by vacuum distillation. However, the structure of the dendritic rods
prevented the excess ethylenediamine from being easily removed. Not only were the dendritic
rods bigger such that they could more easily physically trap the ethylenediamine, they also
possessed a larger number of amine end groups that could more readily hydrogen bond with the
excess ethylenediamine. Thus, Tomalia et al. found it necessary to purify the amine terminated
polymer by dialysis since residual ethylene diamine resulted in the formation of spherical
dendrimer impurities as well as imperfections in the branching. Ghosh et al. have used step
growth polymerization to form side chain dendritic polyesters that possess an azobenzene
backbone and poly(amido amine) dendritic side chains. Unfortunately, because preformed
generation 3.5 methyl ester terminated poly(amido amine) dendrons were used, it was difficult to
obtain a high degree of polymerization due to the steric constraints of the dendritic side groups.**
Synthetic challenges were also encountered as researchers tried to prepare poly(benzyl
ether) dendritic rods. Schliiter ef al. have attached first and second generation poly(benzyl cther)
dendrons to a rigid poly(para-phenylene) backbone; however, they found that the chemistry of
the linking groups was very important to achieving a high degree of substitution.”> They have
also been able to attach third generation dendrons to this same backbone, but due to steric
constraints from the large size of this dendron, complete substitution could not be achieved.’
Hawker et al. had similar problems when they tried to attach preformed poly(benzyl ether)
dendrons to a flexible, functionalized polystyrene backbone.'® As the size of the dendritic block
increased, the degree of substitution of the dendrons on the backbone decreased, resulting in
globular macromolecules instead of rigid rods. Other groups have attempted to synthesize rigid
rod Frechet type dendrimers by the polymerization of a dendritic macromonomer. Schliiter et al.
have used free radical polymerization to polymerize first, second, and third generation
functionalized polystyrene.'*'®'"19%37 They found that with increasing generation, both
initiator concentration and temperature had to be increased in order to obtain polymers with high
molecular weights. They also have used Suzuki cross-coupling to polymerize a third and fourth
generation poly(benzyl ether) macrodendron; however, it took rigorous optimization of the
reaction conditions and the monomer design in order to get the polymerization to occur.’>®
Percec et al. have been the most successful in polymerizing poly(benzyl ether) dendritic
monomers into rod shaped structures.'>'¢*7 By adding alkyl groups to the dendritic end groups,

the dendritic macromonomers have been found to self-assemble into various structures, such as
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rods or spheres, depending on the generation number of the dendron as well as the placement of
the alkyl groups on the dendron. Once these dendritic monomers had been self-assembled they
were subsequently polymerized using a variety of techniques. For both dendritic rod chemistries
discussed above, the synthetic challenges were found to arise primarily from the steric
interactions caused by the large number of branches on the polymer, and optimization of the

reaction conditions and reagents was needed to overcome these difficulties.

2.2.3 Hybrid-Linear Dendritic Diblock Copolymers

The other main dendritic architecture that combines a dendrimer and a linear polymer 1s
the hydrid-linear dendritic diblock copolymer. While problems have also been encountered in
the synthesis of these polymers, they have not been as serious as those found for the dendritic
rods. Iyer et al* found that they could synthesize a polyethylene oxide-PAMAM hybrid-linear
dendritic diblock copolymer by the divergent addition of a PAMAM dendron to an amine
terminated poly(cthylene oxide) linear polymer. Fortunately, the synthetic conditions used to
make these polymers were almost identical to those used to make the spherical polymers;
however, purification of the diblock copolymers was an important challenge that they needed to
address. As previously mentioned, the spherical dendrimers do not need to be purified since the
excess reagents are easily removed by vacuum distillation after every step. However, the
presence of the poly(ethylene oxide) block made diffusion of the excess reagents difficult and
trapped small amounts of them in the polymer during the vacuum distillation. Thus, it became
necessary to precipitate the polymer into ether after each reaction step to ensure that residual
reagents were removed and that imperfections did not occur.

Unfortunately, it was more difficult for van Hest et al.® to synthesize their polystyrene-
poly(propylene imine) hybrid-linear dendritic diblock copolymers. These diblock copolymers
were prepared by the divergent addition of a poly(propylene imine) dendron to a hydroxyl
terminated polystyrene linear polymer. Since the polystyene was hydrophobic and the
poly(propylene imine) and its reagents were hydrophilic, it was necessary to develop a two-phase
system with a phase-transfer catalyst for the cyanoethylation reaction to occur. In addition, a
new solvent system, which dissolved the polystyrene block, needed to be derived for the

hydrogenation reaction.
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Nonetheless, Gitsov ef al. found that they could easily prepare a poly(ethylene oxide)-
poly(benzyl ether) dendrimer by the reaction of hydroxyl terminated PEO with NaH, forming the
PEO-anion, and then reacting the PEQ-anion with the dendritic bromide.*%4! Surprisingly, they
found that the rate of this Williamson ether reaction actually increased as the size of the PEO and
the dendritic block increased due to solvation and conformational issues. A fter purification of
the diblock copolymer to remove small amounts of unreacted polymer, the PEO-poly(benzyl
ether) dendritic diblock was obtained. Gitsov ef a/. had more difficulty preparing polystyrene-
poly(benzyl cther) hybrid-linear dendritic diblock copolymers by coupling a living polystyrene
chain end with a dendritic bromide *2 Unfortunately, side reactions of the polystyrene anion with
the benzylic halomethyl groups occurred that had to be minimized and purification performed in
order to achieve the desired polymer. Leduc ef al.® were also able to prepare a polystyrene-
poly(benzyl ether) hybrid-linear dendritic diblock copolymer by employing the benzylic halides
in the dendritic core as macroinitiators for the controlled free radical polymerization of
polystrene. Unfortunately, purification of the diblock copolymer was needed to remove small
amounts of unreacted dendrimer. In general, most of the synthetic challenges were found to be
caused by polymer/solvent compatibility issues as well as new purification needs to remove

CXCEss reagents or unreacted polymer blocks.

2.3 Experimental

2.3.1 Materials

Poly(ethylene glycol) monomethyl ether of molecular wei ght 1900g/mol from
PolySciences was purified twice by precipitation from chloroform into a 10-fold excess of ethyl
ether. It was then dried on a vacuum line for a day and then in a vacuum dessicator with P,Qs
for another day. Tosyl chloride from Aldrich was recrystallized using a known procedure. *
Triethyl amine, methylene chloride, benzene, and acetonitrile were predried with CaH, and
distilled from P,Q:s. 2-ethyl-2-oxazoline was predried overnight with CaH, and distilled from
fresh CaH,. Pyridine was predried with KOH for one day and then distilled from KOH into
KOH. Anhydrous ethyl ether, anhydrous ethyl alcohol, methanol, chloroform, and hexane were
used as purchased. Methyl acrylate was washed two times with 5% NaOH, two times with 180
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Millipore water, and dried with MgSQO4 overnight to remove the inhibitor. Ethylenediamine was
distilled prior to use. N-butyl amine, n-hexyl amine, and n-octyl amine were predried with
MgSO, and distilled from CaH into KOH. N-decyl amine was predried with MgS0O; and
vacuum distilled from CaH,, and n-dodecyl amine was only vacuum distilled prior fo use. N-
octadecyl amine was used as purchased. Aqueous acid and base solutions were prepared in

18Q2 Millipore water. Millipore BIOMAX Polyethersulfone 5000 NMWI. and Millipore PLBC
regenerated cellulose 3000 NMWL ultrafiltration membranes were flushed first with water and
then with methanol prior to use to remove the glycerin and azide with which they were

pretreated.

2.3.2 Instrumentation

NMR analysis were performed on a Bruker 400 (400 MHz) instrument using the solvents
DMSO-ds, cocis, and MeOH-dy as indicated. FTIR spectra were collected on a Nicolet Magna-
IR 550 spectrometer from thin, solution cast films of the polymers on KBr plates. Gel
permeation chromatography (GPC) in THF was performed on a Waters system though Styragel
HT3 and HT4 columns. Size exclusion chromatography-multi-angle laser light scattering (SEC-
MALLS) was preformed using a 0.1M citric acid buffer through two TosoHaas TSK-gel
columns in series, G6000PW and G4000PW, and one Waters ultrahydrogel 250 columns in our
lab. The SEC-MALLS system consisted of a Waters Model 150C which was connected to a
Wyatt Dawn Model F multi-angle light scattering detector. In addition, these measurements
were taken using a 1.0M acetic acid/1.0M sodium nitrate/0.25% sodium azide buffer solution
which was passed through TosoHaas G6000PW, G3000PW, T0116, and G1000PW columns at
the Michigan Molecular Institute. Their system consisted of a Waters 510 pump which was
connected to a Water 410 differential refractive index detector and a Wyatt Dawn DSP-F multi-

angle light scattering detector.

2.3.3 Synthesis

The synthetic scheme used to prepare the desired linear-dendritic rod diblock copolymers
is outlined in Figures 2.1 and 2.2. Figure 2.1 shows the synthesis of the diblock copolymer
backbone while Figure 2.2 shows the addition of the dendritic branches to the diblock copolymer
backbone. These polymers were made amphiphilic by the addition of alkyl chains of varying
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lengths to the half-generation methyl ester terminated branches of the dendritic block as shown
in Figure 2.3. The synthetic details for each of the polymers, as well as their chemical
verification by "H NMR and FTIR are given in appendix 2.A at the end of this thesis.

2.4 Results and Discussion

2.4.1 Overview of the Synthesis

The target linear-dendritic rod diblock copolymers consisted of a linear poly(ethylene
oxide)-poly(ethylene imine) diblock copolymer around which poly(amido amine) branches were
divergently synthesized. The poly(amido amine) chemistry was chosen since this chemistry had
been well characterized,”**>**® and the synthesis of poly(amido amine) dendritic rod
homopolymers have been reported in the literature,' providing a good starting point for the
synthesis. Also, the properties of the previously synthesized homopolymers and these new
linear-dendritic rod diblock copolymers could be compared to study the effect of architecture and
the addition of the linear block on their behavior. The end functional groups of the dendritic
branches were amine and ester groups, which were formed during the generational synthesis;
however, the ester groups were also converted to alkyl groups of various lengths in order to
increase the hydrophobicity of the dendritic block and thus, the amphiphilic nature of the diblock
copolymer. Linear poly(ethylene imine) was chosen as the dendritic block core since it has
secondary amines in each repeat unit, which could be used to form branches by the Michael
addition of methyl acrylate. In addition, it was the only polyamine that allowed for the same
branch length and chemistry in every generation. (For example, poly(allyl amine) would also
have allowed for the Michael addition of methyl acrylate but it would have resulted in a first
generation branch that was only half of the length of the other branches and that would not have
contained an amide group.) Poly(ethylene oxide) was chosen as the linear block because it was a
hydrophilic linear polymer that was soluble in both water and organic solvents, thus decreasing
solvent compatibility issues during the synthesis. In addition, poly(ethylene oxide) was a highly
characterized polymer that was commercially available. Finally, since the synthesis and
assembly behavior of poly(ethylene oxide)-poly(amido amine) hybrid linear-dendritic diblock

copolymers had been previously examined,”>**" it was hoped that insight could be gained into
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the effects of architecture and the number of dendritic end groups on the diblock copolymer
behavior by comparing the two systems.

Once the poly(ethylene oxide)-poly(ethylene imine)-poly(amido amine) linear-dendritic
rod diblock copolymer chemistry had been chosen, the individual reagents and the order and
methods by which they would be combined needed to be determined. Poly(amido amine)
dendrimers are traditionally synthesized by starting with a small molecule, multifunctional amine
core, such as ammonia or ethylenediamine, and then divergently building the branches outward
by the alternating addition of methyl acrylate and ethylenediamine.%’29 Thus, for the synthesis of
the poly(amido amine) dendritic rod block, it was decided to start with a linear poly(ethylene
imine) core and divergently add the poly(amido amine) branches in the same manner. The next
question was at what point the PEO and the PEI blocks should be covalently linked together -
should it be done before or after the PAMAM branches had been synthesized around the
backbone? It was decided to link the PEO block and the PEI block before the synthesis of the
PAMAM branches since there were concerns over whether a reactive terminal group on the PEO
block would be able to find and react with a reactive end group of the PEI backbone if it was
buried under a highly branched dendritic shell. In addition, since the methyl ester and amine
groups were both highly reactive it would have been difficult to design a synthesis route in which
the PEO group would have preferentially reacted with the PEI end group and not with the
dendritic end groups without first protecting the dendritic end groups with a complicated
protecting reaction. Finally, since PEO was known to be soluble in methanol® and stable in the
presence of ethylenediamine and methyl acrylate,” it was hypothesized that it should be possible
to apply the same PAMAM reactions to a PEO-PEI backbone. Initially in this research, an
attempt was made to couple preformed PEI and PEO blocks via the reaction of PEI-OH with
NaH, forming PEI-ONa", followed by its reaction with PEO-tosylate.® Another attempt was
made to couple a preformed PEO block with a preformed poly(2-ethyl 2-oxazoline) (PEOX)
block, which is the precursor polymer to linear PEL In this case, a PEOX block which had been
formed by the living cationic ring opening polymerization of 2-ethyl-2-oxazoline with methyl
tosylate and was still terminated with the tosylate end group, was reacted with a PEO-NH,
polymer since amines are known to react with tosylates.” Unfortunately, both of the methods
described above were unsuccessful. Instead, it was found that the optimal method for forming

the desired PEO-PEI backbone was to use a two-step PEQ-tosylate macroinitiator approach. In
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this approach, PEO-tosylate was used as a macroinitiator in the cationic ring opening
polymerization of 2-ethyl-2-oxazoline forming an intermediate PEQ-PEOX diblock copolymer,
which could then be hydrolyzed to form the desired PEO-PEI diblock copelymer backbone,* as
depicted in Figure 2.1. These reactions will be described in more detail in the following
paragraphs. It should be noted that to form the linear PEI block, it was necessary to first form
the PEOX block, which is its precursor. The monomer for PEI is aziridine, which is a highly
reactive three membered ring. When this monomer is polymerized, it polymerizes so rapidly that
it forms a highly branched polymer and not the desired linear polymer.>® Thus, to form the linear
PEIL it was necessary to form the PEOX intermediate.

The tosylation of PEO has been described several times in the literature with the general
synthesis involving the reaction of a PEO-OH with tosyl chloride in the presence of an organic
base, such as triethylamine or pyridine, to neutralize the acid which is formed during the

. 56-58
reaction.’*

Unfortunately, PEO has sometimes been found to degrade in the presence of
triethylammontum chloride and pyridinium hydrochloride salts,”® which form as a byproduct,
such that much effort has been put into finding the right reaction conditions to prevent this
degradation from occurring. Harris ez al.’® have developed a method for PEO tosylation that
uses triethylamine as the base, and this method was applied successfully to form one of the series
of polymers described in this work, the series in which the dendritic block consisted of 97
repeats. Maechling-Strasser ez al.>® have developed another method for PEO tosylation that uses
pyridine as the base and this method was applied successfully to form the other series of
polymers in this work, the series whose dendritic block consisted of 176 repeats. Both methods
involved rigorous purification of the PEO-tosylate. From 'H NMR analysis of the PEO-tosylate
products, it appeared that the tosylation was close to 100% complete for both reactions. In
addition, GPC of both series of polymers in THF before and after tosylation indicated no
breakdown of the PEO block. As a side note, we found that SEC of the PEO-tosylate polymers
in 0.05M NaNO5/0.02% NaNj3 aqueous solution was not an effective method to determine
whether or not degradation had occurred. While the PEO-OH polymer gave a well formed peak
at the expected molecular weight, the PEO-OTs gave a skewed peak at molecular weights much
less than expected. We believe that the tosylate end group was interacting with the columns and
thus not eluting from the columns as it should since GPC of the same polymer in THF showed no

degradation, Harris ef al.*® also reported using SEC with an aqueous eluent to verify that their
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polymer had not degraded; however to do so, they hydrolyzed the tosylated polymer back to the
PEO-OH form and did not characterize the PEO-tosylate polymer directly.
Polymerization of 2-ethyl-2-oxazoline,60 as well as other 2-substituted oxazolines,>****!
with a PEO-tosylate macroinitiator has been successfully described in the literature. No one
method was followed to form both series of our diblock copolymers; instead, elements of a few
of the reactions were combined to form our PEO-PEOX diblock copolymers. From SEC, the
polydispersity of the diblock copolymer consisting of the shorter oxazoline block was found to
be approximately 1.2, and the diblock copolymer consisting of the longer oxazoline block was
found to have a polydisperity of approximately 1.4. The structures of both polymers were
verified with NMR and FTIR. Unfortunately, while the polymerization of 2-substituted
oxazolines with poly(ethylene oxide)-tosyate has been found to be a living cationic
polymerization such that all of the monomer is consumed, the rate of initiation is much slower
than the rate of polymerization, such that the resulting polymers are somewhat polydisperse.‘so’62
This effect has not been observed in the polymerization of poly(2-ethyl-2-oxazoline)
homopolymers that were initiated with methyl tosylate. Thus, it has been hypothesized that the
lower rate of reactivity of the PEQ tosylate is due to a combination of steric hindrance as well as
an electron withdrawing effect of the -alkoxy group.”’ For example, Litt ez al. found the ratio
of the rate of initiation to the rate of polymerization (ki’k,) to be 0.0070 for 2-isobutyl-2-
oxazoline polymers that had been initiated with a PEO tosylate of molecular weight 3500g/mol,
while they found this same ratio to be 0.22 for the same polymers that had been initiated with
methyl tosylate. Similarily, Miyamoto ez al. found ki/k, to be approximately 0.012 for 2-methyl-
2-oxazoline polymers initiated with triethylene glycol di-methanesulphonate and 0.72 for the
same polymers that had been initiated with methyl tosylate. Nonetheless, in the polymerization
of 2-methyl-2-oxazoline with PEO tosylate, Overberger et al. found the polydispersity of the
polymers to increase with increasing molecular weight of the oxazoline block, which is in good
agreement with our results.”® Attempts were made to decrease the polydispersity of our PEO-
PEOX diblock copolymers by removing poly(ethylene oxide) homopolymer which had not
initiated the polymerization of the PEOX block, as well as diblock copolymer which only
possessed a very short PEOX block. To do this, the diblock copolymers were ultrafiltered
through a regenerated cellulose ultrafiltration membrane which had a cutoff molecular weight of

approximately 3000g/mol. Unfortunately this process did not produce the desired results, as the
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GPC traces of the diblock copolymer before and after were virtually identical. Fortunately, it
was found that the low molecular weight diblock copolymer as well as the unreacted
homopolymer could be removed during the acid hydrolysis step, which will be discussed in the
following paragraph.

Hydrolysis of the poly(ethylene oxide)-poly(2-ethyl-2-oxazoline) diblock copolymer to
the poly(ethylene oxide)-poly(ethylene imine) diblock copolymer was accomplished using a
weak acid. Initially, we were apprehensive about using an acid hydrolysis since PEO is known
to be acid labile, so a basic hydrolysis was attempted. Unfortunately, we found that the use of
base resulted in only approximately 50% hydrolysis of the amide groups before the polymer
precipitated from solution. Fortunately, Overberger and Peng developed the acidic reaction
conditions necessary for hydrolysis.”* However, unlike Overberger and Peng who were unable
to isolate the PEO-PEI diblock copolymer after neutralization of the PEQ-PEI-H'CI salt with
base and thus had to resort to an ion exchange resin to neutralize the acidic salt, we found that
the polymer did precipitate from solution once the pH had been adjusted well above 10, at which
point all of the amines were deprotonated. The polymer was isolated from solution by a wash
with chloroform, vacuum filtration, and recrystallization in water. (Uncharged linear
poly(ethylene imine) is insoluble in cold water.) This process had the added benefit of removing
PEQ that had not initiated the polymerization of the second block or that only formed a short
PEOX/PEI block such that the polymers were still soluble in water and chloroform. From 'H
NMR, it was found that approximately 100% of the amide groups were hydrolyzed. It was also
found from '"H NMR that there was a large increase in the (PEOX/PEI):PEQO block integration
ratios between the PEO-PEOX and the PEQ-PEI diblock copolymers. For example, for the
diblock copolymer that contained the shorter PEOX/PEI block, the initial PEOX:PEO ratio was
1.37, while after hydrolysis, the PEVPEO ratio became 2.32. While we believed that this change
was the result of removing the polymer chains that were predominately PEQ, a PEO
homopolymer “blank” was subjected to the same reaction conditions to alleviate our fear that
change may have come about by degradation of the PEO in the acidic conditions. Aliquots of
solution and polymer were taken at various times during the process, and the PEO homopolymer
was then analyzed by SEC to determine the molecular weight and the polydispersity index. Even
after seven days in the acidic conditions, the molecular weight of the polymer decreased by less

than 50g/mol and the polydispersity of the PEO homopolymer was changed by less that 0.01,
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both of which were within the experimental error of the instrument. A complete list of the
molecular weights and the polydispersities of the PEO homopolymers collected at various times
is given in Table 2.1. Thus, we believe using a weak acid hydrolysis was a safc and effective
method to convert the PEOX block into the PEI block. Unfortunately, it was difficult to
determine from SEC how effective the neutralization process and the subsequent purification had
been at removing the polymers that were predominately PEO. During the hydrolysis process, the
molecular weight of the polymer was decreased by approximately half, shifting the molecular
weight much closer to that of the initial poly(ethylene oxide) block. In addition, in the acidic
SEC eluent, which was necessary for solvation and elution of the polymer from the columns, the
PEI block most likely took on an extended polyelectrolyte conformation, making accurate
determination of the molecular weight and the polydispersity more difficult. Nonetheless, 'H
NMR of the isolated PEO-PEI diblock copolymer showed a polymer that was rich in PEI (the
PEL:PEO ratio was 2.32) while "H NMR of the chloroform and water wash solutions showed a
polymer which was rich in PEO but that did contain PEI (the PEL:PEO ratio was 0.33), indicating

that the polymer chains that were removed were predominately PEO.

Number Average = Weight Average | Polydispersity
Sample Molecule Molecule Index*
Weight* Weight*
PEO-OH 2839 2949 1.039
No acidic conditions

PEO-OH

After 2 days of acid 2824 2935 1.039
hydrolysis
PEO-OH

After 2+3 days of acid 2806 2928 1.043
hydrolysis
PEO-OH

After 2+5 days of acid 2796 2925 1.046
hydrolysis

*The values are the average of two SEC runs.

Table 2.1. Molecular weight and polydispersity of a poly(ethylene oxide) “blank”, which was
subjected to the same weak acid hydrolysis conditions used in the formation of the poly(ethylene
oxide)-poly(ethylene imine) diblock copolymer.
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Figure 2.1. Synthetic scheme used to prepare the poly(ethylene oxide)-poly(ethylene imine)
diblock copolymer backbone.
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Figure 2.2. Synthetic scheme used to prepare the poly(ethylene oxide)-poly(ethylene imine)-
poly(amido amine) linear-dendritic rod diblock copolymer.
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Figure 2.3. Synthetic scheme used to functionalize the methyl ester chain end of the linear-
dendritic rod diblock copolymers with alkyl groups.

Formation of the methyl ester terminated half generation polymer proceeded as expected
by the addition of methyl acrylate to the poly(ethylene oxide)-poly(ethylene imine) diblock
copolymer backbone. Initially, the reaction solution was chilled to ensure that the reaction rate
did not proceed too quickly, as the Michael addition of methyl acrylate to an amine is highly
exothermic. After slowly warming to room temperature, the reaction was then allowed to
proceed for another 48 hours to ensure complete addition of the methyl acrylate groups to the
poly(ethylene imine) backbone. The reaction was run using a 2.7 molar excess of methyl
acrylate in an approximately 5% by weight polymer solution. These reaction conditions were an
adaptation of those described for the poly(amido amine) homopolymers in the patent by Tomalia
et al.'' and in the paper by Yin ez al.'> These two works described slightly different conditions
for the formation of the homopolymer. There were two main differences between the two

procedures. First, the patent ran the reaction using a larger excess of methyl acrylate, between a
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1.67 and an 11 molar excess, but in very dilute conditions (an approximately 3-5% by weight
solution.) Conversely, the paper ran the reaction using a much smaller excess of methyl acrylate,
only 1.25 molar excess; however, the reaction was run in much more concentrated solutions
(approximately 10% by weight polymer solutions.) Second, the patent ran the reaction for 48
hours, initially with the solution at 0°C and later allowing it to warm to room temperature. While
the paper also started the reaction at 0°C, but it then heated it to 40°C to accelerate the reaction,
as the reaction was only allowed to run for 24 hours. Nonetheless, neither synthetic scheme for
the PAMAM homopolymers included a purification step for the methyl ester terminated
polymers; however, one was added in the synthesis of the diblock copolymers to ensure that all
of the excess methyl acrylate had been removed since the crude polymer exhibited the same
strong odor associated with methyl acrylate. This purification step consisted of dissolving the
polymer in chloroform and precipitating the polymer into hexanes. After being allowed to stir
overnight, the hexane/chloroform solution was poured off and the polymer dried under vacuum,
which removed the odor. Unfortunately, even after extensive drying, 'H NMR of the polymer
indicated that the hexanes were being trapped in the polymer. To remove the hexanes, the
polymer was redissolved in methanol and the methanol and residual hexanes were removed by
vacuum distillation. As the methanol was a fairly good solvent for the polymer, the dissolution
of the polymer in methanol allowed the branches to “open up” to remove the hexane. The
formation of the subsequent half generation polymers also proceeded as expected. The reaction
* conditions for these polymers were basically identical to those described above for the
generation 0.5 polymer, the primary difference being the molar excess of methyl acrylate used in
cach reaction. As the generation number increased, so did the molar excess. For example, for
the generation 1.5 diblock copolymer, a molar excess of 4.7 was employed, while for the
generation 4.5 diblock copolymer, a molar excess of 7.6 was used. The structures of all of the
half generation, methyl ester terminated polymers were confirmed with '"H NMR and FTIR.
Unfortunately, the reaction of the methyl ester terminated polymers with ethylene
diamine to form the whole generation, amine terminated polymers did not proceed nearly as
easily. As was found in the case of the PAMAM dendritic homopolymers,12 it was necessary to
run the reaction with huge excesses of ethylenediamine (2500 for generation 1.0, 5000 for
generation 2.0, 7500 for generation 3.0, and 10,000 for generation 4.0); at low temperatures

(approximately 5°C); and for long times (5 days for generation 1.0, increasing to 8 days for
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'generation 4.0 polymer), in order to prevent the polymer from inter- and intramolecular
crosslinking. It was also found that rigorous purification of both the ethylenediamine before the
reaction and the amine terminated linear-dendritic rod copolymer after the reaction were
necessary to prevent this crosslinking. Unless these steps were taken, the polymer formed an
insoluble precipitate either initially, or shortly after the reaction was complete, making
characterization impossible. In addition, the imperfections caused by not diligently following the
above two steps also affected the formation of the methyl ester terminated polymers, such that
they too crosslinked upon standing. Purification of the ethylenediamine by distillation from
potassium hydroxide worked well to remove residual water. Two methods for purification of the
amine terminated diblock copolymers were attempted. The first one involved dissolution of the
crude polymer in methanol, followed by reprecipitation in ethyl ether. This method worked
moderately well for removing trace amounts of ethylenediamine; however, it was very difficult
to redissolve the purified polymer in methanol. Perhaps this occurred because the ethyl ether
could not hydrogen bond with the amine groups, forcing the end groups to hydrogen bond with
each other and the polymer to collapse upon itself. Afterward, breaking up these numerous
hydrogen bonds with methanol proved extremely difficult. A second method for purification of
the amine terminated polymers involved ultrafiltration of the crude polymer in methanol. This
method also worked well for removing trace ethylenediamine; fortunately, the purified polymers
were much easier to redissolve in methanol, perhaps because they contained traces of methanol,
which prevented the amine groups from intra- and intermolecular hydrogen bonding. In order to
obtain high yields of purified polymer using this method, it was necessary to use a regenerated
cellulose NMWL 3000 ultrafiltration membrane. This membrane is usually not recommended
for amines since it can hydrogen bond with the surface, thus easily fouling the membrane.*® This
was found to be the case for the amine terminated linear-dendritic rod diblock copolymers as the
throughput time was greatly increased for these polymers over other non-amine polymers.
Nonetheless, purified polymers were still obtained in this manner. Unfortunately, even though
the fourth generation linear-dendritic rod diblock copolymer had been purified by ultrafiltation, it
still took 36 hours of stirring as well as sonication for an additional four hours in order to
redissolve it in methanol after it had been dried under vacuum between reaction steps. Again,
this was probably due to the hydrogen bonding of the terminal amine groups. All of the purified

amine terminated, whole generation polymers were stored in methanol after synthesis and before
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characterization to prevent the polymers from crosslinking upon standing. Then, they were dried
under vacuum immediately before characterization to remove the methanol from the polymer.
"1 NMR and FTIR confirmed that the desired amine terminated polymers had been formed.

In order to make the diblock copolymers amphiphilic, the end groups of the dendritic
block were functionalized with alkyl groups. While functionalization of the poly(amido amine)
spherical and hybrid-linear dendrimers had been previously accomplished using various

46,32,64-66 \we developed a new synthetic scheme such that the exact chemistry of the

methods,
polymer branches was maintained, and that no new functional groups were introduced, besides
the alkyl groups. It was decided that the best way to accomplish this was by reacting the methyl
ester terminated, half-generation polymers with various n-alkyl amines. Using this approach, the
alkyl groups were connected to the dendrimers using amide bonds in the same position and the
same bond order as had been used in the formation of the amine terminated polymers. Thus, the
first challenge was to determine the best reaction conditions for the addition of the n-alkyl
amines to the methyl ester groups. From experiment, the following factors were found to be
important: the amount of excess n-alkyl amine used in the reaction, the concentration of polymer
and reagent in the solution, the reaction temperature, the composition of the solvent, and the
duration of the reaction.

Since intra- and intermolecular crosslinking reactions were not a threat for the addition of
the n-alkyl amines to the methyl ester terminated polymers, as they had been for the addition of
the ethylenediamine, the huge excesses of reagent were not needed. Nonetheless, in order to
accelerate the reaction, excesses were still used, approximately 60 times for the butyl amine
reactions, to approximately 20-30 times for the dodecyl amine reactions, but they were no where
near the 2500-10,000 times excesses that were used for the ethylenediamine reactions. In
general, the amount of excess n-alkyl amine used in the reaction decreased with increasing
length of the alkyl chain. This was due to the very high boiling points the longer alkyl amines
possessed, resulting in difficulty removing excess reagent by distillation. For example, the
boiling point of n-butyl amine was only 78°C, while the boiling point of n-octadecyl amine was
not accessible as its melting point was 5 5°C.%7 In addition, there were solubility issues during the
purification process, which will be discussed below, that made use of large excesses of the
longer alkyl amines, especially that of n-octadecyl amine, very difficult. Nonetheless, if too little

excess n-alkyl amine was used, it was difficult to achieve as high of a degree of substitution on
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the methyl ester groups. For example, for the generation 4.0-octadecyl terminated polymer, only
a 1.22 molar excess of n-octadecyl amine was used in the reaction and the resulting polymer had
only a 12% substitution. However, in the formation of the 3.0-octadecyl terminated polymer, an
11 molar excess of n-octadecyl amine was used and the substitution reached 33%. Similarly, for
the generation 2.0-dodecyl terminated polymer, a 30 molar excess of dodecyl amine was used
and over a 90% substitution was achieved. The concentration of the n-alkyl amine in the
solution was also found to be important. For these reactions, the highest degree of substitution
was observed when the concentration of the n-alkyl amine in the methanol was approximately
30% by weight. In initial experiments in which the concentration of n-alkyl amine was
approximately 77% (the same concentration that was used in the ethylenediamine reactions) the
degree of substitution was much less, approximately 66%, possibly due to the formation of n-
alkyl amine micelles, which interfered with the molecule’s ability to participate in the reaction.
Even though the concentration conditions had been optimized, it was still difficult to
achieve high degrees of substitution for some of the longer n-alkyl amines on the methyl ester
groups. To raise the degree of substitution, the solution was heated in order to increase the rate
of reaction. For most of the reactions involving the butyl through the dodecyl alkyl chains, the
reactions were performed at approximately 45-50°C. This temperature was chosen such that it
was low enough to prevent transamidation and reverse Michael reactions,”’ but high enough to
still yield a high degree of conversion. For the n-octadecyl terminated polymers, a higher
temperature was used. From experiment, it was found that the n-octadecyl amine precipitated
from solution as the reaction progressed if it was run at 45°C, but that increasing the temperature
to 65°C was enough to drive the n-octadecyl amine back into solution. In addition, since large
excesses of n-octadecyl amine could not be used in the reactions, it was hoped that the degree of
substitution could be increased with heat instead. Nonetheless, it did not appear as if
transamidation and reverse Michael reactions occurred at this temperature. A second method
was attempted to increase the degree of substitution. This method involved not only increasing
the reaction temperature, but also included adding chloroform as a co-solvent with methanol. Tt
was hoped that the chloroform might be a better solvent for the n-alkyl amines and thus prevent
them from forming unimolecular micelles in the reaction solution. Unfortunately, this method

was not successful and it resulted in a mixture of products that could not be easily separated.
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One final reaction parameter that should be noted is the duration of the reaction. For the
reaction of the methyl ester groups with ethylenediamine, the reaction was allowed to proceed
for five days for the generation 1.0 polymer, increasing to eight days for the generation 4.0
polymer. These same reaction times were used in the reaction with the n-alkyl amines in order to
give the n-alkyl amines and the methyl ester groups plenty of time to react to achieve high
degrees of substitution.

One of the challenging aspects of the synthesis of the n-alkyl functionalized polymers
was their purification to remove excess n-alkyl amine. For the polymers terminated with the
shorter n-alkyl amines, most of the excess reagent could be removed by vacuum distillation;
nonetheless, a small amount of residual n-alkyl amine remained. However, for the polymers
terminated with the longer n-alkyl amines, it was even difficult to remove the majority of the
excess reagent due to the extremely high boiling points of these molecules. In order to remove
this residual reagent from both categories of polymers, a couple of approaches were tried. The
first one involved reprecipitation of the polymer from chloroform into ethyl ether. While this
method worked well for the polymers that were substituted with the shorter alkyl chains (butyl,
hexyl, octyl), it did not work at all for the longer alkyl chains because the resulting
functionalized polymers were soluble in the ether and the polymer could not be recovered. The
second approach involved ultrafiltration of the polymer in methanol, as had been done for the
amine terminated polymers. This method worked well for all of the alkyl terminated polymers,
regardless of chain length, and thus was used to purify the majority of the polymers synthesized.
The one drawback of this method was that some of the higher generation polymers that had been
terminated with dodecyl and octadecyl groups and that had been soluble in methanol in their
crude form, began to precipitate from the methanol solution during the purification process. It is
possible that when the residual n-alkyl amine was present, the n-alkyl amine was able to coat the
surface of the diblock copolymer, acting as a surfactant, and helping to dissolve it in solution.
However, when this excess reagent was removed, the n-alkyl terminated polymers were
chemically incompatible with the methanol such that the polymer precipitated from solution.
Thus, it was difficult to achieve a high yield of these polymers. In addition, for the reactions
involving n-octadecyl amine, after the reaction was complete, the n-octadecyl amine began to
precipitate from solution. Unfortunately, this precipitation was very uncontrolled such that it

made purification extremely difficult and precluded the use of large excesses of n-octadecyl
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amine in the reaction solution. Methanol had been chosen as a solvent for the ultrafiltration of
these polymers due to its compatibility with the ultrafiltration apparatus. In the future, it is
recommended that the octadecyl polymers be ultrafiltered in a chloroform solution, which is a
better solvent for the hydrophobic, functionalized polymers if solvent compatible ultrafiltration
equipment is available.

It should be noted that Imae ez a/. have also reported the use of n-hexyl amine to
functionalize the end groups of poly(amido amine) spherical® and hybrid-linear diblock
copolymers.* However, in their work, they only used the hexyl version of the n-alkyl amines,
and thus did not encounter or explore the challenges associated with using longer amines or with

functionalization of the rod analogue of the poly(amido amine) chemistry.

2.4.2 Chemical Characterization

In order to verify that the desired polymers had been synthesized, the chemical structures
of these poly(ethylene oxide)-poly(ethylene imine)-poly(amido amine) linear-dendritic rod
diblock copolymers were verified using 'H NMR (proton nuclear magnetic resonance) and FTIR
(Fourier transform infrared ) spectroscopy. MALDI-TOF (matrix assisted laser desorption
lonization time of flight) mass spectroscopy as well as SEC-MALLS (size exclusion
chromatography-multi angle laser light scattering) experiments were also attempted to determine
the molecular weight and the molecular weight distributions of the polymers. A general
overview of the results is presented below; however, spectral details for all of the polymers are

given in appendix 2.A.

2.42.1 'HNMR

As its name implies, NMR uses a magnetic field to induce an energy difference between
the two electron spin states in an atom. The size of this energy difference is dependent on not
only the atom involved, but it is also influenced by neighboring atoms. By applying the correct
energy frequency, the spin will flip from one state to the other; thus, by measuring the frequency
required for a flip, one can gain insight into the nature and position of an atom and its neighbors.
One of the advantages of 'H NMR is that the amount of energy absorbed at each resonance

frequency is proportional to the number of hydrogen nuclei that are absorbing energy at that
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frequency. Thus, in "H NMR, by measuring the areas under each of the resonance peaks, one
may determine the relative number of each of the different kinds of hydrogen in the
molecule.®"°

The first step in the preparation of the linear-dendritic rod diblock copolymers was the
formation of the poly(ethylene oxide)-tosylate macroinitiator. Unfortunately, it is often difficult
to determine the end group chemistry on a polymer because such a small percentage of the
protons in the spectra correspond to the end group protons. Fortunately, Dust et al. have found
that by using DMSQ as the NMR solvent, the end group chemistry for poly(ethylene oxide) can
be determined quantitatively for molecular weights less than »12,000g/n101.5 ® Thus, we have also
used DMSO in our NMR analysis of the tosylation reaction. As previously mentioned, '"H NMR
of the tosylated poly(ethylene oxide) indicated that close to 100% of the hydroxyl groups had
been converted to tosylate groups. The peak due to protons on the hydroxyl group, which
appeared at 4.56ppm, completely disappeared and were replaced by peaks at 7.78, 7.48, 4.11,
and 2.42ppm, corresponding to the two sets of benzy! protons, the CH next to the tosylate, and
the CH; on the end of the tosylate, respectively, in good agreement with the results of others.*®!

Formation of the poly(ethylene oxide)-poly(2-ethyl-2-oxazoline) diblock copolymer was
confirmed by "H NMR in CDCl;. The main peak for the poly(ethylene oxide) block remained at
3.66ppm, while the peaks for the poly(2-ethyl-2-oxazoline) block appeared at 3.47ppm (-N-CH,-
CH,-), 2.42 and 2.33ppm (-CO-CH,-CH3), and 1.14ppm (-CO-CH,-CH3). Surprisingly, two
separate peaks showed up for the protons associated with the CHy’s of the side chain; however,
only one peak appeared for these same protons when the NMR was performed in DMSO-ds and
D,0. (The extra peak was real and not just due to splitting of the original peak caused by
neighboring protons.) Perhaps this indicated that the CH,'s were able to adopt two slightly
difference conformations in CDCl,, but that they were not in the other solvents due to their
interactions with the polymer. Nonetheless, the values for the NMR peaks corresponded well to
those found for other poly(2-ethyl-2-oxazoline) homopolymers and diblock copolyn"lers.w'n’73
Since "H NMR in not only qualitative, but also quantitative, we were also able to determine the
relative length of the poly(2-ethyl-2-oxazoline) block to the poly(ethylene oxide) block by
comparing the number of protons associated with each. From there, the length of the poly(2-

ethyl-2-oxazoline) block was determined since the length of the poly(ethylene oxide) block was

known.
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Weak acid hydrolysis of the poly(ethylene oxide)-poly(2-ethyl-2-oxazoline) diblock
copolymer to the poly(ethylene oxide)-poly(ethylene imine) diblock copolymer resulted in
almost complete hydrolysis of the pendant acyl groups to the desired secondary amines, as
indicated by "H NMR in Figure 2.4. The peak due to the poly(2-ethyl-2-oxazoline) main chain at
3.47ppm almost completely disappeared and was replaced by a peak at 2.75ppm due to the
poly(ethylenc imine) main chain, while the peak due to the poly(ethylene oxide) protons
remained virtually unchanged at 3.65ppm. The proton on the secondary amine of the
poly(ethylene imine) block was not observed in 'H NMR, perhaps due to exchange of the proton
with the deuterated methanol. It is very common for protons on amines to be exchanged with
deuterons in their NMR solvents, especially if the deuterons are easily dissociated.” Similar
results have been observed for poly(ethylene imine) homopolymers.”* The length of the
poly(ethylene imine) block was determined by integration of the protons associated with each of
the blocks. For both sets of polymers synthesized, the ratio of the polyimine block to the
poly(ethylene oxide) block determined for the poly(ethylene oxide)-poly(2-ethyl-2-oxazoline)
diblock copolymers was much smaller than that determined for the poly(ethylene oxide)-
poly(ethylene imine) diblock copolymers, as discussed in the preceeding section. The ratio
determined for the poly(ethylene oxide)-poly(ethylene imine) block copolymers was that which
was used to determine the molecular weight of each of the polymers, as it did not vary greatly

during the synthesis of subsequent generations.
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Figure 2.4. "H NMR of the poly(ethylene oxide)-poly(ethylene imine) diblock copolymer
consisting of 43 repeats of poly(ethylene oxide) and 97 repeats of poly(ethylene imine).

Addition of methyl acrylate to the poly(ethylene oxide)-poly(ethylene imine) diblock
copolymer backbone resulted in the formation of the 0.5 generation, methyl ester terminated
polymer. The chemical structure of this polymer was confirmed by the addition of peaks at
3.69ppm (-CH,-CH,-CO-OCH3), 2.85ppm (-CH,-CH>-CO-OCH3), and 2.53ppm (-CHz-CHa-
CO-OCHa), as well as a shift in the poly(ethylene imine) backbone protons to 2.61ppm (-N-CH»-
CH;-). The poly(ethylene oxide) peak remained unchanged at 3.65ppm. MeOH-d; was chosen
as the NMR solvent for this and all subsequent half generation polymers as it was not only a
good solvent for both blocks, but it also gave a greater resolution than CDCl; between the peak
at 3.69ppm of the methyl ester protons and the peak at 3.65ppm of the poly(ethylene oxide)
protons. The NMR’s for the subsequent half generation polymers were much more complex, as
they contained not only the protons from the exterior half branches, but also the interior whole
branches. The NMR’s of all of the half generation polymers gave peaks at approximately the
same positions because the chemistry remained the same between generations and can be
represented by the generation 4.5 polymer in Figure 2.5. The peaks for the methyl ester
terminated branches shifted slightly to 3.69ppm (-CH>-CH>-CO-OCH3), 2.79ppm (-CH,-CH;-
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CO-OCHj), and 2.49ppm (-CH;-CH,-CO-OCH,), while the peaks for the interior whole
branches appeared at 3.28ppm (-CO-NH-CH,-CH,-N<), 2.84ppm (-CH,-CH,-CO-NH-),
2.64ppm (-N-CH;-CH,-) and (-CO-NH-CH,-CH,-N<) next to a whole branch, 2.58ppm (-CO-
NH-CH;-CH,-N<) next to a half branch, and 2.40ppm (-CH,-CH,-CO-NH-). The poly(ethylene
oxide) peak remained virtually unchanged at 3.65ppm. While the peak positions remained
virtually unchanged between generations, the integration ratios of some of the peaks did change.
For example, one set of ratios that changed was that of the protons of the poly(amido amine)
dendritic branches, (-CH;-CH,-CO-NH-CH,-CH,-N<) and (-CH;-CH,-CO-OCH3), to that of
the poly(ethylene oxide) (-O-CH»-CH,-). This change was expected as the number of branches
in the dendritic poly(amido amine) block multiplied with increasing generation, while the
poly(ethylene oxide) block remained the same size. (It should be noted that the integration ratio
of the backbone poly(ethylene imine) protons to the poly(cthylene oxide) protons remained
constant, and the increase in the branch protons occurred proportionally.) Another set of ratios
that changed with increasing generation was the set of ratios from the peaks due to the exterior
branches (-CH;-CH;-CO-OCHj) to that of the interior branches (-CH;-CH,-CO-NH-CH,-CH,-
N<). These ratios were found to decrease with increasing generation as expected. For example,
for the generation 1.5 polymers, the ratio was 2:1 =2, while for the generation 3.5 polymers, the

ratio was 8:7 =1.14.
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Figure 2.5. 'H NMR of the generation 4.5 linear-dendritic rod diblock copolymer.

Similarly, the "H NMR spectra of all of the amine terminated polymers can essentially be
represented by one spectra because the branch chemistry remained identical with increasing
generation. The "H NMR spectra of the generation 2.0 polymer in MeOH-d is shown in Figure
2.6. MeOH-d, was chosen over D>O as the solvent, so that there would be consistency between
the NMRs of the half and the whole generation polymers. The peak from the poly(ethylene
oxide) remained unchanged at 3.65ppm, while the peaks for the whole branches were found at
3.28ppm (-CO-NH-CH,-CH,-N<), 2.82ppm (-CH;-CH,-CO-NH-), 2.77ppm (-CO-NH-CH,-
CH,-N11,), 2.62ppm (-N-CH,-CH;-) and (-CO-NH-CH;-CH-N<), and 2.40ppm (-CH,-CH;-
CO-NH-), similar to those found for the interior branches of the methyl ester terminated
polymers. As was the case of the ester terminated polymers, the main difference between the
low generation and the high generation spectra for the amine polymers was the integration ratio
of the protons in the dendritic branches to those in the poly(ethylene oxide) block, which
increased proportionally with increasing generation, as well as a decrease in the ratio of the

interior to exterior branch protons. The primary difference in peaks between the interior and the
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exterior branches of the whole generation polymers is that due to the protons on the carbon
adjacent to the amine. For the interior tertiary amine (-CO-NH-CH,-CH,-N<), they overlap with
the poly(ethylene imine) backbone protons at approximately 2.62ppm, while for the exterior
primary amine (-CO-NH-CH,-CH,-NHy), they appear at approximately 2.77ppm.

Integration of the NMR peaks for both the half and whole generation polymers, as well as
a complete disappearance of the methyl ester protons at 3.69ppm during the formation of the
whole generation polymers, indicate that close to 100% substitution occurred at each generation.
The proton of the amide group did not appear in the spectra for cither the half or the whole
generation polymers, probably due to exchange of the proton with the deuterated methanol. The
peak positions for both the amine and the methyl ester terminated polymers were in good
agreement with those found for the poly(amido amine) spherical®***"%" and hybnid-linear
dendritic diblock copolymers.* Finally, not surprisingly, the length of the dendritic block did
not affect the proton peak positions; its only effect was on the integration ratios of the dendritic

block to the poly(ethylene oxide) block.
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Figure 2.6. 'H NMR of the generation 2.0-amine terminated linear-dendritic rod diblock
copolymer.
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'"H NMR was also used to verify the structures of the whole generation polymers that had
been functionalized with alkyl groups. MeOH-d,; was chosen as the solvent for the polymers
substituted with the butyl through the decyl group since it resulted in good separation between
the poly(ethylene oxide) protons at 3.65ppm and the residual methyl ester protons at 3.69ppm,
while CDCl; was chosen as the solvent for most of the dodecyl and octadecyl terminated
polymers as the purified versions of these polymers were mostly insoluble in methanol. For the
generation 1.0-alkyl polymers, addition of the alkyl groups was confirmed by the addition of
peaks at approximately 3.20ppm (-CO-NH-CH,-CHz~(CH;),3-CH3), 1.51ppm (-CO-NH-CH,-
CH;-(CHz),.3-CHs), 1.38ppm (-CO-NH-CH,-CH;-(CH3)n3-CH3), and 0.94ppm (-CO-NH-CH,-
CH;-(CH,),.3-CHz), all from the alkyl protons. In addition, the peak from the protons on the
carbon next to the amide shifted slightly upfield to 2.38ppm (-CH,-CH»-CO-NH-) while the
protons peaks from the poly(ethylene oxide), poly(ethylene imine) backbone, and the most
interior carbon, (-CH;-CH,-CO-NH-), remained virtually unchanged. The generation 2.0, 3.0,
4.0, and 5.0-alkyl terminated polymers gave similar spectra; however, they also contain peaks
from the interior poly(amido amine) whole branches. As an example, the spectra of the
generation 3.0-octyl terminated polymer, which is very representative of all of the alkyl
terminated polymers, is given in Figure 2.7. In general, for the alkyl terminated polymers, the
peak at 3.65ppm of the poly(ethylene oxide) remained virtually unchanged, the protons from the
interior poly(amido amine) branches fell at 3.28ppm (-CO-NH-CH,-CH,-N<), 2.84ppm (-CH,-
CH,-CO-NH-CH,-CH,-N<), 2.61ppm (-N-CHz-CH>~) and (-CO-NH-CH,-CH;-N<), 2.40ppm
(-CH,-CH,-CO-NH-CH,-CH,-N<), while the new peaks from the exterior alkyl groups came in
at 3.18ppm (-CO-NH-CH;-CH,-(CH,),3-CHz), 2.81ppm (-CH>-CHz-CO-NH-CH,-CH,-
(CHy)u.3-CHa), 2.36ppm (-CH,-CH>-CO-NH-CH;-CH,-(CH3),3-CHs), 1.52ppm (-CO-NH-CH»-
CH;-(CHy),.3-CHs), 1.34ppm (-CO-NH-CH,-CH,-(CHa)n3-CHj), and 0.93ppm (-CO-NH-CHa-
CH,-(CH,),.3-CHs). Unfortunately, for most of the polymers, not all of the methyl ester groups
reacted to form the alkyl groups as indicated by residual protons at 3.69ppm (-CH;-CH;-CO-
OCHj3), 2.76ppm (-CH,-CH,-CO-OCH3), and 2.50ppm (-CH,-CH,-CO-OCHa;). The only
significant differences between the generation 2.0, 3.0, 4.0, and 5.0 polymers were the
integration ratios between the dendritic block and the poly(ethylene oxide) block, as well as
those between the interior and exterior dendritic branches, which had also been observed for the

ester and the amine terminated polymets.
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Figure 2.7. "H NMR of the generation 3.0-octyl terminated linear-dendritic rod diblock
copolymer.

Within the same generation, the NMR spectra did not appear much different from one
alkyl chain length to the next, the main difference being the ratio of the integration value
obtained for the CH; next to the terminal CHj, (-CO-NH-CH,-CH;-(CH3),.3-CH3), to that of the
other protons in the polymer. Not surprisingly, as the length of the alkyl chain increased, the
relative integration value from this peak increased accordingly. For example, for the butyl
terminated polymers, the ratio of the protons on the CH; next to the terminal CHj to those of the
terminal CH; was 2:3, for the octyl terminated polymers it was 10:3, and for the dodecyl
terminated polymers it was 18:3. As the length of the alkyl chain increased, the chemical
environment experienced by these additional protons was very similar to that of the other protons
already present in CH; groups which were at least three carbons from the amide group. Thus,
these protons did not appear as new peaks in the NMR spectrum, instead they appeared as
multiplication of the CH; peaks which appeared for the shorter alkyl chains.

In addition to being used to verify the chemical structure of the polymers, 'H NMR was

also used to determine the percent substitution of the n-alkyl amines on the ester terminated
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polymers by comparing the integration values of peaks attributed to functionalized and non-
functionalized repeat units. Specifically, the integration value from the non-functionalized
methyl ester group, (-CH,-CH,-CO-OCH3) which appeared around 3.69ppm, was compared to
the integration values from the CH, adjacent to the newly formed amide group (-CO-NH-CH;-
CH,-(CH,),-CH3), which appeared at 3.18ppm, and the terminal methyl group of the alkyl chain
(-CO-NH-CH,-CH,-(CH;)n.3-CH3), which appeared at 0.92ppm. The two equations that were
used to determine the percent substitution are given below in Equations 2.1 and 2.2. The two
values that were calculated from these equations were very consistent, almost always within one

to two percent of each other.

o ' 2.1
percent substitution = CH, pext tozam1de x 100% @1)
CH, next to amide+ 3 OCH, of ester
percent substitution = CH, of alkyl group x 100% 2.2)
CH, of alkyl group+ OCH, of ester
2.4.2.2 FTIR

In FTIR, infrared radiation is directed at a sample, the material absorbs the energy and
then coverts it into the energy of molecular stretching and bending vibrations. The wavelength
of the absorbed energy depends on the types and geometries of the atoms present as well as the
length of the bonds between them.”> Most of the common functional groups give rise to
characteristic absorption bands in different regions of the infrared range. Thus, by measuring the
spectra of light absorbed, usually by measuring that which is transmitted, one can determine the
presence or absence of absorption bands, and thus, the presence or absence of functional
groups.’® Unfortunately, it is much more difficult to acquire quantitative information about the
relative numbers of functional groups present from FTIR than it is from NMR; nonetheless,
FTIR provides a good qualitative measure of the types of functional groups present in a material.

FTIR was also used to verify the chemical structures of all of the linear-dendritic rod
diblock copolymers synthesized by identifying the functional groups present. Tosylation of the
hydroxyl group on the poly(ethylene oxide) was confirmed by the complete loss of the O-H
stretching band at approximately 3450cm™ and the addition of bands at approximately 1170cm™
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from the S=O sulfonate ester stretching, and at 810cm™ and 750cm™ from the C-H bending of
the aromatic groups. Unfortunately, because the fraction of the tosylate group 1n the polymer
was so small, the magnitude of the absorbance of these peaks in comparison to those due to the
poly(ethylene oxide) block was also small such that the addition and subtraction of these peaks
did not produce a large change in the spectra. Nonetheless, the spectra from the tosylate polymer
compared well with that observed by others for the same polymer.>*°!

Polymerization of 2-ethyl-2-oxazoline with the poly(ethylene oxide) tosylate
macroinitiator to form the desired diblock copolymer produced a much more dramatic effect on
the FTIR spectra. The 2-ethyl-2-oxazoline block added strong peaks at 1646¢m™ for the C=0
stretching and at 1426¢m™ for the C-N stretching, while the characteristic C-O-C stretching peak
of the poly(ethylene oxide) block remained at approximately 1111cm™. The C-H stretching
peaks also shifted to slightly larger wavenumbers, most likely due to the addition of the CH;,
group on the poly(2-ethyl-2-oxazoline) side chain. These results were in good agreement with
those found for poly(2-ethyl-2-oxazoline) homopolymers’’ and other poly(ethylene oxide)-
poly(acyl-oxazoline) diblock copolymers.>*®

Weak acid hydrolysis of the poly(ethylene oxide)-poly(2-ethyl-2-oxazoline) diblock
copolymer to the desired poly(ethylene oxide)-poly(ethylene imine) diblock copolymer was
confirmed by the almost complete disappearance of the C=0 stretching band and the C-N
stretching band of the tertiary amine in the poly(2-ethyl-2-oxazoline) block as well as the
addition of the N-H stretching band at approximately 3219cm™ and the C-N stretching band at
approximately 1135¢cm™, both due to the secondary amines on the poly(ethylene imine). In
addition, the C-H stretching peaks shifted back to slight lower wavenumbers probably due to the
loss of the CH; group on the poly(2-ethyl-2-oxazoline) side chain. Through this all, the C-O-C
stretching peak of the poly(ethylene oxide) remained constant at approximately 1111cm™.
Saegusa et al. have observed similar FTIR bands for linear poly(ethylene imine)
homopolymers™ as well as poly(ethylene oxide)-poly(ethylene imine) diblock copolymers which
contained residual 2-methyl-2-oxazoline groups.60

FTIR confirmed the formation of the generation 0.5 linear-dendritic rod diblock
copolymer, whose spectra is shown in Figure 2.8. As can be seen, the N-H stretching band of the
poly(ethylene imine) block completely disappeared and was replaced by a very strong C=0

stretching peak, characteristic of the methyl ester groups at 1733cm™. In addition, new bands
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were observed at 1196 and 1038¢m™ due to stretching of the C-C(=0)-O and O-C-C bonds in the
ester, respectively. The FTIRs of the higher gencration methyl ester terminated half generation
polymers also exhibited these characteristic peaks due to the terminal methyl ester groups on the
branch ends; however, they also possessed adsorption bands from the interior branches which
contained amide groups. The N-H stretching of the amide produced two bands at approximately
3300 and 3070cm™’, while the C=0 stretching of the amide fell at approximately 1650cm™, and
the N-H bending absorbed at approximately 1540cm’. Tt was not surprising that all of the higher
generation polymers exhibited these same absorption peaks as they all possessed the same
functional groups. Nonetheless, the relative intensities of these peaks did vary from generation
to generation, as can be seen in Figure 2.8. While it is difficult to quantitatively determine the
fractions of each of the groups present, qualitatively, one can gain some insight into the relative
numbers of groups present from the relative intensities of the peaks. For these half generation
polymers, the most obvious change in the peak intensity ratios that occurred was that between
the C=0 stretching peak of the methyl ester group and the C=0 stretching peak of the amide
group. At generation 1.5, the ester carbonyl peak was approximately twice as large as the amide
carbonyl peak; however, at higher generations, this ratio decreased dramatically, and at
generation 4.5, the amide carbony! peak was slightly larger than that of the ester carbonyl. This
result was consistent with the relative numbers of each of the functional groups present. For
example, for the generation 1.5 polymer, there were two exterior methyl ester groups for every
one interior amide group, while for generation 4.5, there were sixteen exterior methyl ester
groups for every fifteen interior amide groups. The fact that the amide carbonyl peak was
slightly larger than the ester carbonyl peak most likely occurred because each of the functional
groups did not absorb the same intensity of light, which speaks to the difficulty in obtaining
quantitative information from FTIR. A second set of relative peak intensities that changed were
the ratios of the poly(ethylene oxide) C-O-C stretching band at approximately 1 115¢m™ to that
of the other functional groups. In the generation 0.5 polymer, a small, yet noticeable absorption
band can be observed; however, as the generation number increases, the relative intensity of this
band decreases, such that by generation 3.5 it is hard to detect the presence of this band at all.
From 'H NMR, we know that the poly(ethylene oxide) block was still present, but by generation
3.5 its weight fraction in the entire polymer was so small that the absorption peaks from the

dendritic block were able to dominate it.



The spectra of the amine terminated, whole generation linear-dendritic rod diblock
copolymers all exhibited the same characteristic absorption bands regardless of generation, as
they all possessed the same functional groups. A representative spectra, that of the generation
3.0 polymer is given at the bottom of Figure 2.8. The most characteristic feature marking the
transition from the methyl ester groups to the amine groups was the complete disappearance of
the C=0 stretching band at approximately 1740cm™ found in the ester terminated polymers. In
addition, the amine spectra exhibited N-H stretching bands at approximately 3260 and 3058cm’™
as well as C=0 stretching bands at approximately 1654cm™’, and N-H bending bands at
approximately 1470cm™’ due to the amine and amide groups. Unfortunately, for the amine
terminated polymers, it was difficult to differentiate between the N-H stretching and bending
peaks of the interior amide and the exterior amine groups; thus, qualitative conclusions about the
relative sizes of those peaks with respect to the number of each of the groups present could not
be drawn. However, qualitative insight was still gained from the relative sizes of the absorption
bands of the dendritic block to that of the poly(ethylene oxide) block. As had been observed for
the methy] ester terminated polymers, the C-O-C stretching absorption band of the poly(ethylene
oxide) block all but disappeared at approximately generation 3.0, due to its relative small weight
percent in the polymer.

The absorption bands for both the amine and the methyl ester terminated polymers were
in good agreement with those found for the poly(amido amine) hybrid-linear dendritic diblock
copolymers.”*** The length of the dendritic block did not affect the position of the absorption
bands of the linear-dendritic rod diblock copolymers. It’s only effect was on the relative
intensity of the poly(ethylene oxide) C-O-C stretching band at approximately 1115cm™’ to that of
the other dendritic peaks in the spectra. Not surprisingly, as the length of the dendritic block
increased, the relative intensity of the poly(ethylene oxide) block to the dendritic block
decreased.

The FTIR spectra for all of the alkyl terminated polymers exhibited the same
characteristic peaks for a given length of alkyl chain substitution. This observation was not
surprising since all of the polymers possessed the same characteristic functional groups. These
spectra can be represented by the spectra for the generation 3.0-alkyl terminated polymers shown
in Figure 2.9. The modes of adsorption and the functional groups associated with them are also

given in the figure. There is only one subtle difference between the spectra as the generation
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number increased — the somewhat weak C-O-C stretching peak from the PEO at approximately
1115cm™ decreased in intensity with increasing generation and disappeared altogether for the
generation 3.0-substituted polymers. This result was consistent with that which was observed for
the ester and amine terminated polymers as well as the fact that the percentage of PEO decreased
dramatically with increasing generation. Surprisingly, more dramatic changes in the FTIR
spectra were seen as a function of the length of the alkyl chain with which the polymer was
substituted. The spectra from the generation 3.0-series as shown in figure 2.9 was representative
of the changes in the spectra that were observed. For the generation 3.0-butyl substituted
polymer, the absorption peaks from the C-H stretching of the methylene groups in the
poly(amido amine) portion at 2960 and 2821cm’ are of approximate equal intensity as those
adsorption peaks from the C-H stretching of the alkyl methylene groups at 2933 and 2869cm™.
However, as the length of the alkyl chain with which the polymer was substituted increased, the
C-H stretching peaks in the alkyl portion grew dramatically in intensity relative to the C-H
stretching peaks in the poly(amido amine) portion as well as to the absorption peaks attributed to
other groups in the poly(amido amine) portion, such as the amide C=0 stretching peak at
1640cm’. For the generation 3.0-octyl substituted polymer, the alkyl C-H stretching peaks were
approximately twice as large as the poly(amido amine) C-H stretching peaks, and for the
generation 3.0-octadecyl substituted polymer, the alkyl C-H stretching peaks were so big that
they almost engulfed the poly(amido amine) C-H stretching peaks. Fortunately, these results
were consistent with an increasing percentage of alkyl CH; in the polymer as the length of the
alkyl chain with which the polymer was substituted was increased.

Qualitatively, FTIR also offered insight into the degree of substitution of the n-alkyl
amines on the ester terminated groups. The methyl ester group had a characteristic strong
absorption peak at 1743 em™ due to C=O stretching. For polymers in which almost 100%
substitution of the alkyl groups had been achieved, this peak all but disappeared; however, in
polymers in which the percent substitution was much less, this peak remained, but became much
less intense than it had been for the pure methyl ester terminated half generation polymers.
Thus, one could qualitatively compare these results with those from the 'H NMR spectra for

consistency.
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Figure 2.8. FTIR spectra of the poly(ethylene oxide)-poly(ethylene imine)-poly(amido amine)
linear dendritic rod diblock copolymers.
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Figure 2.9. FTIR spectra of the generation 3.0-alkyl terminated poly(ethylene oxide)-
poly(ethylene imine)-poly(amido amine) linear dendritic rod diblock copolymers.
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2.4.2.3 MALDI-TOF and SEC-MALLS

Since spherical dendrimers and their hybrid-linear dendritic diblock copolymers are
extremely monodisperse, MALDI-TOF (matrix-assisted laser desorption ionization time of
flight) spectrometry has become a popular technique to characterize the molecular weight of
these polymers.®?*?>"® In traditional time of flight mass spectrometry, the molecular weights of
small molecules are determined by first ionizing the molecules in the gas phase. Then, these
ionized molecules travel, “fly”, a given distance where they are separated by their size with the
lighter molecules traveling faster. Finally, these ionized molecules are collected and their m/z
(mass/charge) values are determined.”” For several years, polymeric molecules could not be
examined in this manner because of difficulties in effectively ionizing them. However, in
MALDI-TOF, a sample is embedded in small, highly absorbing organic compounds which
induce an efficient transfer of the laser-pulse energy to the sample and a soft desorption process,
causing the molecules to “fly”” down the spectrometer tube.* Unfortunately, as the molecular
weight and the polydispersity of a samples increases, MALDI-TOF analysis of the molecular
weight becomes less reliable as the entire molecular weight distribution will not travel equally
down the tube since the different molecular weights present will require differing amounts of
energy to ionize and desorb them.”® Usually the best results are obtained for polymers with a
polydispersity of less than 1.2.%' Attempts were made to characterize our poly(ethylene oxide)-
poly(2-ethyl-2-oxazoline) as well as our poly(ethylene oxide)-poly(ethylene imine) diblock
copolymers by MALDI-TOF. Unfortunately, these polymers did not meet the stringent
monodispersity requirements for MALDI-TOF and did not give good results; thus, none will be
reported in this thesis.

Characterization of the molecular weight and the molecular weight distribution was also
attempted using SEC-MALLS (size exclusion chromatography-multi angle laser light scattering,.)
In SEC-MALLS, a polymer sample is passed through a series of columns which separates the
polymer molecules by size. The weight average molecular weight of each polymer fraction is
then determined as it passes though a multi-angle laser light scattering using Debye’s equation in
the limit of small concentration.*” The benefit of using SEC-MALLS is that it doesn’t rely on
standards and can in theory, give an absolute molecular weight of the polymer. Unfortunately,
reproducible results could not be obtained for these linear-dendritic rod diblock copolymers, and

the molecular weight were often much smaller than expected. The polymers were examined
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using the SEC-MALLS instrument in our lab with several different solvent systems as well as by
the chromatography team at the Michigan Molecular Institute, which specializes in dendritic
systems. Most likely, there were several factors that contributed to these observations. The most
significant factor was probably the polydispersity of the polymers. The poly(ethylene oxide)-
poly(ethylene imine) diblock copolymer backbone started with a polydispersity of approximately
1.2-1.4. This polydispersity was expected to rise dramatically with increasing generation as the
molecular weight of the dendritic block increased with generation while that of the poly(ethylene
oxide) did not. Thus, it was possible that during each injection, a slightly different molecular
weight distribution was sampled resulting in values that were difficult to reproduce. Another
factor may have been the dn/dc (change in refractive index/change in concentration) used in the
molecular weight calculations. At the Michigan Molecular Institute, they employed an in situ
process to determine this value for each of the polymers. However, for polymers that are
composed of more than one block and which possess a wide range of molecular weights, and
thus compositions of the two blocks, that value can vary with molecular weight. Thus using a
value that had been calculated for the entire sample may not have been accurate.® Nonetheless,
this factor was probably not nearly as important as the polydispersity in the polymers. One last
factor that may have affected the SEC-MALLS results was the shape of the polymers under
investigation. Percec ef al. have also reported anomalous behavior in SEC-MALLS for some of
their higher molecular weight dendritic rods.”* Usually in SEC, the highest molecular weight
polymers elute at the lowest elution volume and the molecular weight decreases with increasing
elution volume in a linear fashion. Similarly, the radius of gyration increases with molecular
weight in a linear fashion. However, Percec ef al. found that the higher molecular weight
polymers eluted at both normal and at larger than normal elution volumes resulting in two
different values of the elution volume and the radius of gyration for the same molecular weight.
They hypothesized that the extremely high molecular weight fraction interacted with the columns
and eluted at a higher elution volume than expected based on pure size exclusion.'® Thus, at
small elution volumes, the normal size distribution mechanism prevailed and the polydispersity
of the eluting species was fairly small. However, at larger elution volumes, both normally
eluting small molecules as well as retarded high molecular weight polymers eluted such that the
polydispersity within an elution slice was greater than 100. This unusual behavior has also been

82,83

reported for styrene microgels and other branched polymers; nonetheless, Percec et al. did
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not necessarily believe that their polymers contained branched structures or aggregates. Since
Percec’s paper, Getle et al. have also reported similar anomalous elution behavior for high
molecular weight cylindrical brushes based on methacrylol end functionalized oligo
methacrylates.** For the linear-dendritic rod diblock copolymers under investigation in this
thesis, an upturn in the molecular weight versus elution volume graph was also observed for
many of the polymers, and it was especially prevalent for the generation 4.0 diblock copolymers,
which also exhibited a strong upturn radius of gyration versus elution time graph. Ideally, the
molecular weight determined from SEC-MALLS should not have been affected by the
phenomena described above, as it does not rely on standards and it allows one to measure the
molecular weight at each elution slice. Nonetheless, the above phenomena may have affected
the determination of the molecular weight by SEC-MALLS in ways not yet completely

understood.

2.5 Summary and Conclusions

The synthetic scheme for a series of linear-denditic rod diblock copolymers consisting of
a poly(ethylene oxide)-poly(ethylenc imine) diblock copolymer backbone and poly(amido
amine) dendritic branches has been successfully developed. The linear-dendritic rod diblock
copolymers were also made amphiphilic by the reaction of various n-alkyl amines with the
methyl ester terminated, half-generation polymers. The chemical structures of all of the
polymers were confirmed using '"H NMR and FTIR.

The first step in the synthesis of the linear-dendritic rod diblock copolymers was the
formation of the poly(cthylene oxide)-poly(ethylene imine) diblock copolymer backbone. This
was accomplished by tosylation of a hydroxyl terminated poly(ethylene oxide) homopolymer to
form a poly(ethylene oxide) macroinitiator using tosyl chloride. This macroinitiator was then
used in the cationic ring opening polymerization of 2-ethyl-2-oxazoline to form a poly(ethylene
oxide)-poly(2-ethyl-2-oxazoline) diblock copolymer. Since the rate of polymerization of the 2-
ethyl-2-oxazoline block was much larger than the rate of its initiation with poly(cthylene oxide)
tosylate, the polymers possessed a polydispersity between 1.2 and 1.4. The poly(2-ethyl-2-
oxazoline) block of the diblock copolymer was then hydrolyzed, using a weak acid hydrolysis, to
form the desired poly(ethylene oxide)-poly(ethylene imine) diblock copolymer backbone.
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Formation of the methyl ester terminated half generation polymer proceeded as expected
by the addition of methyl acrylate to the poly(ethylene oxide)-poly(ethylene imine) diblock
copolymer backbone. The reaction was performed using a 2.7 molar excess of methyl acrylate in
an approximately 5% by weight polymer solution. During the addition of the methyl acrylate,
the reaction solution was chilled, it was then allowed to slowly warm to room temperature, and
finally to react for another 48 hours to ensure complete addition of the methyl acrylate groups to
the poly(ethylene imine) backbone. Unfortunately, after removal of all of the methanol and
methyl acrylate by vacuum distillation, the polymer still exhibited the same strong odor
associated with methyl acrylate. To eliminate this residual methyl acrylate, the polymer was
purified by dissolution in chloroform and precipitation into hexanes to obtaine the desired
diblock copolymer. The synthesis of the subsequent half-generation polymers of higher
generation was conducted using similar reaction conditions.

Reaction of the half generation methyl ester terminated polymers with ethylenediamine to
form the whole generation, amine terminated polymers proved to be more difficult. It was found
that these polymers were susceptible to intra- and intermolecular crosslinking and that the only
way to avoid this crosslinking was to conduct the amidation reactions with huge excesses of
ethylenediamine (2500 for generation 1.0, 5000 for generation 2.0, 7500 for generation 3.0, and
10,000 for generation 4.0); at low temperatures (approximately 5°C); and for long times (5 days
for generation 1.0 increasing to 8 days for generation 4.0 polymer). It was also found that
rigorous purification of both the ethylenediamine before the reaction and the amine terminated
linear-dendritic rod copolymer after the reaction were necessary to prevent this crosslinking.
Unless these steps were taken, the polymer formed an insoluble precipitate either inmtially, or
shortly after the reaction was complete, making characterization impossible. In addition, the
imperfections caused by not being diligent with the above two steps also affected the formation
of the methyl ester terminated polymers, such that they too crosslinked upon standing.
Nonetheless, once these precautions were taken, the whole generation, amine terminated
polymers were synthesized. Once prepared, it was found that the best way to purify the
polymers and remove any residual ethylenediamine was ultrafiltration in methanol.

Formation of the amphiphilic diblock copolymers by functionalization of the methyl ester
end groups with n-alkyl amines proceeded much more smoothly. This method of

functionalization was chosen so that the same chemistry and bond order that was used in the
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formation of the whole generation, amine terminated polymers was maintained. The generation
0.5, 1.5, 2.5, and 3.5 polymers were functionalized with butyl, hexyl, octyl, decyl, dodecyl, and
octadecyl groups, while the generation 4.5 polymer was functionalized with dodecyl and
octadecyl groups. From experiment, it was found that the best reaction conditions to achieve a
high degree of substitution for the butyl through the dodecyl terminated polymers consisted of
the following: use of an approximately 50 molar excess of n-alkyl amine; use of an
approximately 30% by weight n-alky amine in methanol solution; and heating of the reaction
solution to approximately 45-50°C for five to eight days depending on the generation. The
majority of the excess n-alkyl amine and methanol were then removed by vacuum distillation
and the polymer purified by ultrafiltration in methanol. Due to the extremely high boiling point
of the n-octadecyl amine, the large excesses of reagent could not be used in the formation of the
octadecyl terminated polymers as it was very difficult to remove the excess reagent and to purify
the crude polymers. In addition, the reaction solution needed to bé heated at 65°C in order to
prevent the n-octadecyl amine from precipitating from solution. Unfortunately, it was very
difficult to achieve a high degree of substitution for the octadecyl terminated polymers.

Once synthesized, the chemical structures of the diblock copolymers were confirmed
using 'H NMR. In addition, '"H NMR was also used to determine the length and the molecular
weight of the dendritic block by integration of the areas under each of the peaks and comparison
of the areas attribute to the dendritic block to those of the poly(ethylene oxide) block, whose
length was known. The NMRs of all of the half generation, methyl ester terminated polymers all
contained the desired peaks from the methyl ester terminated half-branches. In addition, the
methyl ester terminated polymers of generation 1.5 and larger also contained peaks due to the
interior full branches. Not surprisingly, these characteristic peaks all fell at the same peak
positions regardless of generation because the dendritic chemistry remained unchanged with the
addition of new branches at higher generations. Similarly, the NMRs of all of the amine
terminated, whole generation polymers also exhibited peaks at the same peak positions, yet
different from the ester terminated polymers. Between generations, the primary differences in
the NMRs of the diblock copolymers were the ratio of the integration areas of the interior and the
exterior branches. For the alkyl terminated, whole generation polymers, these same two
observations were also found to be true. In addition, within the same generation, the NMR

spectra did not appear much different from one alkyl chain length to the next, the main
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difference being the ratio of the integration value obtained from the CH; next to the terminal
CH3, (-CO-NH-CH,-CH;~(CH),3-CHj3), to that of the other protons in the polymer. Not
surprisingly, as the length of the alkyl chain increased, the relative integration value from this
peak increased accordingly. Finally, 'H NMR was used determine the percent substitution of the
n-alkyl groups on the methyl ester terminated polymers by comparison of the areas of the peaks
attributed to the alkyl groups to those of the unfunctionalized methyl ester groups.

FTIR was also used to gain insight into the chemical structures of the linear-dendritic rod
diblock copolymers by identifying the functional groups present. All of the half-generation
polymers could be easily identified by the presence of an absorption band at approximately
1740cm™ due to the carbonyl stretching of the methyl ester group. In addition, as had been seen
in the NMRs, the spectra of the generation 0.5 polymer was slightly different than that that of all
of the other half-generation polymers whose spectra possessed the same peaks. The generation
0.5 polymer lacked the absorbance bands of the amide carbonyls at approximately 1650cm™,
which were created during the formation of the full branches. Nonetheless, as the generation
number increased, the ratio of the intensity of the carbonyl peak of the methyl ester group to that
of the carbonyl peak of the amide group decreased as the ratio of the exterior to the interior
branches decreased. All of the amine terminated, whole generation polymers also possessed the
same peaks in the FTIR spectra. The addition of ethylenediamine to the methyl ester end groups
was marked by the virtual disappearaﬁce of the methyl ester carbonyl peak. Unfortunately, since
it was difficult to differentiate between the N-H stretching and bending peaks of the interior
amide and the exterior amine groups, a correlation between the number of interior to extertor
branches could not be made. Functionalization of the methyl ester end groups with n-alkyl
amines resulted in the appearance of C-H stretching peaks at approximately 2930 and 2870cm’
whose relative intensity increased with increasing length of the alkyl chain. In addition, FTIR
also offered qualitative insight into the degree of substitution of the n-alkyl amines on the methyl
ester terminated groups. For polymers in which close to 100% substitution of the alkyl groups
had been achieved, the carbonyl stretching peak of the methyl ester groups all but disappeared;
however, in polymers in which the percent substitution was much less, this peak remained, but
was much weaker than had been for the pure methyl ester terminated half generation polymers.
Nonetheless, for all of the linear-dendritic rod diblock copolymers regardless of end group
functionalization, the fraction of the poly(cthylene oxide) in the total polymer after
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approximately generation 3.0 became so small that its characteristic C-O-C stretching band
virtually disappeared even though the presence of the poly(ethylene oxide) block could still be
detected through NMR characterization.

Neither MALDI-TOF nor SEC-MALLS proved to be reliable techniques for measuring
the molecular weight and the molecular weight distributions of these linear-dendritic rod diblock
copolymers. Most likely, one of the main reasons that they were not effective in making these
measurements was the polydispersity in the PEO-PEI diblock copolymer backbone that
multiplied with increasing generation. In addition, it was also possible that the highly branched
nature and the shape of the polymers contributed to the anomalous SEC-MALLS results.
Nonetheless, 'H NMR proved to be the best method for determining the molecular weights of the

polymers.
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Chapter 3

Solution Behavior of the Linear-Dendritic Rod Diblock
Copolymers

3.1 Introduction

Since dendrimers were first introduced in the mid-1980’s, the size, shape, and properties
of these polymers have led to their comparison with traditional micelles.! Traditional micelles
are formed by the aggregation of small amphiphilic molecules into complex structures such as
spheres, rods, and bilayer sheets in solution.> These micelles organize such that the lyophobic
(solvent hating) portions of the small molecules gather together in the center of the micelle and
the lyophilic (solvent loving) portions of the small molecule assemble at the exterior of the
micelle, exposed to the solvent. This arrangement leads to a minimization of the unfavorable
interactions between the molecule and the solvent, and thus the free energy in the system.’
Typically, micelles range in size from just a few to several tens of nanometers, and they have
often been used to solubilize molecules, such as hydrocarbons, in a solvent that has the opposite
character, such as water." Traditional spherical dendrimers have often been called unimolecular
micelles since they are composed of many small molecule units that are covalently bonded to a
central core, they can be designed to have a lyophobic interior and a lyophilic exterior, they have
sizes on the order of a few nanometers, and they have been used to sequester small molecules in
their interior regions as guest/host systems.” Dendrimers have the advantage over traditional
micelles in that they are stable upon dilution, whereas traditional micelles fall apart once their
concentration falls below their critical micelle concentration.’ The first studies of dendrimers in
solution focused on the determination of their size, density profiles, and ability to encapsulate
and release small molecules from their interior regions. However, as researchers began to
change the dendrimer architecture by incorporating linear polymers into dendritic systems, they
also began to look at the ability of these polymers to form more complex, multi-polymer micellar
assemblies in solution. While the solution behavior of dendritic rods has not yet been
extensively studied, the behavior of hybrid-linear dendritic diblock copolymers has been more

closely examined as these polymers are often designed to look like macromolecular
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amphiphilies, with a well-defined dendritic head that possesses either a hydrophobic or
hydrophilic character, and a linear polymer tail that posseses the opposite character.” #1¢ 1117
Researchers were very interested in whether these hybrid linear-dendnitic diblock copolymers
would continue to exist simply as unimolecular micelles or whether they would assemble mto
larger, more complex micellar structures as do small molecule amphiphiles. It was found that
either state could be achieved depending on the interactions between the polymer and the
solvent $1316:18

Since the architecture of the poly(ethylene oxide)-poly(ethylene imine)-poly(amido
amine) linear-dendritic rod diblock copolymers that we have synthesized is unique, the solution
behavior of these diblock copolymers was studied in methanol in order to first determine the
sizes of the polymers in dilute solution, and second, to determine whether or not the polymers
formed unimolecular or multimolecular micelles under these conditions. Methanol was chosen
as the solvent since it as a fairly good solvent for both the amine and the ester terminated
polymers and thus might be expected to decrease the chances of polymer aggregation,
simplifying the determination of the sizes of the polymers. The behavior of these diblock

~ copolymers was examined using intrinsic viscosity and light scattering, both of which have been
used to gain insight into the sizes and types of structures that polymers form in solution. Thus,
an investigation into the solution behavior of the linear-dendritic rod diblock copolymers is the
focus of this chapter. In the remainder of this chapter, Section 3.2 will present background
information on the solution behavior of other dendritic and diblock copolymer systems, Section
3.3 will review intrinsic viscosity and light scattering theory, and Section 3.4 will describe the
materials, instrumentation, and methods used for collecting the data. Section 3.5 will present,

discuss, and compare the light scattering and intrinsic viscosity results. Finally, a chapter

summary and concluding remarks are presented in Section 3.6 and the references in Section 3.7.

3.2 Background

3.2.1 Spherical Dendritic Homopolymers
For the spherical poly(amido amine) (PAMAM) dendrimers, one of the first solution
propetties that was examined was the intrinsic viscosity."”” The intrinsic viscosity is roughly a

measure of the ratio of the size of a particle to its molecular weight, and it is commonly used to

80




determine the sizes of polymeric as well as micellar systems in solution. Since the PAMAM
dendrimers under investigation were spherical, Tomalia ef al. applied Einstein’s relationships
between the intrinsic viscosity of a sphere and its volume to determine the radius of the
dendrimers at various generations in two different solvent systems, water and methanol. The
sizes of the dendrimers that they calculated ranged from approximately 5.7A for the first
generation polymers (ammonia core) which possessed three branches, up to 24.6A for the fifth
generation polymers (ammonia core) which possessed 48 branches. In addition, they found that
the amine terminated polymers exhibited a higher intrinsic viscosity than the ester terminated
polymers that possessed the same degree of branching. They attributed this difference in the
intrinsic viscosity to dendrimer aggregation caused by intermolecular hydrogen bonding of the
amine end groups which was absent in the ester terminated polymers. For the amine terminated
polymers up to generation 5.0, they calculated a Mark-Houwink equation in methanol of n]=
1.07x10 M%) while for the ester terminated polymers, they found the equation to be [n] =
5.25x10°M"?®. In later experiments in which they examined the intrinsic viscosity of the
polymers beyond generation 5.0, they found a maximum in the intrinsic viscosity which fell
between generation 4.0 and 5.0, and which subsequently decreased with increasing generation.’
These results were consistent with the definition of intrinsic viscosity and the way that the
volume and molecular weight of dendrimers scale. For spherical dendritic systems, each
generation contributes linearly to the radius. Thus, the volume of the dendrimer scales as g°,
where g is the generation number. However, the molecular weight scales as B, where B is the
branch multiplicity. Thus, a maximum in the intrinsic viscosity is reached at generation 3/In(B),
or it falls between generations 4.0 and 5.0.2° ® In addition, Tomalia ef al. also found that the
density and refractive index of dendrimers were minimized between generations 4 and 5 due to
the exponential accumulation of surface groups as a function of generation. They concluded that
these results were consistent with the polymer behaving as an Einstein spheroid after generation
4.0. In order to determine the location of the amine terminal groups in methanol solution, Topp
et al. conducted small angle neutron scattering (SANS) experiments on deuterated versions of
the generation 7.0 polymer.*' They found that the branch ends were located very near the
periphery for this high generation dendrimer in methanol, which is a good solvent for the
dendrimer. They also found that the interior region appeared to have a uniform density and not a

density gradient as had been predicted by others. Topp et al. have also used SANS to determine
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the effect of solvent quality on the radius of gyration of generation 5.0 and 8.0 dendrimers.”

The radius of gyration was found to decrease as the number of methylene groups in various alkyl
alcohol solvents increased. However, the radius of gyration was not found to be influenced by
the addition of acetone (a non-solvent for the polymer) to methanol over the acetone/methanol
composition range in which the polymer was soluble. Finally, temperature did not appear to
affect the radius of gyration of the polymers in methanol over the range —10°C to 50°C. One
very interesting phenomena that Topp et al. observed in both sets of SANS experiments was that
the radius of gyration of the dendrimers increased with decreasing concentration of the solutions.
They attributed this phenomena to the scattering structure factor and they did not belicve that this
represented real changes in the dimensions of the dendrimer in solution.

By changing the chemistry of the functional groups on the surface of the dendrimer, the
solubility of the dendrimer as well as its ability to form unimolecular or multimolecular
aggregates in solution can be tuned.”® For example, Dvornic ef al. found that hydrophilic
PAMAM dendrimers could be functionalized with hydrophobic organosilane end groups. As the
number of carbosilane end groups increased, the solubility of the polymer slowly shifted from
water soluble to water insoluble.”* Similarly, Sayed-Sweet et al. functionalized the end groups
of hydrophilic PAMAM dendrimers with various hydrophobic epoxy-alkanes in order to create
inverse unimolecular micelles in organic solvents.” In order to demonstrate that they had in fact
prepared inverse unimolecular micelles, they dissolved these alkyl terminated dendrimers in
organic solvents and found that they were able to extract copper sulfate from aqueous solutions
into the organic phase, as indicated by the formation of a blue color in the organic phase. The
copper ions were not able to transfer into the organic phase without the presence of the alkyl
terminated dendrimers. In another example of dendrimers being able to solubilize and stabilize
small molecules in their interior regions, Schmitzer et al. were able to solubilize pyrene
molecules in the interior regions of glucose persubstituted generation 1.0, 2.0, and 3.0 PAMAM
dendrimers in aqueous solutions.?® These “filled” polymers also were able to assemble into
larger aggregates due to hydrogen bonding of the glucose end groups. In a slightly different
system, Sui ef al. functionalized the end groups of PAMAM dendrimers with hydrophobic 10,12-
pentacosadynoic groups, which contained polymerizable diacetylene bonds.?” In chloroform,
these functionalized polymers assembled into fiber-like structures which could be polymerized

by UV radiation. Due to the geometry of the polymer, the triple bonds were not in close enough
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proximity to polymerize with other groups on the same dendrimer, but rather, they were forced
to polymerize with the groups on neighboring dendrimers, locking the assembled structure into
place. Conversely, Wang et al. were able to design a system in which PAMAM dendrimers
which had been functionalized with polymerizable cinnamoyl groups did not aggregate but rather
remained as individual molecules in solution.?® Intrinsic viscosity as well as GPC measurement
confirmed that upon polymerization, these molecules formed individual polymers with a hard
outer shell.

Intrinsic viscosity has also been used to examine the solution behavior of poly(benzyl
ether) dendrimers. In THEF, these dendrimers also exhibited a maximum in the intrinsic viscosity
as a function of generation that was reached at generation three for the monodendrons and
generation five for the tridendrons.”’ In addition, the refractive index increment of these
dendrimers passed through a minimum, as had been observed for the PAMAM dendrimers.
Finally, the hydrodynamic radius of these polymers was found to increase linearly with
generation, consistent with the above observations. The effect of solvent quality on the intrinsic
viscosity and size of generation three, four, and five poly(benzyl ether) dendrimers was also
examined by Jeong ef al..*® In agreement with the results of other dendritic systems, the intrinsic
viscosity, and thus the viscometric radii decreased with decreasing solvent quality. There was a
difference of approximately a factor of two in the sizes of the dendrimers in good solvents
compared with those in poor solvents, which was much larger change than had been observed for
other dendritic systems. In addition, they found that the maximum in intrinsic viscosity as a
function of generation observed for dendrimers in good solvents, disappeared for the dendrimers
in poor solvents. In poor solvents, the intrinsic viscosity was almost constant, independent of
generation, indicating that the dendrimer took on a very collapsed structure in these solvents.
Finally, in some very interesting work, Matos et al. looked at the effect of core size and structure
on the hydrodynamic properties of a series of dendrimers that consisted of a porphyrin core and
poly(benzyl ether) dendrons.* They found that as the size of the core increased, the maximum
in the intrinsic viscosity shifted to larger molecular weights and eventually disappeared. They
attributed this shift to the increased flexibility that the larger cores imparted to the dendritic
branches, resulting in the branches being able to adopt a larger number of conformations in
solution and making them less likely to behave as hard spheres. Poly(benzyl ether) dendrimers

have also been able to act as unimolecular micelles and sequester small hydrophobic molecules
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in their interior regions. Fréchet ef al. found that even in very dilute solution, poly(benzyl ether)
dendrimers with surface acid groups were able to solubilize pyrene without exhibiting a cmc.®
The solution behavior of poly(propylene imine) dendrimers has also been examined. As
had been seen for the PAMAM dendrimers, de Brabander-van den Berg et al. observed that the
poly(propylene imine) dendrimers with cyano end groups that were studied in methanol
exhibited a maximum in the intrinsic viscosity at approximately generation four.’! From these
experiments, they concluded that the polymer took on a spherical shape with a sterically
hindered shell at the fifth generation. In later experiments in which the viscosity of
poly(propylene imine) dendrimers was examined over a larger concentration range, Rietveld ez
al. found that the polymers showed soft-sphere behavior, as indicated by the value of the
Huggins coefficient. Thus, the dendrimers did not interpenetrate, rather they deformed
(collapsed) with increasing generation and concentration.>* Rietveld ef gl have also used low
angle laser light scattering® and pulsed field gradient spin echo NMR™ to examine the solution
behavior of poly(propylene imine) dendrimers in solution. The NMR experiments gave
information about the diffusion coefficient, and thus the hydrodynamic radii of the dendrimers in
solution, while the static light scattering allowed them to calculate the radii of gyration of the
dendrimers. They found that the hydrodynamic radii ranged from 0.65nm for the generation 1.0
polymer to 1.98nm for the gencration 5.0 polymer, while the radii of gyration ranged from 0.5nm
to 1.59nm. Since the hydrodynamic and the viscometric radii were found to be approximately
equal, while the radii of gyration followed the formula Rg2 = (3/5)R,12 they concluded that the
methanol was being solvated in the interior of the dendrimers, and that the dendrimers were
behaving as non-draining hard spheres. Topp et al. used SANS to study the behavior of
generation 4.0 and 5.0 poly(propylene imine) dendrimers in methanol as a function of
concentration.” These results also confirmed that in the dilute solution regime, the dendrimers
behaved as very open, soft spheres; however, at higher concentrations, the dendrimers were
found to collapse into noninterpenetrating hard spheres. Bu ef al. found that the solvent had an
effect on the intrinsic viscosity, and thus the size of the dendrimers. In experiments in which the
intrinsic viscosity of third, fourth, and fifth generation cyano terminated poly(propylene imine)
dendrimers were examined in THF, no maximum in the intrinsic viscosity was observed, only a
linear relationship with a very shallow slope. This behavior was very different from what had

been previously observed about their behavior in methanol and water,® confirming the effect
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that solvent has on the solution behavior of dendrimers. In addition to studying the intrinsic
viscosity of poly(propylene imine) dendrimers, several groups have also looked at the ability of
these polymers to encapsulate and release small molecules on demand. In some very interesting
work, Meijer et al. were able to show that poly(propylene imine) dendritic unimolecular micelles
functionalized with amino acid surface groups could store and release two different molecules
based on size - Bengal Rose and p-nitro benzoic acid - in a controlled manner by selective
hydrolysis of the amino acid groups.”’*® Since that time, Meijer et al. have functionalized the
end groups of poly(propylene imine) dendrimers with other hydrophobic moieties such as
oligo(p-phenylene vinylenes), and have shown that they can also extract anionic dye molecules
into hydrophobic solvents.*” Conversely, Pan et al. have functionalized the end groups with
both hydrophilic and hydrophobic moities and have been able to solubilize lipophilic molecules
in aqueous solutions.”” In order to understand the way that these functionalized polymers
assemble in solution, Schenning et al. have examined the aggregation behavior of these polymers
in aqueous solutions.*! Surprisingly, they find that the polymers form bilayer structures in
solution where the poly(propylene imine) flattens and the hydrophobic groups align “back to
back” in order to shield themselves from water. This behavior was similar to that observed for
the same polymers at the air/water interface. Finally, Grohn ef al. have shown that the assembly
behavior of hydrophilic poly(propylene imine) dendrimers which have been modified with
stearate groups is strongly influenced by the nature of molecules that have been encapsulated
within it.** In toluene, these polymers do not aggregate and they take on spherical structure with
a collapsed core; however, upon the addition of metal salt hydrides, the polymers aggregate
forming cylindrical multi-dendrimer structures with a swollen, metal-salt filled core. Upon
reduction of the metal salt, the polymers reform their original spherical, unaggregated structures.
The results of a couple of other spherical dendritic systems are worth mentioning.
Merino et al. examined the solution behavior of a series of phorphorous based dendrimers, lincar
polymers, and hyperbranched polymers all with the same chemical composition.** They found
that the dendritic polymers showed a maximum in the intrinsic viscosity as a function of
generation which fell between generations three and four, while the linear polymers exhibited
classic behavior in which the intrinsic viscosity increased linearly with molecular weight.
However, the intrinsic viscosity of hyperbranched polymers did not show either behavior, but

rather increased only very moderately with molecular mass. They concluded that the
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hyperbranched polymers were densely packed macromolecules whose density remained
approximately constant, independent of molecular weight. In addition, they found that both
branched architectures were much more soluble than the linear polymers at the same temperature
and concentration ranges and that their intrinsic viscosity was also much lower due to their
highly packed nature. In some very different work, Aharoni et al. examined the intrinsic
viscosity of poly(L-lysine) Denkewalter dendrimers in DMEFE.* They observed a constant value
for the intrinsic viscosity of the dendrimers over several generations. Thus, they concluded that
the densities of all of the polymers were approximately constant and that the volume and mass
increased equally with generation. Nonetheless, it is important to remember that these
dendrimers possessed an asymmetrical branching and therefore did not pack the same way that
symmetrical dendrimers do. One final spherical dendritic system that is very interesting has
been prepared by Newkome et al** This system is composed of an all hydrocarbon interior
with ammonium carboxylate branch ends and has been called “Micellanoate” because it most
closely resembles the chemistry of traditional micelles formed from classic small molecule
surfactants. These polymers have been shown to behave as true unimolecular micelles as
indicated by their ability to solubilize guest molecules in their interior regions as well as an
absence of intermolecular aggregation in aqueous solutions.

Several groups have worked on modeling the behavior of dendrimers in solution.*” The
first to do so were de Gennes and Hervet who employed a self-consistent field model to look at
the behavior of dendrimers with a trifunctional branching and long flexible spacers between
junctions in an athermal solvent.”® They predicted that the density of the dendrimer would
minimize in the center and would increase linearly to the outer surface. Later, Lescanec and
Muthukumar used a kinetic growth model for predicting the density profile and intrinsic
viscosity of dendrimers. Unlike de Gennes, they found that the density of the dendrimer should
be highest at the center and then decrease linearly to the cdges of the molecule.” Lescanec’s
model also predicted a maximum in the intrinsic viscosity as a function of generation, which has
been found experimentally. Mansfield and Klushin have used this kinetic growth model to
calculate the hydrodynamic radii of a poly(amido amine) dendritic system and found that the
model calculations agreed well with experimental data.® Murat and Grest have used molecular
dynamics simulations to study the properties of dendritic systems.> They too found that the

density of the dendrimer was highest at the core and decayed to the surface of the molecule. In
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addition, they looked at the effects of solvent quality on the size of the dendrimer and found that
the dendrimer took on a more compact structure as the quality of the solvent decreased.
Similarly, Ganazzoli et al. have used a self-consistent free energy minimization model to study
the expansion of dendrimers in good solvents.>? They found that the expansion of dendrimers in
good solvents occurred primarily because of stretching of the core region. These observations
were consistent with experimental results for several spherical dendritic systems. Finally, based
on the work of Mansfield and Klushin, Aerts has developed a model to predict the intrinsic
viscosity of dendrimers and hyperbranched polymers which have a varying number of linear
spacers in the branches. Even incorporating a large fraction of linear spacers, they still predicted
a maximum in the intrinsic viscosity as a function of generation.”® Nonetheless, while the de
Gennes model predicted that the ends of the branches would reside on the surface of the
dendrimer, almost all of the other models have found that the branch ends should be distributed

throughout the molecule.*’

3.2.2 Dendritic Rods and Hyperbranched Polymers

As researchers have been successfully synthesizing dendritic rod homopolymers, they
have also been examining the behavior of these polymers in solution. The first to do so were
Schliiter ez al. who looked at the behavior of polystyrene jacketed with first, second, and third
generation poly(benzyl ether) dendrons that were formed by polymerization of a dendritic
macromonomer. Using a combination of static and dynamic light scattering, they determined the
radius of gyration as well as the hydrodynamic radius of the first and second generation
polymers.> Comparing these radii, they found that these polymers were not yet behaving as
dendritic rods, but rather as Gaussian chains. However, when they examined the third generation
polymers using small angle neutron scattering, they found that the polymers had gained enough
steric hinderence from the bulky dendritic groups to elongate into rods.”® They have also looked
at the solution behavior of second generation polymers with amine groups at the periphery.
These polymers were found to behave as polyelectrolytes as indicated by an increase in the
reduced viscosity with decreasing concentration (polyelectrolyte effect.)’® Percec ef al. have also
examined the solution behavior of polystyrene as well as poly(methacrylate) which were
jacketed with poly(benzyl ether) dendrons, although their dendrons possessed dodecyl groups on

the surface.”” They too used static and dynamic light scattering to determine the radius of
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gyration as well as the hydrodynamic radii of the polymers. The radii that théy measured for the
“jacketed polymers” were much larger than those measured for unfunctionalized polystyrene or
poly(methyl methacrylate); therefore, they concluded that the polymer was taking on an
extended, rod-like configuration. From these measurements, they also fit the data to a worm-like
chain model using the Wintermantle method, and determined the Kuhn statistical segment
length, which varied from 20 to 103nm depending on the composition of the dendritic side
chains. In another dendritic rod system based on poly(benzyl ether) dendrimers, Jahromi et al.
examined the behavior of side chain poly(benzyl ether) dendritic polymers with a polyurethane
backbone using a size exclusion chromatograph which had been equipped with a differential
viscometer.”® They prepared a variety of polymers with three different dendritic generations as
well as well as with four different isocyanate groups. The intrinsic viscosity behavior of these
polymers was plotted as a function of molecular weight and generation, but independent of
isocyanate group. From this graph, they were able to determine the values of the Mark-Houwink
parameters as a function of molecular weight and generation. For the generation two polymers,
they found only one region of behavior whose Mark-Houwink parameter (“a” ~ 0.6)
corresponded to the polymers behaving as spheres in solution. Thus, these polymers were not
rigid enough to form rods. However, for the generation three and four polymers, two regions of
behavior were observed, one for the low molecular weight polymers and the other for higher
molecular weight polymers. Below approximately 50,000 g/mol (approximately 30 repeats for
the third generation polymers and 15 for the fourth generation polymers), the polymers appeared
to be behaving as spheres with an “a” value of less than 0.3. Conversely, above approximately
50,000g/mol the polymers appeared to be behaving as rods with an “a” value greater than one.
Thus, they concluded that a minimum polymer length was needed to induce a rod-like structure.
Unfortunately, they were not able to directly compare the absolute values of the intrinsic
viscosity of the polymers as a function of generation since there was a lot of variance in the
molecular weight with generation and with the type of isocyanate used. (In general, more
flexible urethane spacers and lower generation dendritic groups gave higher molecular weight
polymers.)

The intrinsic viscosity of hyperbranched polymers with a poly(amido amine) (PAMAM)
chemistry has also been examined. These polymers were formed by the one-pot synthesis of

aminoacrylate hydrochloride resulting in regularly hyperbranched polymers. When plotted
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versus molecular weight, the intrinsic viscosity of these polymers also displayed a maximum as
had been seen for purely spherical polymers; however, the maximum was found to appear at a
lower molecular weight than had been observed for spherical polymers.”® Thus, these polymers
were able to display this unique property of dendrimers without requiring the laborious synthesis
required of traditional dendrimers. In addition, in methanol, these polymers exhibited classic
polyelectrolyte behavior with respect to solution viscosity which, was suppressed by the addition

of 1% LiCl to the methanol solution.®°

3.2.3 Hybrid-Linear Dendritic Diblock Copolymers

The solution behavior of hybrid-linear dendritic diblock copolymers has also been
examined. The first systems examined by Gitsov et al. consisted of poly(ethylene oxide)-
poly(benzyl ether) linear-dendritic diblock as well as dendritic-linear-dendritic triblock
copolymers.'"! Using SEC and intrinsic viscosity measurements, they found that in dilute
aqueous solution, the radius of gyration of the diblock copolymer was smaller than that of pure
poly(ethylene oxide) homopolymer, indicating the formation of unimolecular micelles that
consisted of a dendritic core and poly(ethylene oxide) corona. In more concentrated solution,
these diblock copolymers formed multimolecular micelles composed of seven to eight polymer
molecules. Similarly, the triblock copolymers formed unimolecular micelles in dilute solution,
but they form multi-molecular micelles above a critical micelle concentration, whose value
decreased with increasing generation. These multimolecular micelles consisted of a dendritic
core and poly(ethylene oxide) corona that could solubilize hydrophobic molecules such as
pyrene in the interior of the micelle as well as in the interior regions of the dendritic molecule.
Thus, these dendritic micelles allowed for a much greater loading of guest molecules than
traditional micelles as well as a loading of molecules with a larger size than had been possible
with spherical dendrimers."** The other system that Gitsov et al. examined consisted of
polystyrene-poly(benzyl ether) dendritic-linear-dendritic triblock copolymers.'? In THF, using
GPC they found that the triblock copolymers underwent a transition from an unfolded coil to a
more compact, globular shape as the polystyrene block started folding back into the polymer as
its molecular weight, and the molecular weight of the entire polymer exceeded 50,000 g/mol.
They concluded that the hybrid macromolecules were behaving as unimolecular micelles that

possessed a density distribution which was not uniform throughout the entire polymer. J oeng et
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al. have examined the intrinsic viscosity behavior of polystyrene-poly(benzyl ether) diblock
copolymers in benzene and chloroform.?’ In benzene, which is a good solvent for both the
polystyrene and the dendritic blocks, the intrinsic viscosity was found to increase with increasing
molecular weight, but not to the same extent as pure polystyrene, due to the branched nature of
the dendritic block. In chloroform, which is not a great solvent for either block, the intrinsic
viscosity of the diblock copolymer was found to increase only moderately with molecular weight
and corresponded more closely to that of pure polystyrene since both blocks adopted a more
collapsed structure in this solvent. Nonetheless, in all three solvents, the maximum in the
intrinsic viscosity with increasing molecular weight which has been observed for spherical
polymers was absent for these di- and triblock copolymers, and the value of the intrinsic
viscosity approached that of pure linear polystyrene as the size of the polystyrene block
increased. In a very interesting study, Zhu et al. examined the solution behavior of a
poly(acrylic acid)-poly(benzyl cther) hybrid-linear dendritic diblock copolymer to determine the
effect of having a polyelectrolyte as the linear block.” They found that the poly(acrylic acid)
block behaved very differently than the poly(ethylene oxide) block. Whereas the polyethylene
oxide block formed a corona around the dendrimer, the polya(acrylic acid) block could not due
to electrostatic repulsive forces between the acrylic acid repeats, resulting in the formation of a
more expanded linear block around the dendrimer. Thus, for these diblock copolymers, the
charged linear block was much less influenced by the presence of the dendritic block.

One of the best examples of how hybrid-linear dendritic diblock copolymers can
aggregate into larger, more complex, well-defined micellar structures has been shown by van
Hest et al. for their polystyrene-poly(propylene imine) diblock copolymers.'® These polymers
exhibited classic Isrealachvili behavior observed for small molecule surfactants in which the
molecular shape affects the type of micellar aggregation. For these diblock copolymers, the
generation affected the size and thus the shape of the diblock copolymer. They found that in
aqueous solutions, the low generation amine terminated polymers formed inverted micelles, the
polymers with eight dendritic end groups formed vesicles, those with sixteen dendritic end
groups formed rod-like micelles, and those with thirty-two end groups formed spherical micelles.
Many of these micellar structures remained stable upon dilution, which is not traditionally seen
for small molecule amphiphiles. They hypothesized that this micellar stability was caused by

electrostatic interactions between the amine head groups. Unlike many of the other hybrid-linear
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dendritic diblock systems that solubilized hydrophobic molecules in the dendritic block, these
polystyrene-poly(propylene imine) polymers solubilized pyrene in the hydrophobic polystyrene
interiors of the micelles.” van Hest et al. also examined the carboxylic acid functionalized
derivatives of these same hybrid-linear dendritic diblock copolymers. In addition to size of the
head group, they also found that pH affected the types of micellar structures that formed for
these diblock copolymers.® Thus, these polystyrene-poly(propylene imine) hybrid-lincar
dendritic diblock copolymers could very well be described as macromolecular surfactants.

There have primarily been two PAMAM hydrid-linear dendritic diblock copolymer
systems whose solution behavior has been examined. Using intrinsic viscosity and size
exclusion chromatography, Iyer et al. studied the effect of molecular weight, dendritic end
group, and generation on the behavior of poly(ethylene oxide)-PAMAM hydrid-linear dendritic
diblock copolymers in aqueous solution. Surprisingly, the polymers with the shorter
poly(ethylene oxide) block (molecular weight of 2000g/mol) were found to follow the Mark-
Houwink equation relating intrinsic viscosity to molecular weight, while the polymers with the
longer poly(ethylene oxide) block (molecular weight 5000g/mol) were instead found to behave
as unimolecular micelles, as indicated by the decrease in intrinsic viscosity of the linear polymer
with the introduction of the dendrimer block.'® In addition, for the diblock copolymers with the
larger poly(ethylene oxide) block, the end group chemistry, amine versus methyl ester, had a
large effect on the measured intrinsic viscosity. These differences in the intrinsic Viscosity
behavior which were observed as a function of poly(ethylene oxide) block length were caused by
the ability of the poly(ethylene oxide) to “wrap around” the dendrimer for the 5000g/mol series,
and its not being large enough to do so for the 2000g/mol series. Poly(2-methyl-2-oxazoline)-
PAMAM hybrid-linear dendritic diblock copolymers have been examined in aqueous solutions
using SANS by Aoi ef al.'® These diblock copolymers were found to form spherical structures
that were much larger than the individual molecules, indicating that the polymers were
aggregating together as individual globules within a larger spherical structure, and not as classic
macromolecular amphiphiles. They also found that the critical micelle concentration (CMC)
decreased as the generation number increased, most likely due to geometric constraints of the
dendritic block.

In addition to examining the solution behavior of hybrid-linear dendritic diblock

copolymers based on the most common dendritic chemistries, the behavior of a few other hybrid-
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linear dendritic diblock copolymer systems based on less familiar dendritic chemistries have also
been studied. One of the early hydrid-linear dendritic diblock copolymer systems examined
consisted of a poly(L-lysine) dendritic block and a poly(ethylene oxide) linear block. Chapman
et al. found that these copolymer surfactants formed micelles that were able to solubilize the
hydrophobic dye orange-OT in the interior regions of the micelle. Unlike the results of Gitsov,
these polymers did not absorb a dye below a critic micelle concentration, indicating that the dye
was not solubilized in the interior regions of the dendritic block but only in the aggregated
regions of the micelle. In addition, solutions of the diblock copolymers formed foams with
temporal stability, similar to that observed for small molecule surfactants.” More recently,
Chang et al. have examined the behavior of amphiphilic linear-dendritic di- and triblock
copolymers based on hydrophilic poly(ethylene oxide) and hydrophobic carbosilane
dendrimers.'*'* Not surprisingly, the hydrophobicity of the polymer increased with increasing
generation of the hydrophobic dendritic block such that the low generation polymers (generation
one and two) were soluble in water but the third generation polymer was not. The lower
generation polymers also formed micelles that were able to solubilize pyrene, and whose size
and critic micelle concentration increased with increasing generation. In addition, they found
that the critical micelle concentration of these polymeric surfactants was much lower than that of
traditional micelles. In some very different work, Al-Muallem et al. examined the intrinsic
viscosity behavior of hybrid-linear dendritic diblock copolymers in which low polydispersity
hyperbranched polystyrene was used to initiate the polymerization of a second block of
polystyrene. Since the chemistries of the two blocks were identical, they were able to look at the
effect of dendritic architecture on the intrinsic viscosity of the polymer. They found that the
intrinisic viscosity values were intermediate to that of pure linear polystyrene and that of pure
hyperbranched dendritic polystyrene, indicating the influence of the two blocks on the resulting

intrinsic viscosity.**

3.2.4 Rod-Coil Diblock Copolymers

It is important to remember that the linear-dendritic rod diblock copolymers under
investigation are not only a dendrimers, but are also diblock copolymers, and their behavior in
solution will also be controlled by their block copolymer nature. Over the years, the assembly

and properties of several di- and multiblock block copolymer systems have investigated. Just a
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few examples of block copolymers that have been examined include: polystyrene-poly(acrylic
acid),% polystyrene-poly(vinyl pyridine),® polybutadiene-poly(ethylene oxide),” poly(ethylene
oxide)-polydimethylsiloxane,® poly(ethylene-co-propylene)-b-poly(ethylene oxide),*” and
poly(cthylene oxide)-poly(propylene oxide) di and tri-block (Pluronics) copolymers.”*"! Tn
general, it has been found that block copolymer amphiphiles self-assembled into aggregates in
the presence of a selective solvent for one of the blocks. The character of the micellar aggregates
is determined by a number of factors including the solvent composition, the relative and absolute
lengths of each of the blocks, the presence of additives, and the temperature.”® A few groups
have looked more specifically at the solution behavior of rod-coil di- and multiblock copolymer
systems and several different assembly behaviors have been observed. Tu et al. have examined
the behavior of a poly(styrene-b-(2,5-bis[4-methoxyphenyl]oxycarbonyl)styrene) (PS-PMPCS)
rod-coil diblock copolymer system in xylene, which is a poor solvent for the rigid PMPCS block
at room temperature.”” They found that the diblock copolymer initially formed a micellar
structure which consisted of a PMPCS core and a polystyrene corona. As more chains
assembled into the micelle, the radius of the core remained constant, due to the rod-like nature of
the PMPCS block; however, the polystyrene chains were forced to stretch to accommodate more
diblock copolymer molecules in the micelle resulting in an increase in the thickness of the
corona. As the density of chains increased, so did the elongation of the flexible chains. This
stretching of the polystyrene chains in the micelle is similar to that observed for flexible chains
grafted to a surface. The self-assembly behavior of an amphiphilic rod-coil multiblock
copolymer consisting of rigid, polydisperse poly(methylphenylsilane) segments and
poly(ethylene oxide) coil blocks has been studied by Sommerdijk et al.” They found that the
composition of the solvent system influenced the packing of the rigid, conjugated polymer block
as well as the molecular conformation of the silicon backbone in such a way that micellar,
vesicular, and even helical superstructures were generated despite the polydisperse structure of
the polymer. Finally, Jenekhe et al. have looked at the self-assembly behavior of amphiphilic
poly(phenylquinoline)-polystyrene rod-coil diblock copolymers in mixed solvent systems that
were good solvents for the rod block.” By adjusting the initial solvent composition as well as
the relative and absolute lengths of the two blocks, several different micelle morphologies were
observed whose size scale decreased with decreasing fraction of the rigid-rod block. These

morphologies included hollow spheres, vesicles, hollow cylinders, and lamellae. These micellar
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aggregates had dimensions that were about two times larger than traditional coil-coil copolymer
micelles, and they consisted of over 10® polymer molecules. Unfortunately, not a lot of work has

been done to examine the intrinsic viscosity behavior of rod-coil polymers in solution.

3.3 Theory

3.3.1 Dynamic Light Scattering

Dynamic, or quasielastic laser light scattering is a technique that has been used to
measure the hydrodynamic radius of micelles and other colloidal polymer particles. Dynamic
light scattering measures the fluctuations in the intensity of the scattered light from a particle in
solution and is able to correlate these fluctuations to the size of the particle. As a particle scatters
light, one can measure its intensity with a detector that is placed at a fixed angle and distance
from the particle solution. However, since the particles is moving about randomly in the solution
(Brownian motion) its distance from the detector, as well as the distance that the scattered light
travels to the detector, change as a function of time. These differences in the distance that the
light travels result in constructive and destructive interference in the intensity of the light which
can be measured as a function of time. The frequencies of the fluctuations depend on the speed,
and thus, the size of the particles. Smaller particles move faster and thus exhibit high frequency
fluctuations, while large particles move much slower, and exhibit low frequency fluctuations.
Thus, once the frequency of fluctuation has been determined, the size of the particle can be
determined.”

The fluctuations in the scattering intensity of a particle can be related to an
autocorrelation function, g(t), as a function of 1, the time between measurements. For a

monodisperse suspension of particles, the function decays exponentially as:’®

g(r) = exp(-T'7) CRY)
where I is related to the relaxation of the fluctuations by:
I'=Dgq’ (3.2)
The value of q is calculated from the index of refraction of the suspending liquid (n), the
wavelength of the laser light (A,), and the scattering angle (’E).75’77’78
q = (4nn/),)sin(0/2) G3)
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Since most particle solutions have a polydisperse size distribution, each size will contribute its
own exponential to the autocorrelation function and the equation becomes:” 7778

g(t) = IG(F) exp(-I't)dl (3.4)
The left hand side of the equation is the measured autocorrelation function, and the desired
distribution information is contained in G(I"). Unfortunately, the solution to G(I') is non-trivial,
so a method of cumulant analysis is used to find an average I.”* To do this, the equation is
expanded as a Taylor’s series about the mean value, and the series is integrated to give a
polynomial in sample time t. The first moment of the polynomial is the average and the second

- . 76
is the variance.

o 2 3
1ng(t)=—Ft+HZTT+%+A (3.5)

Equation 3.2 then becomes:
T-Dq’ (3.6)

Where D is the average diffusion coefficient. The value of the diffusion coefficient is
independent of shape and assumes only translational diffusion. It is only when the aspect ratio is
less than 0.2 that a significant rotational term will appear in the diffusion equation.”

The average diffusion coefficient of the particles is related to the particles’ average

frictional coefficient ( f) through the equation:

Do k—EI (3.7)
f

where kg is Boltzmann’s constant and T is the absolute temperature. This equation is also

independent of shape.” For spheres, Stokes determined the translational frictional coefficient to

be 6nnry, where ry is the radius of an equivalent sphere, and 7 is the viscosity of the solvent.

The equivalent sphere consists of the particle plus any solvent that is bound to it; thus, the radius

that is determined is called the hydrodynamic radius of the particle and is calculated with the

equation:”
kT
. (3-8)
6mnr,
For ellipsoids, the translational frictional coefficient can be written as 6mnreP(s), where

D=

rg is the radius of the sphere with the same volume as the ellipsoid and is equal to (ab%)"?, and s

1s the axial ratio defined as b/a where a is the semi-axis of revolution and b is the semi-equatorial
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axis. (It should be noted that some scientists and engineers define the axial ratio as the reciprocal

of this value.) For prolate ellipsoids (s < 1), Perrin found P(s) to be:”
a2
P(s) = ( a )

§273 ln[l + (1 -5’ )”2 J (3.9

So that D becomes:

1/2
s, | 1+ (1 - sz)
kBTS ll’{——s—— : (3_10)

D=
6mNTy (1 -’ )m'

From dynamic light scattering one can determine the diffusion coefficient of the particle.
Unfortunately, since there are two unknowns in equation 3.10, one cannot simultaneously
measure the hydrodynamic radius of the sphere of equivalent volume and its axial ratio. (The
diffusion coefficient allows one to calculate the radius of a sphere of equivalent frictional
coefficient, but not equivalent hydrodynamic volume.) Dynamic light scattering can only give
information into these properties if some other piece of information is known from other
experiments or if it can be estimated.”” Nonetheless, for spheroids with an axial ratio between
0.5 and 1, the hydrodynamic radius of a sphere of equivalent frictional coefficient is a good
estimation of thé hydrodynamic radius of the real particle, as this assumption will calculate a
radius that is less than 4% larger than the true radius. However, the axial ratio, and thus the

exact particle dimensions, cannot be calculated accurately in this manner.

3.3.2 Intrinsic Viscosity

Another common method that has been used to determine the sizes of polymers and other
particles in solution is intrinsic viscosity. Intrinsic viscosity is defined as the viscosity of a
particle in a solution at infinite dilution, and is dependent on the volume, mass, and shape of the
particle. The equations used to relate the intrinsic viscosity to these parameters are derived from
those used in traditional fluid mechanics.*

As a pure solvent flows down a capillary tube, the velocity of the solvent at any point will
be dependent on the distance of the solvent molecules from the side of the capillary wall. If a

particle of a larger size is placed in the solution, the particle will experience this gradient in
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solvent velocities causing the particle to rotate. This rotation distorts the established velocity
gradient, resulting in a dissipation of energy around the particle, and the viscosity of the solution
is increased. If the particle is non-spherical, then the particle will also tend to orient in the
solvent; however, the degree of orientation will depend on the solvent velocity as well as the
tendency of the polymer to prefer a random orientation.*°

The relative viscosity of a polymer solution is defined as the ratio of the viscosity of the
polymer solution at a known concentration to the viscosity of the pure solvent. It is determined
by measuring the ratio of the flow time of the polymer solution through a known volume to that

of the pure solvent.®!

- =1:ti (3.11)

o] 0

Where 7 is the viscosity of the polymer solution at a known concentration, 7o 1s the viscosity of
the pure solvent, t is the flow time of the polymer solution through a known volume, and t, is the
flow time of the pure solvent through the same volume. Ideally, TNrel should be between 1.1 and
1.6.5% If Nre1 1S too small and the solution is too dilute, then the polymer will adsorb on the walls
of the capillary.81 However, if 1 is too large and the solution is too concentrated, then one 1s
no longer working in the dilute solution regime and the equations described no longer apply
since the effect of shear can no longer be neglected.®

The specific viscosity is defined as ratio of the increase in the viscosity of the solvent
containing the polymer to that of the pure solvent, and it represents the incremental increase in
the viscosity attributed to the particle.®?

My =%=“m -1 (3.12)

The amount of energy dissipated by the solution, and thus the change in the viscosity of
the solution, will be dependent on the number of particles in the solution, or its concentration. In
order to take into account the number of particles in the solution, the reduced VISCOSItY (Nreq) 1S
defined.®

o (3.13)

Tlrcd =
C
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Where ¢ is the concentration of the particles in the solution. At infinite dilution, one would
expect that the motion of one particle would be independent of the motions of the other particles.
Therefore, the intrinsic viscosity, [1], is defined as the limiting value of the reduced viscosity at
infinite dilution.¥*"® The intrinsic viscosity is characteristic of a specific particle/solvent

system.

[n]o = (nred)c—)o (3 14)

Practically, the intrinsic viscosity is determined by measuring the viscosity of a series of
polymer solutions at various concentrations, plotting the viscosity versus concentration, and then
extrapolating the values to zero concentration. There are several equations which have been
developed to plot the viscosity versus the concentration for this determination. The most
common of these equations is the Huggins equation, which is known to work well for most
uncharged polymer solutions.®!

N (3.15)

e = [Tl]"" kH[Tl]ZC
ky is defined as the Huggins coefficient and its value depends on polymer architecture and
molecular weight®* For traditional polymers, the value of ky is usually approximately 0.35%
and for hard spheres, its value approaches 0.99.%

In dilute solutions, where the relative viscosity is just over unity, the following algebraic
expansion is also used to determine the intrinsic viscosity.®

Inn, -1=lm, +)=n,-n,+.. (3.16)

Dividing 1, by ¢ and extrapolating to zero concentration also yields the intrinsic viscosity. This
equation is called the Kramer equation and is usually used to verify the Huggins equation as the

two should extrapolate to the same value.

) o]k e 617

ky is called the Kramer parameter and for random coils its value is usually approximately —0.1 5%
while for hard spheres, it usually has a value of approximately 0.5.%% For many polymers
ky - kg = 0.5.

Unfortunately, not all polymer solutions display this same viscosity/concentration

dependence. For example, the viscosity of a polyelectrolyte in aqueous solutions has been found
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to increase with decreasing concentration (polyelectrolyte effect). This phenomena is caused by
the disassociation of counterions from the backbone upon dilution, which result in an increase in
the repulsive forces between adjacent charges along the backbone and an expansion of the
polymer into a larger, possibly even rod-like, configuration 5% (It should be noted that in
isoionic solutions, this disassociation does not occur upon dilution as the charge counter ion
balance remains unchanged, and the polyelectrolyte viscosity/concentration dependence can be
fit with the Huggins Equation.)**

Thus, other equations have been developed to determine the intrinsic viscosity of these
solutions. The most commonly used equation is the Fuoss equation which applies to

polyelectrolytes in low salt solutions which have concentrations greater than 2-5x10~ g/d1.%°

Mo __ [n] (3.18)

¢ (1+Bc"?)
This empirical equation has been found to give straight lines when c/n « 15 plotted versus ¢ and
B is taken to be a constant.”!

Another equation that has been applied to aqueous polyelectrolyte solutions but that also
works well for describing the viscosity of dilute to moderately concentrated non-charged
polymer solutions is the Fedors equation.”>** The Fedors equation was derived as a
rearrangement of Eiler’s equation which describes the viscosity of Newtonian suspensions of
rigid particles. This equation, originally proposed by van Dijck, but applied by Eilers, takes into
account the fluctuations in size and velocity that the particles may experience in very

concentrated conditions.” Eiler’s equation is given by:

_l14 L2590 (3.19)

U

where ¢ is the volume fraction of suspended particles and ¢y, is the maximum volume fraction to
which the particles can pack. Ifit is assumed that ¢ is proportional to the polymer concentration

(¢ =kc, where k is a constant of proportionality) then:

1.25ke

T]T: 1+‘i7
cm
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where ¢, is a polymer concentration parameter and corresponds to ¢m. For small c, equation
3.19 reduces to 1, = 1 + 2.5ke, or [n] = 2.5k. Using this result:

2

[l (321)
s
Cm
which can be arranged to the Fedor’s Equation shown below.
1 1 1 (3.22)

2 =1 [nle  [nle,

Applying this equation, 1/2(nr1/2 — 1) is plotted versus 1/c where ¢, is a polymer concentration

n =1+

parameter. The intrinsic viscosity is simply the reciprocal of the slope of the line that forms. A

more thorough investigation into the physical basis of this equation is currently in progress.

Once the intrinsic viscosity of the polymer solution has been determined, then the

intrinsic viscosity can be related to the volume, mass, and shape of the particle under

investigation. The most general equation relating these parameters js:*

_Nywv (3.23)
==,

where N, is Avagrado’s number, v is the volume of the particle, M is its mass, and v is a factor
that depends only on the shape of the particle. The shape of the particle is important since
different shapes will dissipate the energy and slow the solvent velocity in different ways by
exhibiting shape dependent translational and rotational diffusion coefficients. For spheres,
Einstein found that the value of the shape parameter was v = 5/2, giving:*

_5WN, (3.24)
nl= 2M

Substituting 4nrv3/3 for the volume of a sphere allows one to calculate the viscometric radius of

the particle. ‘
10mr,’N
)= 10 Na

Y (3.25)
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For ellipsoids of revolution, the value of v is highly dependent on the axial ratio of the
particle, s = b/a, where b is the length of the semi-equatorial axis and a is the length of the axis of
revolution. For prolate ellipsoids (rod-like particles), s < 1, while for oblate ellipsoids (disk-like

particles), s > 1. For prolate ellipsoids of any axial ratio, Simha found v to be:*

2 2 10/3
2 {2-4152 +%} 3{1—252 - }
v 2=s%) 5*"P(s) P(s)

+
15’ { 5 sy 3" H @+s) 3} {2(2 -s’) 1} {1 Log 3310’3}
i P(s) | |s**P(s) s**P(s) P(s) | |

where P(s) 1s Perrin’s factor. (This is the same factor used to calculate the diffusion coefficient

(3.26)

of ellipsoids in dynamic light scattering.)

P(s) = (-s)" (3.27)

'3 ]n(l + (1 -5 )’/2}

S

For prolate ellipsoids in which (1/15) <s <1, the following empirical approximation for v has

been made:”

1 1.508
v=25+ 0.407(- - 1) (3.28)
S

For prolate ellipsoids in which s < (1/15), v can be estimated as:”

24 1 [ 1 3 } (3.29)

V=

15 156 | (n2/s) =15 (n2/s)- 0.5

As in the case of dynamic light scattering, one cannot simultaneously measure the viscometric
particle volume and the particle axial ratio, since there are two unknowns and one equation.
Therefore, in order to be able to determine these quantities, some other piece of information must
be known or be able to be estimated. Nonetheless, for particles with aspect ratios between 0.5
and one, a spherical approximation to determine the viscometric volume is reasonable since it
will only overestimate the calculated viscometric volume by a factor of less than 1.2 (20%) and

the viscometric radius of a sphere of equal volume by a factor of less than 1.06 (6%).
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3.4 Experimental

3.4.1 Materials

The linear-dendritic rod diblock copolymers under investigation consisted of a
poly(ethylene oxide) block length of approximately 43 repeats and a dendritic block length of
approximately 97 repeats. The half generation polymers were terminated with ester groups while
the whole generation polymers were terminated with amine groups. (The solution behavior of
the alkyl terminated polymers was not examined in this thesis.) The synthesis and
characterization of these polymers are described in Chapter 2. The polymer solutions were

prepared in methanol, which was used as received from Mallinckrodt.

3.4.2 Dynamic Light Scattering

Dynamic light scattering measurements were performed using a Brookhaven Instruments
BI-200SM system equipped with an automatic goniometer, a digital autocorrelator (model BI-
G000AT), and a 488nm argon ion laser. The measurements were collected at a scattering angle
0=90° and at a temperature of 25+0.1°C, which was maintained by a circulating ethylene glycol
bath. The polymer solutions were prepared in methanol over a concentration range of 0.75-
30mg/ml, as indicated in the results, in order to mimic the concentration range used in the
intrinsic viscosity experiments. The low generation polymer samples were allowed to equilibrate
at least twenty minutes before use, while the higher generation polymers samples were prepared
the day before in order to assure complete solubilization of the polymer. In order to minimize
the effect of dust, the polymer solutions were filtered five times through a 0.22um PTFE syringe
filter into borosilicate sample cells that had been cleaned with compressed air. The diffusion
coefficient, D, was extracted from the measured autocorrelation function using the cumulants
analysis method with a quadratic fit. The effective hydrodynamic radius was then calculated
from the diffusion coefficient assuming a spherical particle shape. At each concentration, four
measurements of the effective radius were made which were then averaged to give the value
reported for that concentration. At each generation, all of the measurements at all of the
concentrations were averaged in order to give the value reported for that generation. The error
bars were calculated assuming one standard deviation from the mean of the values at each

concentration. In order to determine whether there was a statistical difference between the
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hydrodynamic radii measured as a function of concentration for polymers of the same
generation, all of the measurements at all of the concentrations were inputted into a linear
regression analysis and a “p-value™ was calculated. A statistical difference was noted if the “p-
valug” was less than (.05, a value which 1s traditionally used as the cutoff for statistical

signif'1c:ance.9'5

3.4.3 Intrinsic Viscosity

Intrinsic viscosity measurements were made in methanol at 25°C using a size 25 Cannon-
Ubbelohde capillary viscometer which was immersed in a circulating water bath to maintain the
desired temperature. The size (diameter) of the capillary viscometer was chosen such that the
pure solvent would have a flow time above 200s in order to avoid the need for kinetic energy
corrections. The solution concentration range was determined so that the relative viscosity of the
polymers ranged from 1.6 to 1.0. This ensured that the concentration was not too low such that
there were wall effects nor too high such that the effect of shear could no longer be neglected.
The low generation polymer solutions were allowed to equilibrate at least twenty minutes after
preparation, while the higher generation polymer samples were prepared the day before in order
to assure complete solubilization of the polymer. All solutions were filtered through a 0.22pum
PTFE syringe filter prior to use in order to remove dust. The polymer solutions were placed in
the viscometer with a 1ml glass pipet, and the viscometer and solution were immersed in the
water bath for at least 20 minutes before taking measurements to allow the solution to come to
thermal equilibrium. Dilutions were prepared directly in the viscometer and after each dilution,
the sample solution was thoroughly mixed and immersed in the water bath for at least another 20
minutes to allow the solution to regain thermal equilibrium. The viscosity at cach concentration
was measured at least three times such that the difference between flow times was no greater
than one second and in most cases was no greater than a half a second. The viscosity reported at
cach concentration was an average of these values. The solution viscosity was determined at five
different concentrations and was plotted using Huggin’s, Kramer’s, as well as Fedor’s equation
in order to determine the intrinsic viscosity of the polymer. The error in the value of the intrinsic
viscosity was estimated from the standard error calculated from linear regression of the above
equations. The viscometric radii were then calculated from the intrinsic viscosity assuming a

spherical particle shape. The error in the radii was calculated with the differential method
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assuming a variance in the molecular weight of the polymer based on 2.3 repeat units (from
NMR) . The equation used for this calculation was:

(5]

n o M (3.30)

3.5 Results and Discussion

3.5.1 Dynamic Light Scattering

Dynamic light scattering has often been used to measure the hydrodynamic radius of
polymers in solution. Given the unique chemistry and architecture of these poly(ethylene oxide)-
poly(ethylene imine)-poly(amido amine) linear-dendritic rod diblock copolymers under
investigation in this thesis, the hydrodynamic radii of the polymers were determined in methanol
in order to understand how the hydrodynamic radii were affected by the chemistry of the end
group as well as the generation number of the dendritic block and the concentration of the
polymer solution. Finally, by comparing the results from dynamic light scattering with those
from intrinsic viscosity, we hoped to gain insight into the size and aggregation of these linear-
dendritic rod diblock copolymers in solution.

As discussed in the theory section, the hydrodynamic radius of a particle is calculated
from its measured diffusion coefficient, which is influenced by its shape. For particles that are
spherical in shape, the hydrodynamic radius can be simply calculated using equation 3.8.
However, most particles are not spherical in shape, most are ellipsoidal such that a more accurate
calculation of their hydrodynamic radius can be made with equation 3.10. Unfortunately,
application of equation 3.10 is extremely difficult as it contains two unknowns, the
hydrodynamic radius of a sphere of equivalent volume and the axial ratio of the particle. This
equation can only be used if one of the variables can be accurately determined or estimated using
an independent technique, which is not always possible.”> Nonetheless, for most polymer
systems, the reported hydrodynamic radius is that assuming a spherical shape. For axial ratios
greater than 0.5, this value is a fairly good approximation as it will over estimate the real radius
by less than 4%. However, the axial ratio, and thus the particle dimensions, cannot be calculated
accurately in this manner. The size of the other dendritic rod systems that have been examined

using dynamic light scattering, those by Percec®’ and by Schliiter,”* were also simply reported as
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the hydrodynamic radius assuming a spherical shape. Since most of our linear-dendritic rod
diblock copolymers, especially those of low generation, can be expected to take on a spherical
shape or an ellipsoidal one with an axial ratio between 0.5 and 1, we too will report the effective
hydrodynamic radius assuming a spherical shape for all generations of the diblock copolymers.
The hydrodynamic radius of each of the polymers under investigation was measured as a
function of concentration and the results are presented in Figure 3.1. The effect of concentration
on the hydrodynamic radius was examined for two reasons. First, we wanted to determine if
there was obvious aggregation of the polymer, which would appear as a dramatic increase in the
size of the polymer once its concentration exceeded that of its critical micelle concentration,
Second, it is common practice when determining the diffusion coefficient, which is used to
calculate the hydrodynamic radius, to take measurements at several different concentrations and
then to extrapolate to zero concentration to obtain the self-diffusion coefficient of an isolated
polymer, since at any given conceniration the diffusion coefficient also includes the effects of
interparticle interactions.”” Depending on the system, neighboring particles may increase or
decrease the overall diffusion of the particle, and thus decrease or increase its effective radius.”®
As can be seen, all of the polymers exhibited a very small, yet noticeable increase in the
hydrodynamic radius with decreasing concentration. (In order to determine whether there was a
statistical difference between the hydrodynamic radii measured as a function of concentration for
polymers of the same generation, all of the measurements at all of the concentrations were
inputted into a linear regression analysis and a “p-value” was calculated, as described in the
experimental section. A statistical difference was noted if the “p-value” was less than 0.05, a
value which is traditionally used as the cutoff for statistical significance.’®) For the generation
1.5, 2.5, and 4.5 polymers, this increase appeared to be statistical as reflected in “p-values” of
4.99x10?, 0.03, and 0.018, respectively. For the generation 1.0 polymer, the “p-value” was
0.056, indicating that the increase was almost statistical, but for the other polymers the difference
was not statistically significant.) Since polymer aggregation and the formation of micellar
structures usually occur with an increase in the hydrodynamic radius with increasing
concentration as well as a much larger total increase in the hydrodynamic radius, usually at least
an approximate doubling, it does not appear as if aggregates formed over the concentration range
which was investigated, or if they did form, the critical micellar concentration was either well

above or well below the concentration range studied. The formation of micellar structures will
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be discussed in greater detail when these results are compared with those from the intrinsic

viscosity measurements.
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Figure 3.1. Average effective hydrodynamic radius of the polymers as a function of
concentration determined in methanol at 25°C.

Therefore, the increase in hydrodynamic radius with decreasing concentration must have
been due to some other effect. One possible explanation is that these linear-dendntic rod diblock
copolymers were behaving as polyelectrolytes. It is known that the measured diffusion
coefficient for polyelectrolytes in low salt solutions increases with increasing polymer
concentration, resulting in a decrease in the measured effective radius.”’ For example, Koene et
al. have found this to be trus for poly(styrenesulfonate),”® Forester et al. for quaternized poly(2-

100101 his increase in the

vinyl pyridine),” and Smits et al. for linear poly(ethylene imine).
effective hydrodynamic radius with decreasing concentration is due to solvation and dissociation
of the counter ions away from the polyelectrolyte, resulting in a greater effective charge for the

polymer. This charge causes the polymer to expand in order to decrease these self-repulsive
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interactions. In isoionic solution, this dissociation does not oceur as the balance between charges
does not change with dilution_37-* While ideally, our linear-dendritic rod diblock copolymers
should not have behaved as polyelectrolytes, since they should not have been charged, it is not
surprising that they might have become charged upon €Xposure to traces of water in the reagents
as well as in the environment. More evidence supporting the behavior of these linear-dendritic
rod diblock copolymers as polyelectrolytes will be presented when the intrinsic viscosity results
are discussed.

The measured hydrodynamic radius was also plotted as a function of generation and end
group and the results are given in F igure 3.2. The measured value of approximately 2.5nm for
the radius of the poly(ethylene oxide)-poly(ethylene imine) diblock copolymer backbone was in
good agreement with that measured for the poly(ethylene oxide) block by itself in water,
approximately 1.35nm.'® For the other linear-dendritic rod diblock copolymers, a siow, yet -

noticeable increase in the effective radius with generation can be seen up to generation 3.5 at

reasons discussed in the intrinsic viscosity section, we do not believe this to be the case. A
second possible explanation was that the polymers experienced a large increase in their
hydrodynamic volume due to a change in the shape of the polymer and a breakdown of the

spherical approximation as the polymer elongated into a rod-like shape. As the axial ratio of a

depending on the value of Perrin’s factor P(s), equation 3.9. Agan example, for an axial ratio of
0.2, which is reasonable for the generation 4.5 polymers, the spherical approximately will

measure a hydrodynamic radius approximately 25% larger than the real hydrodynamic radius.
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Thus, the measured hydrodynamic radius of approximately 8nm for the generation 4.5 polymer
would give a real effective hydrodynamic radius of approximately 6nm, which fits into the trend
for the hydrodynamic radii much more nicely. Therefore, we believe that at generation 4.0, the
steric hindrance induced by the dendritic branches was large enough to cause the polymer
backbone to unwind, and take on an elongated, rod-like shape.

These results are in good agreement with those observed by Tomalia et al. for the
poly(amido amine) homopolymer using transmission electron microscopy (TEM). They found
that the poly(amido amine) dendritic rod homopolymers adopted a rod-like configuration at
generation 4.5.'" However, the technique that they used to “stain” their dendritic rods consisted
of base hydrolysis of the methyl ester groups to form the sodium carboxylate salts. It is possible
that their dendritic polymers also began to elongate at generation 4.0, but from their paper, it did
not appear as if the generation 4.0 polymer had also been examined by TEM.
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Figure 3.2. Average effective hydrodynamic radius of the polymers as a function of generation
determined in methanol at 25°C.
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Overall, it did not appear as if the end group had a large effect on the measured
hydrodynamic radii of these linear-dendritic rod diblock copolymers. The hydrodynamic radii of
both the amine and the ester terminated polymers seemed to follow the same trends of increasing
hydrodynamic radii with increasing generation. Nonetheless, small differences in the sizes of the
polymers caused by their interaction with solvent could not be measured due to the inherent error
in the experiments. The one polymer that was not consistent with the trend of increasing size
with increasing generation trend was that of the generation 1.5 diblock copolymer. Its value was
slightly higher than one would have expected given the sizes of polymers of similar generations.
In general, the behavior of this polymer in the light scattering sample solutions was quite
different from that of the others. When the sample solutions were originally prepared, the value
measured for the hydrodynamic radius was approximately twice what was expected, and twice
what the final value turned out to be. However, after allowing the polymer/methanol solution to
sit for approximately one month and then remeasuring the hydrodynamic radius, the value of the
hydrodynamic radius decreased to one which was much more reasonable but one which was still
slightly larger than one would have expected it to be. This was true of all the sample solutions
for the entire range of the concentrations examined, so that we know that the polymer was not
just above its critical micelle concentration. One possible explanation for this phenomena was
that the polymer initially formed an aggregated structure that disassociated over time, but the
exact nature of that structure or the reasons for its initial formation and later disassociation are
still unknown. Thus, the slightly higher value reported for the hydrodynamic radius may have
occurred because some of the polymers were still in their aggregated form. As this did not occur
for any of the other polymers, including those that possessed a similar chemistry, we do not

believe that this decrease was due to a breakdown of the structure of the polymer.

3.5.2 Intrinsic Viscosity

3.5.2.1 Determination of the Intrinsic Viscosity

Intrinsic viscosity is a common technique that has been used to examine the behavior of
dendrimers in solution. Since the architecture of the poly(ethylene oxide)-poly(ethylene imine)-
poly(amido amine) linear-dendritic rod diblock copolymers under investigation in this thesis was

unique, the solution behavior of these diblock copolymers was studied in methanol in order to
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gain insight into how the intrinsic viscosity was affected by the generation number (molecular
weight) and the chemistry of the end group. We wanted to determine whether the polymers
would behave as traditional spherical dendrimers, showing a maximum in the intrinsic viscosity
as a function of generation (molecular weight), as hyperbranched polymers, exhibiting little to no
dependence on the molecular weight, or as traditional linear polymers, in which the intrinsic
viscosity increases with increasing molecular weight. In addition, we wanted to use the
information collected from the intrinsic viscosity experiments to gain insight into the size,
density, elongation, and aggregation of the polymers in solution and compare these results with
those obtained from dynamic light scattering.

For each of the polymers under investigation, the viscosity was determined as a function
of concentration and the results were plotted to obtain the intrinsic viscosity of the polymer. The
results were first plotted using the Huggins (equation 3.15) and Kraemer (equation 3.17)
equations, which are commonly used for traditional polymer systems. While these equations
worked well for a few of the low generation amine terminated polymers, they did not for the
ester terminated or the higher generation amine terminated polymers. The Huggins and the
Kramer plots of the poly(ethylene oxide)-poly(ethylene imine) diblock copolymer backbone as
well as the generation 2.5, methyl ester terminated linear-dendritic rod diblock copolymer are
shown in Figures 3.3 and 3.4, respectively, as examples. The plots of the poly(ethylene oxide)-
poly(ethylene imine) diblock copolymer showed the expected linear relationships and both
extrapolated to the same value for the intrinsic viscosity at 0.238ml/mg. Unfortunately, for the
generation 2.5 polymer, neither the Huggins nor the Kramer plots exhibited a nice linear
relationship, but instead they gave plots that had an upward curvature.

In order to determine a more accurate value for the intrinsic viscosity, the solution
viscosity was plotted with other equations that have been used to determine the intrinsic viscosity
of polymer systems under different conditions. One of the equations that has been found to work
well for polyelectrolytes in aqueous solutions is the Fuoss equation (equation 3.18). In general,
when polyelectrolytes are diluted with nonionic aqueous solvents, the reduced viscosity will
increase upon dilution, and a maximum can be observed before the reduced viscosity heads for
its value at infinite dilution. This increase in the reduced viscosity is known as the
polyelectrolyte effect. In spite of this unusual behavior, the Fuoss equation has been able to

derive a linear relationship between viscosity and concentration so as to be able to obtain the
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intrinsic viscosity.”’ Thus, the Fuoss equation was applied to the linear-dendritic rod diblock
polymers which exhibited an upward curvature in the Huggins and Kramer plots. As an
cxample, the results for the generation 2.5 polymer are presented in Figure 3.5. Unfortunately,

this equation also did not give a linear relationship for these polymers.
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Figure 3.3. Huggins and Kramer plots of the solution viscosity as a function of concentration for
the poly(ethylene oxide)-poly(ethylene imine) diblock copolymer.
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Figure 3.4. Huggins and Kramer plots of the solution viscosity as a function of concentration for
the generation 2.5 linear-dendritic rod diblock copolymer.

Another lesser known equation that has been applied to various dilute and moderately
concentrated polymer as well as polyelectrolyte solutions is Fedors equation (equation 3.22).%2
The Fedors equation was derived as a rearrangement of Eiler’s equation which describes the
viscosity of Newtonian suspensions of rigid particles. This equation, originally proposed by van
Dijck, but applied by Eilers, takes into account the fluctuations in size and velocity that the
particles may experience in very concentrated conditions. This equation has been found to work
exceptionally well for concentrated polymer solutions where the concentration of the solution
passes into the semi-dilute regime, and the polymer chains are overlapping. For example, Ioan et
al. have found that Fedors equation is very effective at calculating the intrinsic viscosity of dilute
to moderately concentrated high molecular weight poly(butyl methacrylate) polymer solutions, *
and Ghimici et al. have found that Fedor’s equation does a better job of calculating the intrinsic

viscosity of hydrophobically modified polyelectrolytes than Fuoss’s equation.**® Fedors

equation was applied to our linear-dendritic rod diblock copolymer systems which exhibited an
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upward curvature in the Huggins and Kramer equations, and it surprisingly gave a very good
linear correlation. The results of the generation 2.5 polymers are shown in Figure 3.6 as an
example. The Fedors equation also could be applied to the low generation amine terminated
polymers which had originally obeyed the Huggins and the Kramer equations. The Fedors plot
of the viscosity data as a function of concentration for the poly(ethylene oxide)-poly(ethylene
imine) diblock copolymers is shown in Figure 3.7. As can be seen, a nice linear relationship was
obtained for this polymer as well. Thus, since the Fedors equation was able to give linear
viscosity data for all of the polymers under investigation, the intrinsic viscosity of all of the
polymers was determined using this equation. A plot showing the intrinsic viscosity as a
function of generation and end group is shown in Figure 3.8 for the linear-dendritic rod diblock

copolymers under investigation.
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Figure 3.5. Fuoss plot of the solution viscosity as a function of concentration for the generation
2.5 linear-dendritic rod diblock copolymer.
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Figure 3.6. Fedors plot of the solution viscosity as a function of concentration for the generation
2.5 linear-dendritic rod diblock copolymer.
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Figure 3.7. Fedors plots of the solution viscosity as a function of concentration for the
poly(ethylene oxide)-poly(ethylene imine) diblock copolymer.

In order to understand the nature of the curvature in the Huggins and Kramer plots we
examined a couple of possible explanations. Initially, we had thought that that the minimum in
the Huggins and Kramer plots might be attributed to the polymer going from an aggregated to an
unaggregated state. However, from dynamic light scattering studies, this did not appear to be the
case as the hydrodynamic radius remained fairly constant, independent of concentration over the
entire concentration range examined in the intrinsic viscosity experiments. Similarly, we were
concemned that the minimum could be attributed to an initial solution concentration which was
too large, since the Fedors equation fit the data very well, but the Fuoss equation did not. In the
past, either a deviation from linearity in polymer solutions or a minimum in the viscosity of
polyelectrolytes from the Huggins equation has been indicative of the solution passing from the
dilute to the semi-dilute regime.*® This transition concentration, ¢*, has been calculated as 1/ ml,
as well as by determining the concentration in which the flow time through the capillary
viscometer is twice that of the solvent.*® However, for the generation 2.5 diblock copolymer, as
well as the other linear-dendritic rod diblock copolymers which exhibited a minimum in the

Huggins’s plot, this did not appear to be the case. If one calculates the c* for this polymer based
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on the intrinsic viscosity determined from the Fedors equation, one obtains a c* of 1/(0.00754
ml/mg), or 132.6mg/ml, which is well above the concentration regime in which the
measurements were obtained. Thus, it appears as if the minimum obtained in the Huggins plot of
these linear-dendritic rod diblock copolymers was not an effect of concentration, but instead
must be due to some other phenomenon.

Finally, we propose that the polymers were in fact behaving as polyelectrolytes but that
in less polar solvents such as methanol, they did not exhibit the traditional polyelectrolyte effect.
Kawaguchi et al. have examined the counterion binding and ionomer-like behavior of partially

194 They found that the reduced viscosity

quaternized poly(4-vinyl pyridine) in aqueous alcohols.
of poly(4-vinyl pyridine) in water monotonically increased with decreasing polymer
concentration, typical of the behavior of polyelectrolytes in the absence of added salt, the
polyelectrolyte effect. On the other hand, in 80% ethanol/water solutions, the reduced viscosity
of the polymer first decreased and then increased with decreasing concentration, which is very
similar to that which was observed for our linear-dendritic rod diblock copolymers. They
believed that the less polar solvent was more effective in stabilizing the condensed
polyelectrolyte counterion pair, which resulted in the formation of collapsed, ionomer-like chains
at high concentration. However, upon sufficient dilution, the methanol was able to break apart
the counterion pairs, resulting in more traditional polyelectrolyte behavior. Similarily, Ghimici
et al. have examined the viscosity behavior of cationic polyelectrolytes in methanol and found
that the strength of binding between the counterion and the polyelectrolyte is dependent on the
structure of the polycation, the type of counterion, and the nature of the solvent. For their
polymers, there was a strong association between the counterion and the polyelectrolyte chain
owing to the poor solvation of the counterion in methanol.'” Finally, this effect is seen and
exploited in the anionic polymerization of some polymers. By careful choice of the solvent,
counterion, and concentration, the speed of the polymerization reaction can be increased or
decreased to give the desired polymer. For example, the polymerization of dienes in polar
solvents, such as THF, leads to unacceptably high 1,2 and 3,4 unit contents, while the 1,4
placement is essential for applications as elastomers and can be achieved by polymerization in
nonpolar pentane using a lithium counterion.'%

Thus, for our linear-dendritic rod diblock copolymers, we believe that the polymers are

behaving as polyelectrolytes in methanol. At high polymer concentrations, there was a strong
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association between the counterions and the polymer, such that the diblock copolymers were
behaving as traditional polymers, exhibiting a decrease in the reduced viscosity as a function of
generation. However, upon dilution, the solution eventually reached a concentration (based on
the dissociation constant of the ion pair) such that the counterions were no longer bound to the
diblock copolymer and they began to dissociate, causing an increase in the effective polymer
charge and an increase in the chain dimensions. This conclusion was consistent with the results
obtained from dynamic light scattering as a function of concentration. While a large change in
the chain dimensions was not observed for the polymers as a function of concentration, a more
subtle one was. The effective diameter of the polymers increased slightly with decreasing
concentration, up to one to one and a half nanometers, consistent with the diblock copolymer
behaving as a polyelectrolyte, with the diblock copolymer taking on slightly larger chain
dimensions as the counterions were dissociated away from the polymer. Hobson and Feast have
found that their poly(amido amine) hyperbranched polymers made with a one-pot synthesis

1. We believe that the reason that

exhibited the traditional polyelectrolyte effect in methano
they observed a very strong, traditional polyelectroiyte effect, while we observed only a more
subtle one, was that they used aminoacrylate hydrochloride to make their polymer. Thus, they
knew for sure that the amines were protonated and that counterions were present, while for our
linear-dendritic rod diblock copolymers, there was a much smaller percentage of groups that
were protonated, since any protonation of the amines was unintentional, as steps were taken to
remove water and to avoid protonated solvents.

Nonetheless, it is should be noted that to our knowledge, this is the first application of the
Fedors equation to polyelectrolytes in non-aqueous solutions that show a minimum in the
reduced viscosity as a function of concentration and whose behavior cannot be described
adequately using the Fuoss equation. We believe that the Fedors equation is able to take into
account the effect of polyelectrolyte counterion dissociation, which the Fuoss equation cannot;
however, a more thorough investigation into the physical basis of the Fedors equation is
currently in progress. An extensive search of the literature did not yield another system that gave

similar results.
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3.5.2.2 Intrinsic Viscosity as a Function of Generation and End Group

Once the intrinsic viscosity had been determined for all of the polymers, it was plotted as
a function of generation as shown in Figure 3.8. As can be seen, at low generation, the intrinsic
viscosity of the amine and ester terminated polymers appeared to follow two different trends,
with the intrinsic viscosity of the amine polymers being greater than that of the ester terminated
polymers, but as the generation number increased, the mtrinsic viscosity of the two almost
merged into one curve. In order to appreciate this phenomenon, it is important to remember that
the intrinsic viscosity is a ratio of the polymer’s volume and shape to its molecular weight.
Thus, a polymer with a higher intrinsic viscosity doesn’t necessarily mean that the polymer is
bigger, it just means that the polymer is more expanded and/or possibly more elongated with
respect to its molecular weight as reflected in equation 3.23. The dendntic block backbone,
linear poly(ethylene imine) is known to take on a very extended, almost nngid conformation in
methanol due to hydrogen bonding, resulting in a fairly high intrinsic viscosity."”” Similarly, the
other amine terminated linear-dendritic rod diblock copolymers were also expected to have very
favorable interactions with the methanol due to hydrogen bonding and thus, it was likely that
they too would take on more extended conformations and/or a larger hydrodynamic volume with
respect to their molecular weights. The ester groups were slightly more hydrophobic and did not
have the same hydrogen bonding capability, thus they would not be expected to have as
favorable interactions with the solvent. In addition, at low generation, the backbone of the
dendritic block was very flexible and could easily expand and contract upon changes in the
dendritic end group, thus, the chemistry of the end group and its interaction with the solvent were
important. However, at higher generations, the backbone was much more constrained by the
dendritic groups such that it could not easily undergo conformational changes, and the dendritic
nature of the diblock copolymer was more significant than the end group, as was reflected in the

intrinsic viscosity results.
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Figure 3.8. Intrinsic viscosity as a function of generation for the linear-dendritic rod diblock
copolymers.

Tomalia et al. also observed slightly larger values for the intrinsic viscosity of the amine
terminated spherical poly(amido amine) dendrimers than for the ester terminated polymers.'
They hypothesized that this difference was due to aggregation of the amine groups in solution
caused by hydrogen bonding; although, they did not have any additional evidence of aggregation
to support their claim. As discussed below, we do not believe that aggregation is occurring, but
instead propose that amine terminated polymers are taking on more expanded configurations due
to favorable interactions between the methanol and the amine groups. An end group dependence
on the intrinsic viscosity was also observed by Iyer ef al. who looked at the intrinsic viscosity of
poly(ethylene oxide)(molecular weight 5000g/mol)-poly(amido amine) hybrid-linear dendritic
diblock copolymers.'® Two very different trends in the intrinsic viscosity were observed for the
amine and the ester terminated polymers that depended not only on the interaction of the

dendritic block with the solvent, but also its interaction with the poly(ethylene oxide) block. For
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the ester terminated polymers, the poly(ethylene oxide) block was able to form a corona around
the dendrimer, shielding it from the solvent; however, for the amine terminated polymers, it was
proposed that the poly(ethylene oxide) block was hydrogen bonding with the amine groups,
creating a more compact structure. Nonetheless, for both end groups, the poly(ethylene oxide)
block eventually became too short with respect to the dendrimer as the generation number of the
dendrimer increased such that its presence did not have as great of an influence on the intrinsic
viscosity results. Gitsov ef al. also observed that the relative length of the poly(ethylene oxide)
block had a profound effect on the intrinsic viscosity of their poly(ethylene oxide)-poly(benzyl
ether) hybrid linear-dendritic diblock copolymers.®! In order for the dendritic block to be soluble
in water, a minimum length of the poly(ethylene oxide) block was needed whose size increased
as the generation number increased. In addition, the diblock copolymer formed a unimolecular
micelle in solution with the poly(ethylene oxide) block forming a corona around the dendritic
block as indicated by a decrease in the intrinsic viscosity as well as the hydrodynamic radius
relative to the poly(ethylene oxide) homopolymer. In our linear-dendritic rod diblock
copolymers we did not appear to observe a noticeable effect of the poly(ethylene oxide) block on
the intrinsic viscosity. While the intrinsic viscosity of the higher generation polymers did
decrease relative to the poly(ethylene oxide)-poly(ethylene imine) backbone, the resulting
hydrodynamic radius (as calculated below) did not. It is possible that for our polymers, the
poly(ethylene oxide) block was too small relative to the dendritic block, and its capacity to shield
the dendritic block from the solvent as well as its ability to interact with the dendritic block was
negligible.

For our methyl ester terminated linear-dendritic rod diblock copolymers, a maximum in
the intrinsic viscosity was observed with increasing generation, which is similar to that reported
for a number of traditional spherical dendrimers in good solvents. For example, Tomalia ef al.
have observed this maximum between generations four and five for their spherical poly(amido
amine) dendrimers in methanol,’ de Brabander-van den Berg er al. have observed this maximum
at generation four for their cyano terminated poly(propylene imine) dendrimers in methanol,”’
and Mourey ef al. have observed this maximum at generation 3.0 for their poly(benzyl ether)
dendrimers in THF.?® Iyer et al. have also reported a maximum in the intrinsic viscosity of their
ester terminated poly(ethylene oxide)-poly(amido amine) hydrid-linear dendritic diblock

copolymers at generation 2.5.' Hobson and Feast have even reported this maximum in the
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intrinsic viscosity of hyperbranched poly(amido amine) polymers prepared using a one-pot
synthesis.®® This maximum occurs when the molecular weight of the polymer begins to increase
more rapidly than its size due to the multiplicity of the dendritic branches. For spherical
dendritic systems, each generation contributes linearly to the effective viscometric radius such
that the volume of the dendrimer scales as g’ where g 1s the generation number. However, the
molecular weight scales as B, where N is the branch multiplicity. Thus, the generation at
which a maximum in the intrinsic viscosity is reached can be determined from g*/B¢”, or at
generation 3/In(B).**° For our linear dendritic rod diblock copolymers, the effective viscometric
radius does not grow linearly with generation. Instead, its value is primarily determined by the
length and the flexibility of the polymer backbone. Since the dimensions of a polymer do not
grow linearly with the addition of branches, but rather much slower, so too will the effective
radius of the linear-dendritic rod diblock copolymers as the number of branches along the
backbone and thus, its stiffness, increases. However, the molecular weight of the linear-dendritic
rod diblock copolymer will continue to scale approximately as (B8— 1). Therefore, since the size
of the linear-dendritic rod diblock copolymers increases more slowly than that of spherical
dendrimers, but the molecular weight scales approximately the same, it can be expected that the
maximum in the intrinsic viscosity of the linear dendritic rod diblock copolymers would be
reached at a lower generation than that of the spherical dendrimers. The reason for this
maximum 1n the intrinsic viscosity of the ester terminated dendrimers is also related to the reason
for the decrease in the intrinsic viscosity of the amine terminated dendrimers. For the amine
terminated polymers, there are two factors that contribute to the intrinsic viscosity. The first is
the nature of the end group and its interaction with the solvent and the second is the dendritic
nature of the diblock copolymer. As previously mentioned, at low generation, the favorable
interactions between the amine groups and the methanol will cause the polymer to expand and
elongate, creating a less dense polymer. However, as the generation number increases, so does
the degree of branching, and thus, the flexibility of the polymer backbone to expand and
contract, as well as to elongate decreases. At these higher generations, the dendritic nature of the
polymer becomes more important, and thus the ratio of the volume to the molecular weight as
described above, dominates the value of the intrinsic viscosity resulting in polymers that have a

higher density and a lower intrinsic viscosity than polymers of a lower generation.
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In order to confirm that a maximum in the intrinsic viscosity would be expected at
generation 1.5, a simple scaling relationship for the intrinsic viscosity has been developed,
similar to that developed for spherical dendrimers. The molecular weight of the linear-dendritic
rod diblock copolymer can be expected to scale approximately with that of the dendntic block,
which scales as (28 — 1), or the number of branches. This scaling is slightly different than that
observed for the spherical dendrimers, as the spherical dendrimers are growing in two directions
whereas the dendron on the dendritic rod is only growing in one.

To determine the volume for these linear-dendritic rod diblock copolymers, scaling
relationships developed for comb polymers were applied, due to the similarity of the comb
polymer architecture to that of the dendritic rod block. Using a mean-field Flory-type of
approach, the free energy of comb polymers has been estimated and minimized to find the radius
of gyration of the polymers.'*®'% Tn these calculations, the comb polymers consisted of N
backbone monomers, M monomer units in each side chain, and o side chains per backbone
monomer units. It was also assumed that N >>M>>1, and that all of the monomers and the
solvent molecules occupied the same volume a’. Depending on the coverage of the side chains
on the monomer units, o, the comb polymer was expected to adopt either a flexible (coil-like) or
an extended (rod-like) configuration. The coil-like configuration was assumed for relatively low

35 in which case the average spacing of side chains along the

coverage numbers, or when 6<<M’
backbone exceeded the Flory radius of the side chains, Ry, ~ aM>? , where Ry, 1s the radius of a
sphere used to estimate the volume of the side chains. For these low aggregation numbers, the
radius of the side chain was essentially unchanged by attachment to the backbone. However,
when o >> M, the side chains were stretched perpendicular to the backbone due to steric
crowding, and the comb polymer adopted a more rigid, bottle-brush structure. Models of these
two configurations took two very different forms.

In the case of the low coverage, or a coil-like configuration, the free energy has been
estimated by treating the side chains as spheres randomly placed along the backbone as
illustrated in Figure 3.9 (a). The expression for the free energy is:

2 2 2
F, :I\I?acz +a’ gi +R; (GII:;) (3.31)

4
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where F is the free energy of the system and R is the radius of gyration of the comb polymer.
The first term on the right hand side of this equation describes the elastic energy (configurational
entropy) of deformation for a radius R.. The second term describes the excluded volume
associated with the N backbone monomers each of volume a’, and the third term describes the
excluded volume of the 6N side chains each of volume R,,°. To find the minimum in the

equation, the derivative is taken with respect to R, and set equal to zero, resulting in the

following:
2 2 2
0=2Re y 32N gps (N
Na R: R: (3.32)

Thus, the radius of gyration of a comb polymer is:

B 3N%a’(a* + R 6?%) "
R, = (3.33)

2

or

(3.34)

Figure 3.9. Graphical representation of the model for comb polymers in which the side chains
are treated as spheres placed randomly around the polymer backbone (a). Graphical
representation of the model for a dendritic rod polymer in which the dendrons are treated as
hemispheres placed randomly around the polymer backbone (b).
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For the high coverage limit, the bottle-brush polymer has been modeled as a wormlike
chain, and the equations used to calculate the elastic constants of deformed monolayers and
bilayers in surfactant and block copolymer systems have been applied. Nonetheless, for the
linear-dendritic rod diblock copolymers under investigation, the low-coverage limit is the better
model to apply and modify. For almost all of the generations of polymer examined, the dendntic
block has been shown experimentally to adopt a coil-like shape. It is only between generations
4.0 and 4.5 that the dendritic block has been found to adopt a rod-like configuration. Thus, as
the maximum in the intrinsic viscosity has been observed at low generations, and it is
verification of this observation which 1s the motivation for determining scaling relationships for
the radius of gyration, the coil-like model will be used.

As previously mentioned, Ry, represents the excluded volume of the side chains modeled
as spheres in the coil-like model. For the dendritic rod diblock, one would not expect the
dendrons to behave as spheres. A better model would be to treat them as hemispheres attached
randomly along the polymer backbone, as illustrated in Figure 3.9 (b), with the radius of the
hemisphere scaling linearly with the generation. Thus, R.’ can be replaced by the excluded
volume of these hemispheres, which is Y%(gan)’, where g is the generation number, a is the
dimension of a backbone monomer unit and n 1s the ratio of the length of a branch to that of a

backbone monomer unit. Thus, the radius of gyration of the dendritic block can be expected to

scale as:
R, < N3/5a2/5(aa + %(gm)3)1/5 (3.39)
or
R, oc N¥%a(l + %g3n3)1/5 (3.36)

The volume of the dendritic block can be expected to scale as:

V, o [N 3/5a(1 + %g3n3)1/5T (3.37)

In order to simplify the problem, one can assume that the dendritic block will be the primary
contributor to the radius of gyration of the entire polymer, such that the poly(ethylene oxide)
block can be neglected. Therefore, the intrinsic viscosity of the linear-dendritic rod diblock

copolymer can be expected to scale as:
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[N3/5a(1+ 1 g3n3)1/5]3
[n]e< 23?1 (3.38)

This maximum in the intrinsic viscosity is dependent on the relative length of the dendritic
branch to that of the backbone repeat unit, n. Taking n to be 1, the maximum is found at
generation one; however, taking n to be 2, the maximum 1s found at generation two as observed
in Figure 3.10. For these poly(amido amine) dendrimers, the relative length of the branch will be
dependent on the end group and its interaction with the solvent and the backbone. Thus, it is not
surprising that the maximum in the intrinsic viscosity of the methyl ester terminated polymer was
found at generation 1.5 (two end groups), while the intrinsic viscosity of the generation 1.0
amine-terminated polymer was higher than that of the generation 2.0 (two end groups) amine

terminated polymers.
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Figure 3.10. The estimated intrinsic viscosity as a function of generation for two different values
of relative lengths of the branches to the monomer unit along the backbone.

125



Surprisingly, a minimum in the intrinsic viscosity was observed for both the amine and
the ester terminated polymers at generations 3.0 and 3.5, respectively. We believe that this
minimum corresponds to a transition from the polymers adopting a globular shape at lower
generations, to an extended, rod-like shape at higher generations. Since the dendritic block of
the linear-dendritic rod diblock copolymers possesses a flexible polymer core, it has the umque
ability to undergo a shape change to a rod-like configuration at high generation when the steric
crowding becomes too great. As discussed above, the intrinsic viscosity is a ratio of the volume
and shape of the polymer to its molecular weight (equation 3.20). If the diblock copolymer were
to continue to be spherical, one would have expected the intrinsic viscosity to continue to
decrease due to its increasing density; however, this was not observed. Even if we were to
assume that addition of these new branches would have caused the volume to increase such that
the density remained constant, the value of the intrinsic viscosity also would have remained
constant, as is seen for hyperbranched polymers. This too was not the case. In order for the
intrinsic viscosity to have increased, a dramatic change in the hydrodynamic volume and/or the
shape (and the shape factor, v) of the polymer needed to occur. As can be seen in equations 2.28
and 2.29, for a prolate ellipsoid (rod) of any axial ratio, the value of the shape factor, v, will
always be greater than 2.5, which is the value of a sphere. For example, for an axial ratio of 0.8,
the value of the shape factor will be 2.55, for 0.5, it will be 2.91, and for 0.2, it will be 5.79.
Thus, if one had two particles of equivalent hydrodynamic volumes, the particle that was an
ellipsoid would have a larger intrinsic viscosity than the particle that was a sphere. Since the
increase in the intrinsic viscosity was so large, we do not believe that 1t could be accounted for
solely by an increase in the hydrodynamic volume, but that it was also accompanied by an
elongation of the dendritic block into a rod-like shape. These results are in good agreement with
the dynamic light scattering results for which a dramatic increase in the hydrodynamic volume
began to occur at generation 4.0, which also indicated the transition to a rod-like configuration.

As a quick aside, it is interesting to look at the absolute value of the intrinsic viscosity
obtained from experiment for the poly(ethylene oxide)-poly(ethylene imine) diblock copolymer
backbone with that predicted using a diblock copolymer model. Since this thesis is one of the
first to report the synthesis of this diblock copolymer, molecular weight-intrinsic viscosity

relationships have not yet been determined; however, information about each of the two
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individual blocks is available. Weyes et al. have determined the Mark-Howink equation for
linear poly(ethylene imine) in methanol at 25°C and found the relationship
] = 1.04x10"M***'7 (Linear poly(ethylene imine) is known to take on a helical conformation
due to intramolecular hydrogen bonding, and the high value of the “a” parameter is a reflection
of the stiffness of the polymer.) For a poly(ethylene imine) block of molecular weight of
approximately 4400g/mol, this corresponds to a intrinsic viscosity of approximately
0.0301ml/mg. The intrinsic viscosity of poly(ethylene oxide) of molecular weight 1900g/mol
has been found to be approximately 0.0077ml/mg in water at 30°C.'® One simple model that has
been used to determine the intrinsic viscosity of diblock copolymers assumes that the
hydrodynamic volumes of each of the blocks are additive, resulting in the relationship:

b= wyll + e, 3.9
where w; and w; are the weight fractions of each of the blocks.”® Applying this model and using

the information for each of the two blocks gives:

[n]= ﬂ(0.0301ml/ mg) + % (0.0077ml/ mg) = 0.0233ml/ mg

6300
This predicted value for the intrinsic viscosity of the poly(ethylene oxide)-poly(ethylene imine)
diblock copolymer corresponds well to the actual value of 0.0238ml/mg determined from
expeniment. Unfortunately, the intrinsic viscosity of poly(amido amine) rod homopolymers is

not known, so a similar analysis can not be made for the higher generation diblock copolymers.

3.5.2.3 Determination of Size

Once the value of the intrinsic viscosity had been obtained for each of the linear-dendritic
rod diblock copolymers, it was used to try to determine the dimension of each of the polymers.
As in the case of the dynamic light scattering, the intrinsic viscosity of a particle is influenced by
both the size and the shape of the particle. For particles that are spherical in shape, a viscometric
radius can be calculated using equation 3.25. However, most particles are not spherical, most are
ellipsoidal such that a more accurate calculation of their dimension can be made using equations
3.23 and 3.29. Unfortunately, application of these equations is extremely difficult as they
contain two unknowns, the volume and the axial ratio of the particle. These equations can only
be used if one of the variables can be accurately determined or estimated using some other

technique, which isn’t always possible. Nonetheless, for particles with aspect ratios between 0.5
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and 1, a spherical approximation to determine the viscometric volume is reasonable since it will
only overestimate the calculated viscometric volume by a factor of less than 1.2 and the
viscometric radius of a sphere of equal volume by a factor of less than 1.06. However, the axial
ratio, and thus the other particle dimensions cannot be extracted accurately from this
information. Since most of our linear-dendritic rod diblock copolymers, especially those of low
generation, can be expected to take on a spherical shape or an ellipsoidal one with an axial ratio
between 0.5 and 1, the spherical approximation should be a good one for most of our polymers.
It is only at high generation that it might break down, but it should offer a good basis for
comparison between generations. In addition, since a spherical approximation was made in
order to determine the hydrodynamic radii of the polymer using dynamic light scattering, a
spherical approximation for the viscometric radius offers consistency between the two
experiments. Thus, the viscometric radius of a sphere of equivalent volume will be determined
for each of our linear-dendritic rod diblock copolymers from the intrinsic viscosity data.
Another important consideration when determining the size of the polymers was whether
they were behaving as isolated polymers in solution or whether they had aggregated into more
complex micellar structures. The viscometric radius of any particle, an individual polymer or an
entire micelle, can be calculated using equation 3.25, R, = {B[n]M/(4*2.5nNA)}” } which is
dependent on both the intrinsic viscosity and the molecular weight, M, of the particle. For an
isolated polymer in solution, the molecular weight is simply that of the individual polymer;
however, for micelles, the molecular weight is that of the entire micelle,''® which is the
molecular weight of one of the molecules in the micelle times the number of molecules in the
micelle. Thus, for a given particle with a given intrinsic viscosity, the radius calculated

l/3) times greater than that calculated assuming just

assuming a micelle of n molecules will be (n
one molecule. For example, a dimer of a molecule will have a calculated radius approximately
1.26 times greater than that assuming a unimolecular micelle, and a micelle made up of eight
molecules will have a calculated radius two times that of the monomer. Thus, by comparing the
viscometric radius calculated assuming different aggregation numbers with the measured
hydrodynamic radius, one might be able to obtain some insight into whether or not the polymers
were aggregating in solution.

The viscometric radii of each of the polymers has been calculated and tabulated in Table

3.1 assuming that the polymer was as an individual particle, as well as if it were to have
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aggregated into dimers, trimers, and octamers in solution. Also included in this table are the
hydrodynamic radii determined from dynamic light scattering as well as the ratios of the
viscometric to the hydrodynamic radii assuming these different aggregation numbers.

In general, it has been found that the ratio of the viscometic radius to the hydrodynamic
radius of linear polymers is approximately 1.1, while that of branched polymers approaches 1.0
as the degree of branching increases. For example, Bauer et al. found this to be the case for
linear and star versions of polyisoprene,®® and Roovers and Toporowski found the ratio to be
near unity for a wide variety of polystyrene branching architectures.!'! For spherical micelles of
diblock copolymers, the ratio of the viscometric to the hydrodynamic radii has also been found to
be approximately 1.0.">'"?

Therefore, in order to determine whether the linear-dendritic rod diblock copolymers
were acting as individual polymers or had formed larger aggregates in solution under these
conditions, the number of polymers in the particle was chosen such that the ratio of the
viscometric to the hydrodynamic radii was approximately 1.0-1.1. For all of the polymers
investigated, it appears as if the assumption that the linear-dendriitic rod diblock copolymers
under investigation form unimolecular micelles, or at the most dimers, is the best fit. Since there
1s some intrinsic error in the experiments, a more complex analysis of the data will not be made
as 1t may only lead to incorrect conclusions. Nonetheless, it can be easily ruled out that the
polymer formed huge micelles with aggregation numbers above ten, as an aggregation number of
eight already gave a viscometric size that would be approximately twice that which was expected
based on the measured hydrodynamic volume. It is not surprising that the polymers did not
appear to aggregate in solution as methanol is a good solvent for both the poly(amido amine)* as

well as the poly(ethylene oxide) chemistry.''

In the first paper published about the poly(amido
amine) spherical dendrimers, Tomalia et al. hypothesized that the reason that the amine
terminated polymers exhibited larger intrinsic viscosities than the ester terminated polymers was
that the amine polymers were aggregating in solution due to hydrogen bonding; however, they
did not offer any additional evidence to support their claim. Nonetheless, after an extensive
search of the literature, we have not been able to find other papers that mention the aggregation
of either the amine or the ester terminated polymers in methanol solutions, and methanol has

commonly been used to study the dimensions of isolated dendrimers in solution.?'*2
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Generation | Hydrodynamic radius Viscometric radius Ratio of Ry/Ry
Ry (nm) Ry (nm) (molecules in micelle)
(molecules in micelle)

(1)2.88 (1)1.18
0 2.44 (2) 3.63 (2) 1.49
(3)4.15 (3) 1.70

(8) 5.76 (8)2.36 -
(1)2.76 (1) 0.99
0.5 2.78 (2) 3.48 (2) 1.25
(3) 3.98 (3)1.43
(8) 5.52 (8) 1.99
(1)3.22 (1) 1.25
1.0 2.58 (2) 4.06 (2)1.57
(3)4.64 (3) 1.80
(8) 6.44 (8) 2.50
(1) 3.86 (1)0.88
1.5 4.38 (2) 4.86 2)1.11
(3) 5.57 3)1.27
(8)7.72 (8) 1.76
(1)3.92 (1) 1.11
2.0 3.52 (2)4.94 (2)1.40
(3) 5.65 (3)1.61
(8) 7.84 (8) 2.23
(1) 4.41 (1) 1.09
2.5 4.04 (2) 5.56 {2) 1.38
(3) 6.36 (3) 1.57
(8) 8.82 (8)2.18
(1)4.57 (1)1.12
3.0 4.09 (2)5.76 (2) 1.41
(3) 6.59 (3) 1.61
(8)9.14 (8)2.23
(1)5.15 (1) 1.13
3.5 4.56 (2) 6.49 (2)1.42
(3)7.43 (3)1.63
(8) 10.3 (8) 2.26
(1)6.05 (1) 0.98
4.0 6.15 (2)7.62 (2)1.24
(3) 8.73 (3)1.42
(8) 12.1 (8) 1.97
(1)7.10 (1) 0.86
4.5 8.25 (2) 8.95 (2) 1.09
(3)10.2 (3)1.24
(8) 14.2 (8)1.72

Table 3.1. Viscometric radius calculated as a function of aggregation number and its comparison
to the hydrodynamic radii for all of the generations in methanol at 25°C.
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The calculated viscometric radius for the linear dendritic rod diblock copolymers
assuming isolated polymers in solution is plotted as a function of generation in Figure 3.11. For
comparison, the measured hydrodynamic radii of the polymers are also shown in that figure. As
can be seen, there is good agreement between the radii calculated from the two experiments. Just
as in the case of the hydrodynamic radii, the viscometric radii were found to slowly increase with
generation up to generation 3.5, at which point the viscometric radii began to grow at a much
larger rate. The reasons for the slow rate of growth for the lower generation polymers are
explained in the previous section with the light scattering data. The large increase in the
viscometric radii for the generation 4.0 and 4.5 polymers was most likely due to an ¢longation of
the polymer into a more rod-like configuration. The possibility of the large increase being
caused by aggregation has been ruled out based on the analysis described in the previous
paragraph. As in the case of the hydrodynamic radii, the error in the viscometric radii assuming
a spherical configuration increases as the axial ratio of the polymer approaches zero, as can be
seen from equations 3.23 and 3.26. For an axial ratio of 0.2, which is a reasonable estimation for
the generation 4.5 polymers, the value for the measured viscometric radius assuming a spherical
shape will be approximately 1.32 times that of the real viscometric radius. Thus, for the
generation 4.5 polymer, the measured viscometric radius of approximately 7.1nm would give a
real effective radius of approximately 5.4nm, which fits more neatly into the trend for the
viscometric radii calculated for the lower generation polymers. Thus, as we found from the light
scattering results, we believe that at approximately generation 4.0, the steric interactions caused
by the dendritic side groups cause the dendritic block to adopt a rod-like configuration.

The large error bars in the viscometric radii data are worth mentioning. Using the
differential method, as calculated in equation 3.30, it was found that the factor that contributed
the most to the possible error was the molecular weight of the polymer. The molecular weight
was estimated from NMR experiments by comparing the number of protons from the
poly(ethylene oxide), whose length was known, with those from the dendritic block. As
Integration is not always perfect, an error of 2.3 repeats out of approximately 97, or
approximately 2.3%, was used. This percentage is probably an overestimation of the error in the

molecular weight, but was used to err on the side of caution.
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Figure 3.11. The hydrodynamic and the viscometric radii of the polymers as a function of
generation in methanol at 25°C and assuming a spherical shape.

3.6 Summary and Conclusions

The solution behavior of a serics of poly(ethylene oxide)-poly(ethylene imine) linear-
dendritic rod diblock copolymers was examined in methanol at 25°C using the techniques of
dynamic light scattering and viscometry. From dynamic light scattering, the hydrodynamic radii
of the polymers were measured as a function of polymer concentration, end group chemistry, and
generation. Similarly, viscometry was used to determine the intrinsic viscosity and the
viscometric radii of the polymers as a function of end group chemistry and generation. By
comparing the results of these two experiments, we not only were able to determine the sizes of
the polymers in solution, but we were also able to gain insight into the effect these parameters on
the aggregation and shape of the polymers in solution.

Dynamic light scattering was used to determine the hydrodynamic radii of the polymers

using a spherical approximation. A spherical approximation was employed as it was nearly
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impossible to accurately extract the dimensions of the polymer assuming an ellipsoid, since the
necessary equation contained more than one unknown variable. The hydrodynamic radii of the
polymers were found to increase slowly with increasing generation up to generation 3.5;
however, after generation 3.5, the hydrodynamic radii were found to increase very rapidly. This
rapid increase in the hydrodynamic radii can be explained by an elongation of the dendritic block
into a more rod-like configuration due to the steric hinderance of the dendritic side groups. This
clongation would result in not only a larger hydrodynamic volume but also a breakdown of the
spherical approximation, resulting in an overestimation of the hydrodynamic radii. The
generation number that we have determined for the transition to a rod-like configuration is in
good agreement with that reported for the poly(amido amine) dendritic rod homopolymers.
Nonetheless, the chemistry of the end group did not seem to have a large effect on the measured
hydrodynamic radii. Finally, for all of the polymers, the hydrodynamic radii were found to
increase slightly with decreasing concentration indicating that the polymers were behaving as
polyelectrolytes in solution. This behavior also indicated that the polymers were not forming
aggregates over the concentration range that was examined or that the critical micelle
concentration was well below that which was examined.

Viscometry was used to determine the intrinsic viscosity of the polymers, and from that,
their viscometric radii using a spherical approximation. As in the case of dynamic light
scattering, the intrinsic viscosity of a particle is dependent on not only its size but also its shape.
Unfortunately, the determination of the dimensions of the polymer using an ellipsoidal model
was extremely difficult as there was more than one unknown in the equation relating the intrinsic
viscosity to the polymer dimensions. For ease and consistency with the dynamic light scattering
results, a spherical approximation was also made when calculating the viscometric radius. In
order to determine the intrinsic viscosity of the polymers, their reduced viscosity was first plotted
as a function of concentration using the Huggins and Kramer equations. While the low
generation amine terminated polymers obeyed these equations, giving a linear relationship, the
low generation ester terminated polymers as well as the higher generation polymers did not, as
their application resulted in lines which had an upward curvature. Attempts were also made to
fit the data to the Fuoss equation which has been used for traditional polyelectrolytes, but this too
was unsuccessful. However, the data from all of the polymers could be successfully plotted

using the Fedors equation, and thus this equation was used to determine the intrinsic viscosity of
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all of the polymers. Previously, the Fedors equation had been applied to polymers in the dilute
to semi-dilute regime as well as to aqueous solutions of polyelectolytes whose data could also be
fitted using the Fuoss equation. Since the concentration range employed in the viscosity
experiments was well below that of semi-dilute regime, we believe that these linear-dendritic rod
diblock copolymers were in fact behaving as polyelectrolytes, but that the traditional
polyelectrolyte effect was being muted by the nature of the solvent and its interaction with the
polyelectrolyte counterions. At higher polymer concentrations, the polyelectrolyte and the
counterion were forming stable ion pairs (counter ion condensation), resulting in traditional
polymer behavior for the viscosity. However, in more dilute polymer solutions, dissociation of
the counterions from the polyelectrolyte occurred as the methanol was better able to solvate the
counterions away from the polyelectrolyte giving rise to more traditional polyelectrolyte
behavior. These results were in good agreement with those obtained from dynamic light
scattering. Nonetheless, to our knowledge, this thesis is the first to report the use of the Fedors
cquation for polyelectrolyes in less polar solvents whose behavior could not be described by
either the Huggins or the Fuoss equations.

The intrinsic viscosity of the amine and ester terminated polymers was found to follow
two different trends at low generation that merged into one trend at higher generations. At low
generations, the chemistry of the end groups and its interaction with the solvent were found to be
more important, while at higher generations, the highly branched nature of the dendritic block
was the more important factor. For the half generation ester terminated polymers, a maximum in
the intrinsic viscosity occurred which is similar to that seen in traditional spherical dendrimers.
This maximum occurred at the generation where the molecular weight of the dendritic block was
beginning to grow more rapidly than its size due to its highly branched nature. The decrease in
the intrinsic viscosity of the amine terminated polymers with increasing generation can be related
to this same effect. In order to confirm the generation at which the maximum in the intrinsic
viscosity would be expected, a simple scaling relationship for the intrinsic viscosity has been
developed. The molecular weight of the diblock copolymers was found to scale as 28-1. To find
a scaling relationship for the volume, the equations used to scale the radius of gyration of a comb
polymer were applied; however, instead of treating t\he side chains as spheres, as is done for
comb polymers, the dendrons were treated as hemispheres, resulting in the volume scaling as V

~ [N*3a(1 + 1/2g°n*)*]*. Thus, the volume was dependent on both the generation number, g,
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and the relative length of the dendritic branch to that of the backbone monomer unit to which it
was attached, n. Thus, the maximum in the intrinsic viscosity was found to occur with either one
branch end or with two branch ends, depending on the value of n. For these poly(amido amine)
dendrimers, the relative length of the branch will be dependent on the end group and its
interaction with the solvent and the backbone. Thus, it is not surprising that the maximum in the
intrinsic viscosity of the methyl ester terminated polymer was found at generation 1.5 (two end
groups), while the intrinsic viscosity of the generation 1.0 amine-terminated polymer was higher
than that of the generation 2.0 (two end groups) amine terminated polymers. Nonetheless, a
minimum in the intrinsic viscosity was observed for both the amine and the ester terminated
polymers at generation 3.5, which can be attributed to an elongation of the polymers into a more
rod-like shape. This increase in the intrinsic viscosity above generation 3.5 resulted from the
polymer not only adopting a larger viscometric radius because of its shape, but also because of
the increased influence of the shape factor on the intrinsic viscosity that occurs with rod-like
structures.

Finally, the hydrodynamic radii measured from dynamic light scattering were compared
to the viscometric radii determined from viscometry assuming various aggregation numbers in
order to gain insight into the aggregation behavior of the polymers in solution. For all of the
generations of the polymers, it appeared as if they were behaving as isolated polymers is
solution, or at most, aggregates of two or three, but that they were not aggregating into larger
micellar structures with aggregation numbers of four or more. The viscometric radii assuming
an isolated polymer in solution was found to follow the same generation dependence as that of
the hydrodynamic radii, with a large increase in the radii observed after generation 3.5, which
was most likely caused by an elongation of the polymer into a rod-like shape.

One thing that is important to remember is that the solution behavior of a polymer is very
dependent on conditions of the experiment. Thus, it is very important to specify the conditions
when describing the behavior. Therefore, these linear-dendritic rod diblock copolymers may be
able to form more complex micellar structures by changing the solvent, end group, and even

temperature of the experiment.
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