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Abstract
Recent work in the Hickner research group has focused on creating novel, welldefined, ion-containing block copolymers for studies relating macromolecular chemistry,
architecture, and resulting microphase-separated morphology to the transport properties
of bulk films, such as ion-conductivity and water uptake, for application in polymer
membranes for water salinity management and Polymer Electrolyte Membrane Fuel
Cells (PEMFCs). Reversible addition fragmentation chain transfer (RAFT)
polymerization, a controlled free radical polymerization technique, was used to
synthesize homopolymers and block copolymers of styrene and vinylbenzyl chloride
(VBC), a versatile vinylic monomer that serves as a platform onto which a wide array of
ionic moieties may be attached. Synthesis of both a monofunctional (grown from one
end) and a difunctional (grown from two ends) RAFT chain transfer agent was
successful. Many attempts at difunctional, monofunctional, and chain extension RAFT
polymerization of styrene and VBC yielded knowledge of experimental conditions most
conducive to molecular weight control. Difunctional RAFT polymerization poses
particular obstacles related to the unwanted creation of monofunctionalized polymer
chains. Styrene polymerizations proceeded with more control than VBC
polymerizations.
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CHAPTER 1:
Background and Literature Review

1.1. Introduction

1.1.1. Motivation and Objectives of Work
Recent work in the Hickner research group [1,2] has focused on creating novel,
well-defined, ion-containing polymers for studies relating macromolecular chemistry,
architecture, and resulting microphase-separated morphology to the transport properties
(i.e. ion conductivity, water uptake, and water diffusion) of bulk films. These studies aim
to elucidate the material traits required for high performance solid state electrolyte
membranes for Polymer Electrolyte Membrane Fuel Cells (PEMFCs). A common route
to making well-defined, ionic polymers is the chloromethylation and subsequent addition
of an ionic moiety onto polymers synthesized using living/controlled techniques, but this
route often suffers from lack of repeatability and low degrees of functionalization. More
precise structure-property relationships may be determined if we are able to controllably
incorporate a chloromethyl-bearing monomer into the structures of linear block
copolymers. The objective of this work is to demonstrate that well-defined linear block
copolymers of styrene and vinylbenzyl chloride (VBC) may be reliably achieved using
reversible addition-fragmentation transfer polymerization (RAFT), a variety of controlled
radical polymerization (CRP).
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1.1.2. Ion-Containing Polymers (Ionomers)
Ionomers are polymeric materials that contain ionic functionalities covalently
bonded to the polymer chain [3]. Due to the vast polarity differences between ionic
groups and the relatively nonpolar polymer chains, ionomers in the solid state often
phase separate into hydrophilic and hydrophobic domains. This phenomenon imparts
to ionomer films the ability to selectively conduct ions, which has led to their use in
advanced functional applications, such as actuators, desalination membranes, and
electrolyte membranes for fuel cells using hydrogen or alcohols as fuel.
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1.2. Practical Applications and Considerations

1.2.1. Water Desalination
About 70% of the Earth’s surface is covered in water, amounting to a total
volume of about 1.4x1018 m3 [4]. Of this vast quantity, 97.5% contains more than 1000
ppm dissolved ions (mainly chlorine and sodium), making it unfit for human
consumption and agriculture. Of the remaining 2.5% suitable for human exploitation,
the majority is either frozen in the polar ice caps or deep underground. Humans and
other terrestrial life forms have thrived on merely 0.5% of the Earth’s water.
However, this useful water is not uniformly distributed over the planet. More than
50% of the human population resides in regions where potable water is a scarce
commodity. In developing countries, the consumption of unhealthy water accounts for
80% of all illnesses and 30% of all deaths, striking infants and small children with the
most lethality. Even in industrialized nations, droughts are frequent and water tables
are often unpredictable. Thus, considering that 70% of all people live within 70 km of an
ocean or sea, all municipalities have a vested interest in desalination technologies [4].
Numerous methods have been devised to decrease the salinity of water [5,6].
The method that makes use of the unique properties of ionomer membranes is Reverse
Osmosis (also called Nanofiltration), wherein water molecules are forced to translate
through a membrane contrary to the concentration gradient, i.e. from high salinity to low
salinity, by virtue of the membranes’ transport selectivity. Reverse osmosis boasts a
very high output/occupied space ratio and poses limited toxicity to the environment:
pretreatment of water requires only pH-adjusters, and high-salinity brine is the only byproduct [7]. Traditional membrane materials include poly(amide) composites and
3

cellulose acetate, but these are sensitive to abuse and prone to failure; ionomeric
polymer films, such as those discussed herein, are more robust and can operate at
higher temperatures and possess broader chemical tolerances [8].

1.2.2. Energy Production – The Fuel Cell
1.2.2.1. The Energy Problem and Opportunity for New Technologies
As of 2008, 84% of the energy in the United States was generated from the
burning of fossil fuels [9]. These energy sources are not ideal for several reasons.
Extracting fossil fuels from the ground where they have resided for millions of years
deleteriously affects the environment, and consuming them releases copious amounts
of polluting and climate-changing gases into the atmosphere. Often, fossil fuels come
from politically unstable parts of the world that share tenuous relations with the United
States. Most importantly, they are nonrenewable resources with limited, albeit
tremendous, supplies. While enough coal remains buried underground to support our
current energy habit for another few centuries [10], the U.S. Energy Information
Administration estimates that world peak oil production could occur as soon as 2037
[11].
Clearly, other energy production technologies must begin to phase-out those
based on fossil fuels. Many technologies have seen development. Some seek to
harvest energy from renewable sources such as the sun, wind, and heat produced by
the earth, while nuclear power uses nonrenewable fuel in a non-polluting way. For
small scale energy generation (personal devices (replacing the battery), buildings
(replacing the “grid”), and, importantly, automobiles (replacing the internal combustion
engine)), the fuel cell is an attractive technology, due to its efficiency, low or zero
4

emissions (the energy used to produce the fuel must be kept in mind), quiet operation,
and simplicity due to lack of moving parts [12].

1.2.2.2. Basics of Polymer Electrolyte Membrane Fuel Cells (PEMFCs)
For information on the principles of operation of the many kinds of fuel cells and
an in-depth treatment of PEM fuel cells, one should consult Barbir’s excellent text [12].
PEMFCs are mechanically fairly simple, with no moving parts; a schematic
representation of its principal components is given in Figure 1 [13].

Figure 1: Schematic representation of the basic functional components of a
hydrogen-fueled fuel cell [13].
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The catalyst layer consists of carbon black, platinum nanoparticles, and ionomer
binder; a TEM micrograph of the representative morphology is shown in Figure 2 [14].
Only at the interface of the three phases can the necessary electrochemical and
transport phenomena occur: Pt catalyzes the breakdown of hydrogen gas into protons
and electrons; electrons are conducted through the carbon black, and protons are
conducted through the ionomer binder. Of course, then, intimate contact between the
catalyst materials and the ion exchange membrane is key to performance.

Figure 2: Transmission electron micrograph showing the size, morphology, and
connectivity of the three components of the catalyst layer [14].

6

1.2.2.3. The Polymer Electrolyte Membrane
Most central to the fuel cell device is the polymer electrolyte membrane, which
serves to conduct ions and block the conduction of electrons produced in
electrochemical reactions by the porous catalytic layer, intimately bonded to both sides
of the electrolyte membrane. The ionomeric polymers employed in the membranes may
be of a variety of macromolecular chemistries and architectures, and the ions attached
to them may be negatively or positively charged. The choices of polymer chemistry and
topology, and ion type and placement on the chain, coupled with processing, influences
the transport properties. Ionomers containing negative ions conduct positive ions and
here will be called cation exchange membranes (CEMs), and ionomers containing
positive ions conduct negative ions and here will be called anion exchange membranes
(AEMS). Understandably, the nature of the electrochemical reactions and,
consequently, mass transport, are very different between AEMs and CEMs (Figure 3).
Research in CEMs is especially well-developed. The most common anionic
functionality employed is sulfonic acid (-SO3H) due to its high acidity and versatile
chemistry; others include phosphonic acid [15,16] and sulfonimides [17]. Triazoles and
imidazoles importantly serve as non-aqueous proton conductors [18,19]. Anion
exchange membranes (AEMs) are less well-studied and may be prepared by
incorporating the quaternary ammonium functionality into the polymer chain, either by
direct polymerization of a quaternary ammonium-containing monomer, sequential
alkylation of an amine, or treating a halide functionality with a tertiary amine, or other
routes to cationic centers other than ammoniums. Many types of polymer chemistries
and architectures, both step growth and chain growth, have been utilized in fuel cell
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membranes and summarized in many reviews, the chief among which is that of Hickner
et al. [20,21,22,].

a) CEM

Anode:

b) AEM

+

-

H2 → 2H + 2e
Ea = 0 V
+
Cathode: 1/2O2 + 2e + 2H → H2O
Ec = 1.23 V
Overall:
H2 + 1/2O2 → H2o
Ecell = 1.23 V

Anode:

-

-

2H2 + 4OH → 2H2O + 4e
Ea = 0.83 V
Cathode: O2 + 2H2O + 4e → 4OH
Ec = 0.40 V
Overall:
2H2 + O2 → 2H2o
Ecell = 1.23 V

Figure 3: Mass transport and electrochemical reactions (at 1 bar and 298.15 K
with hydrogen as fuel) occurring in fuel cells using a) CEMS and b) AEMs [23].

The current industry standard membrane for fuel cells is Nafion®, a remarkable
polymer invented in the late 1960s by Walther Grot and produced by DuPont. Originally
developed for the chlor-alkali process, this unique polymer sees application in many
other fields besides fuel cells [24]. Chemically, Nafion is a random copolymer of
tetrafluoroethylene and a perfluorinated vinyl repeat unit bearing ether functionalities
and terminated in a sulfonic acid group; this structure is shown in Figure 4.
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Figure 4: The chemical structure of Nafion [20].
Due to its perfluorinated and semi-crystalline nature, characterization of Nafion is
difficult, and many important traits of this polymer are still not known. Among the most
important characteristics of a polymer for ion-conduction is its hydrophilic/hydrophobic
phase separation: both its extent and resulting morphology of the two phases, but, for
Nafion, the exact nature of its morphology has not been resolved. Mauritz and Moore
offer an excellent review of the morphological theories proposed up to 2004 [25], and
some have been proposed since then [26].
AEMFCs possess many distinct advantages over PEMFCs, especially when
using methanol as fuel [23,27]. One of the prime disadvantages of operating fuel cells
in acidic environments is the necessity of high platinum loadings in the catalyst layer in
order to achieve good performance (high current densities), making the devices
prohibitively expensive; platinum is also susceptible to carbon monoxide poisoning. In
alkaline environments, electrocatalysis (oxygen reduction and fuel oxidation) occurs
more easily, allowing metals other than platinum to serve as catalyst. Furthermore,
basic conditions allow a greater number of fuels to be used (i.e. higher alcohols and
hydrocarbons). Because ion movement is from cathode to anode, and because water is
consumed at the cathode and osmotically transferred to the anode, methanol crossover,
which decreases voltage of the cell, and, thus, performance, and cathode flooding are
decreased in AEMFCs compared to PEMFCs.
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1.2.3. Considerations in Engineering and Design
The transition to green energy sources from more polluting energy sources
invariably involves the expenditure of even more dirty fuels, and the synthesis of new
fuel cell membranes is no exception. While the polymers themselves are
environmentally benign and theoretically recyclable, large amounts of many
environmentally and biologically harmful chemicals, including several known
carcinogens and at least one potent ozone-eater, in addition to copious sums of
electricity, were used during the course of this work. This is the nature of exploratory
synthetic chemistry, and was essentially unavoidable. The health and well-being of me
and my labmates was always considered, and, all standard chemical containment and
disposal procedures were employed.
The polymers reported herein are not intended as a final commercial product, but
rather as a tool to learn more about the structure-property relationships in ion-containing
polymers. In general, RAFT (Reversible Addition-Fragmentation chain Transfer
polymerization, the method of controlled radical polymerization used in this work) has
not matured enough to be able to sustain profitability due to the expense and time
involved in the synthesis of RAFT agents. Commercialization of RAFT agents may
prove a boon both to the industrial and research polymer communities and to chemical
companies. While the costs of monomers and initiators used are rather low, the
project’s expense was vastly affected by the time and materials involved in obtaining
RAFT agents of suitable purity, and also by having to perform many polymerizations to
optimize reaction conditions.
Much attention has been given to the ability of alternative energy technologies to
relieve America at least partially of its dependence on foreign oil, and on fossil fuels in
10

general. New sources of domestic renewable energy would reduce America’s
involvement with politically unstable regions of the globe, and thus would drastically
change our foreign policy towards their often horrific treatment of their own citizens. In
reality, alternative energy technologies are not being used to wean us from oil, but only
to take small bites out of the still-increasing fossil fuel consumption that feeds our evergrowing energy appetites. What really needs to happen is a change in consumer
habits, changes that these polymers cannot bring about. A culture’s worth should not
be judged only on the size of its economy. The most that green energy technologies
can do is, in the transition out of fossil fuels that must eventually come, remind people of
the terrible damage we have wrought on the planet on which we live, which hopefully,
but unlikely, will teach us to not make the same series of mistakes yet again.
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1.3. Living/Controlled Polymerization

1.3.1. Overview
Since the beginnings of synthetic chain growth polymerizations in the 1930s,
polymer chemists have lamented (or at least noted) the lack of control they can exercise
over their creations. Polymers are no longer only structural materials to be used in bulk;
rather, the progress of synthetic polymer chemistry has created many functional
polymers that serve important technological roles. These materials must possess more
controlled molecular and supramolecular structures than commodity polymers, where
often the main synthetic goal is to establish suitable mechanical properties via high
molecular weight, with polydispersities generally >2. To ensure predictable properties in
functional polymers, however, molecular weight must be controllable, and
polydispersities, low. Additionally, the polymer chemist must be able to place functional
groups at well defined locations on the polymer and to shape each chain’s
microstructure (the sequential arrangement of monomers i.e. random, gradient, or
block) and topology (linear, grafted, star-shaped, or dendritic/hyperbranched). These
aspects influence the polymer’s self-assembly behaviors and morphology.
Polymerizations in which such control is achieved deliberately through advanced
synthetic procedures are termed “living,” or “controlled” and represent ongoing efforts to
merge synthetic organic and polymer chemistries [28].
Living polymerizations can be broken down into three broad categories: ionic
(consisting of polymerizations involving anionic and cationic active sites), covalent
(often involving metal-ligand catalysts, initiation and propagation occur by virtue of a
reaction between a covalent end group and a monomer), and radical (including stable
12

free radical polymerization (SFRP), atom transfer radical polymerization (ATRP) and
reversible addition-fragmentation transfer (RAFT)).

1.3.2. Criteria for a Living Polymerization
Quirk and Lee have designated seven experimental criteria to qualify a
polymerization as “living” [29]:
(1) Polymerization proceeds until all of the monomer has been consumed.
Further addition of monomer results in continued polymerization.
(2) The number average molecular weight is a linear function of conversion, as
shown in Figure 5, in comparison with conventional polymerizations.
(3) The number of polymer molecules (active centers) is constant during the
time-scale of polymerization and sensibly independent of conversion.
(4) The molecular weight can be controlled by the stoichiometry of the reaction,
i.e. the ratio of monomer and initiator concentrations.
(5) Narrow molecular weight distribution polymers are produced (PDI < 1.1).
(6) Block copolymers can be prepared by sequential monomer addition.
(7) Chain-end functionalized polymers can be prepared in quantitative yield.
These seven criteria result from the following essential chemical traits of the
components of the polymerization system [29], put forth by Flory [30]:
(a) The growth of each polymer molecule must proceed exclusively by
consecutive addition of monomers to an active terminal group.
(b) All of these active termini, one for each molecule, must be equally susceptible
to reaction with monomer, and this condition must prevail throughout the
polymerization.
(c) All active centers must be introduced at the onset of the polymerization.
(d) There must be no chain transfer or termination reactions
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(e) Propagation must be irreversible, i.e. the rate of depropagation should be
vanishingly small.

Interestingly, many of these ideas were put forth as early as 1936 by Nobel Laureate
Karl Ziegler [31].

Figure 5: Number-average molecular weight v. conversion for various
polymerizations. A) any truly living polymerization; B) chain polymerization; C)
step-growth polymerization. Taken from [32].
The criteria listed above necessarily hold true for ionic polymerizations, wherein
active centers are not reactive with each other, as opposed to radical polymerizations,
wherein active centers readily react with each other through coupling or
disproportionation. In RAFT, statements (c) and (d) above are most certainly not true.
Truly “living” systems are always obtained in impurity-free ionic polymerizations, but
inherently not in radical polymerizations, in which termination may only be slowed by
altering the lifetimes of radical active sites through reversible termination or chain
transfer reactions [33]. Such radical polymerizations are termed “controlled.”
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1.3.3. Early Methods of Living Polymerization
1.3.3.1. Living Anionic Polymerization
Living polymerization was first reported in 1956 by Szwarc for the anionic
polymerization of styrene in THF with sodium napthalenide as initiator [34]. Control was
achieved by polymerization in a nonpolar solvent, leading to ion-pairing that renders
most reactive sites nearly dormant [35]. Classes of monomers whose polymerization
can be controlled are styrenics, dienes, methacrylates and acrylates, ethylene oxide,
lactones, and PDMS precursor hexamethylcyclotrisiloxane; all monomers must be
strictly base-insensitive, as anionic initiators are often very strong bases (i.e. sec-butyl
lithium and amide salts) [32]. Many types of chain architectures have been prepared
using anionic polymerization, including multi-blocks, stars of all conceivable varieties,
combs, cyclics, and hyperbranched, all of which may be end-functionalized [36]. It
should be noted that anionic polymerizations containing no possible termination agents
will yield perfectly living systems wherein the active sites never self-terminate and can
theoretically add monomer as long as it is available.

1.3.3.2. Living Cationic Polymerization
Cationic polymerization, long held as “irreproducible, unpredictable, unreliable,
and above all, uncontrollable” [37], was similarly developed into a living polymerization
chemistry beginning in 1984 [38]. To promote control, the highly reactive carbocation
active species are stabilized by nucleophilic counterions. Monomers available for living
cationic polymerization are quite limited: vinyl ethers, isobutene, styrenes, and vinylcarbazoles.
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1.3.3.3. Living Covalent Polymerization
Covalent polymerizations initiate and propagate by virtue of a reaction between
a covalent end group and monomer, and possess living characteristics [32]. Examples
include methyl iodide initiation of oxazolines, group transfer polymerizations, immortal
polymerizations with aluminum porphyrins, and ring-opening metathesis polymerization
(ROMP), which is a simple and chemically versatile route to well defined polymers. The
first living ROMP was reported in 1986 by Grubbs, who succeeded in finding an
organometallic initiator with enough activity to open strained olefinic rings but not
enough activity to react with other, unstrained alkene functionalities [39]. Since then,
many catalysts, containing varied transition metals, have been found to mediate living
ROMP on monomers possessing a wide array of functionalities [40]. ROMP has
revolutionized the way polymer chemists think about making polymers, to such an
extent that the 2005 Nobel Prize in Chemistry was awarded to Chauvin, Grubbs, and
Schrock “for the development of the metathesis method in organic synthesis” [41].

1.3.4. Controlled Radical Polymerization (CRP)
1.3.4.1. Motivation and General Features
Conventional radical polymerization inherently produces polymers of ill-defined
chain length (PDI >1.5 and difficult-to-predict molecular weight) due to its kinetics and
the presence of chain-breaking reactions; initiation occurs gradually throughout the
course of the polymerization, and chain-breaking reactions proceed with very high rate
constants (~108 M-1s-1) [42]; furthermore, short chain lifetime (~1 s) precludes the
possibility of making block copolymers and end-functionalization [43]. Thus, to make
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controlled radical polymers, one must alter the polymerization mechanism to induce the
traits described above for living systems, which can be done in two ways: achieving
very fast initiation and minimizing transfer processes (i.e. like in ionic polymerizations),
or employing standard slow initiation and employing transfer agents that regenerate
radicals of the same form as the growing radicals [44]. All CRP techniques increase
experimental control over a polymerization by extending the lifetime of growing chains.
They establish an equilibrium between actively growing chains and those in a reversible
dormant state via reaction of the active site with some reversible termination or chain
transfer agent [45]; this equilibrium keeps active chain concentration very low (ppb
range), ensuring irreversible termination (i.e. coupling or disproportionation of two active
sites) is not significant.

1.3.4.2. History [46]
Concerning radical polymerizations, it was recognized that stable radicals and
the deactivation of propagating sites would be key to living-like control. During the
1950s, several groups [47,48,49] experimented with initiators yielding stable radicals;
they seemed to abandon the idea due to retardation of polymerization rate of these
special initiators. Solomon, Rizzardo and Moad, the researchers who developed RAFT
in the 1990s, reported in the early 1980s the radical trapping (i.e. chain terminating)
abilities of 2,2,6,6-tetramethylpiperidinyloxy (TEMPO) at low temperatures [46,50].
The first controlled radical polymerization is generally accredited to Otsu, who in
1982 introduced the concept of iniferters, molecules that act as photoinitiators, chain
transfer agents, and termination agents [48,49]. The mechanism of a polymerization
involving an iniferter is shown in Figure 6; the reader should note that Otsu’s iniferter is
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a dithiocarbamate, which is now known to act as a RAFT agent in the presence of
thermally or redox-derived radicals (see Chapter 1.4.2). Polymers from iniferters are
not well defined because the dithio intermediate radical functions as a second source of
initiation, but Otsu did recognize the traits necessary of a “living” free radical
polymerization (discussed above) [51].

Unwanted
initiation

Reversible termination

Figure 6: Mechanism of controlled radical polymerization via the “iniferter”
concept of Otsu (taken from [46]). The iniferter structure is that of a
dithiocarbamate RAFT agent; the photoinitiation of the iniferter-mediated
polymerization brings about its nonideal control. If thermal initiation was used
with an appropriate monomer, true CRP may have been realized ten years
sooner!
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In a review published in Science in 1991 [32], Webster gives an interesting
summary of living polymerizations before the advent of today’s CRP techniques, stating
that “at present [32], no truly living, free radical polymerization exists” and that the best
attempts were those by Solomon and Rizzardo, mentioned above, wherein “on average,
molecular weight dispersities were less than 2.” Truly living (in the sense that anionic
polymerizations are living) free radical polymerizations are today considered inherently
impossible, an idea that may have been present in 1991 but overlooked by Webster.
This review seems to us today as a kind of time capsule, shedding light on what the
(polymer chemistry) world was like before the emergence of the CRP techniques, now
dominant, together with ROMP, as the route to controlled polymers.

1.3.4.3. Significant Modern CRP systems
1.3.4.3.1. Overview
Essentially, three controlled radical polymerization methods are significant:
stable free radical polymerization (SFRP, often nitroxide-mediated polymerization
(NMP)), atom-transfer radical polymerization (ATRP), and reversible additionfragmentation transfer polymerization (RAFT). An excellent review discussing the
basics of all three and offering a comparison of their merits (Figure 7) was published by
Matyjazsewski in 2007 [43].
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Figure 7: Evaluation of the three common CRP techniques using the criteria:
ease of synthesis of high molecular weight polymers (HMW); low molecular
weight polymers (LMW); end functional polymers (End Funct); block copolymers
(Blocks); range of polymerizable monomers (Mon Range); synthesis of various
hybrid materials (Hybrids); environmental issues (Env); polymerization in
aqueous media (Water). Recent advances and exceptions change the scores
given. Taken from [43].

These three will be discussed in terms of their mechanism, important components, and
possibilities and limitations in polymer design. Emphasis will be placed on RAFT, as it
was the synthetic technique employed in this work.

1.3.4.3.2. Stable Free Radical Polymerization (SFRP)
In 1993 [52], Georges “ushered in the dawn of modern CRP” [43] with his report
of the controlled polymerization of high molecular weight polystyrene using benzoyl
peroxide and TEMPO, a stable radical, at temperatures high enough to cause the
TEMPO residue (which Rizzardo showed [50] to cap growing chains, forming the
dormant state) to detach, allowing the chain to grow again (mechanism shown in Figure
8). Further developments sought to add more precision to initiator/mediator
stoichiometry by combining the initiator/mediator system into a single molecule [53].
The main feature of SFRP is the equilibrium between active chains and dormant
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species, enabled by a molecule boasting a stable free radical that does not react with
itself or monomers, abstract protons from polymer chains, or initiate polymerization [43].
For a discussion of monomers, mediators, and polymer architectures available to SFRP,
one should consult Hawker’s excellent 2001 review [46]. Disadvantages of SFRP
include its high reaction temperatures, the high cost and required amounts of mediators,
poor control in polymerization of disubstituted vinyl monomers (i.e. MMA or α-methyl
styrene, and poor end-functionalization control [43].

Figure 8: Mechanism of unimolecular SFRP mediated by TEMPO (and thus a
nitroxide mediated (NMP) process). Taken from [43].

1.3.4.3.3. Atom Transfer Radical Polymerization (ATRP)
ATRP was first reported in 1995 [54,55] and has been developed extensively by
Matyjaszewski [45]. Today it is the most used CRP technique, gauged by number of
publications per annum. The main distinguishing feature is a transition metal halide
(usually Cu1+ with bromide or chloride), kept in solution by an organic ligand. The
mechanism proceeds as described in Figure 9. Radicals are generated when the
organic halide initiator (a small molecule or a previously synthesized polymer block)
undergoes reversible transfer of a halide atom with the metal halide. Monomers may
then briefly add to this active site, before it is capped again by a halide atom in a
reversible termination step, producing a deactivated state that cannot propagate until
the halide atom is again transferred to the metal halide.
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Figure 9: Mechanism of ATRP. Taken from [45].

Radical-stabilizing monomers, such as styrenics, acrylics such as acrylates,
methacrylates, acrylamides, and acrylonitrile, dienes, and 4-vinylpyridine, may be
polymerized via ATRP at temperatures between 60-120 °C in bulk, solution,
suspension, and a variety of emulsions. Many polymer microstructures and
architectures may be synthesized, with molecular weights of a maximum of about 150200 kDa. ATRP is unique in that halogenated products of other types of polymerization
(i.e. ionic, ring-opening, free radical, and even step-growth) may be used as macroinitiators for ATRP, making it especially versatile. ATRP’s unconventional catalysis
system, with limited solubility, is an inherent disadvantage; also, large quantities of
discoloring or reactive metal must be removed after polymerization.
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1.4. Reversible Addition-Fragmentation Transfer Polymerization (RAFT)

1.4.1. Introduction
First disclosed in 1998 [56,57] by Moad, Rizzardo, Thang, and associates at
C.S.I.R.O in Australia, RAFT has become the second most popular CRP method, ATRP
being the first, representing one-third of all publications on controlled radical
polymerization in recent years. RAFT has been the subject of several important general
reviews [58,59,60,61,62,63,64,65,66,67], chief among which are the 2005 review of
Moad, Rizzardo, and Thang [59], which has seen two updates [62,67], and Favier’s
excellent clarification of the experimental requirements for good control via RAFT [63].
RAFT has been noted for its versatility; it is compatible with essentially any vinyl
monomer, including those with protic or ionic moieties, and has been performed in
basically every medium yet conceived for radical polymerization. Kinetics and reaction
setups are virtually identical to those of conventional free radical polymerizations, the
only difference being the addition of a special chain transfer agent (CTA), the “RAFT
agent.”

1.4.2. The RAFT agent
Macromolecular control in RAFT is provided by radical-conserving chain transfer
reactions with a chain transfer agent, a “RAFT agent,” all of which contain at least one
thiocarbonylthio (-(C=S)-S-) moiety. The terms “CTA” and “RAFT agent” are used
interchangeably. The general structure of a monofunctional CTA and the two different
approaches to polyfunctional CTAs (only difunctional shown, but any number may be
achieved) are given in Figure 10a. The overwhelming majority of thiocarbonylthio
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compounds used as RAFT agents belong to one of the following four categories:
dithioesters, trithiocarbonates, xanthates (dithiocarbonates), or dithiocarbamates [68].
The general structures of each of these four common types are shown in Figure 10b.
The importance of the choice of Z and R groups with respect to the monomer’s
reactivity, in addition to reaction conditions, essentially determines the amount of
molecular control one achieves.
a)
i.

ii.

iii.

b)
i.

ii.

iii.

iv.

Figure 10: Generic molecular structures of RAFT agents: a) i. monofunctional, ii.
difunctional as used in this work, which yields block copolymers via the Rapproach; iii. an alternate design for difunctional CTAs, which yields block
copolymers via the Z-approach. More specific structures of the four common
types of RAFT agents (monofunctional): b) i. dithioester, ii. trithiocarbonate, iii.
xanthate, iv. Dithiocarbamate. In the four structures in b), the Z group from a) is
now Q + a heteroatom, where Q represents varied chemical residues. In the
case of dithioesters, Q is Z, and the proximal atom must be carbon. Q is used to
differentiate from R, which has a special meaning in RAFT.
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Recently, one of the chief disadvantages of RAFT, the scarce commercial
availability of RAFT agents and the consequent need for researchers to undergo the
costly exercise of synthesizing them, has been resolved by Aldrich’s introduction of a
variety of RAFT agents [69]. These include 2-cyanoisopropyl dithiobenzoate, probably
the most commonly used RAFT agent for methacrylates and styrenics and whose R* is
identical to the I* of AIBN, several trithiocarbonates, one dithiocarbamate, and
bis(thiobenzoyl) disulfide, a precursor to all dithiobenzoate RAFT agents.
Thiocarbonylthio compounds may undergo a wide variety of often unwanted
chemical reactions, shown in Figure 11 [70]. The C=O bond is stronger than the C=S
bond, and the weak C=S bond often rearranges to a thiol C-SH. S-H bonds, present in
the common intermediate dithiobenzoic acid, are well-known to undergo oxidative S-S
coupling reactions [71], rendering them useless as nucleophiles. The thiocarbonyl
group is easily alkylated, and also serves as a dienophile. Despite these numerous
reactions, Monteiro et al [72] have shown that cumyl dithiobenzoate (used in this study)
may be stored nine months without negative effects on polymerization control.
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Figure 11: Possible routes of degradation of the thiocarbonyl functionality [70].

1.4.3. Mechanism of RAFT
The commonly accepted mechanism of a controlled free radical polymerization
by RAFT with a monofunctional CTA is given in Scheme 1 [56,57,59,62,67]. The
mechanism is divided into two sections, initialization and main equilibrium, and these
two stages should be viewed as kinetically distinct.
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Scheme 1: Commonly accepted mechanism of RAFT, proposed by its
discoverers. Taken from [59].

Initialization begins with initiation of chains by primary (initiator-derived) radicals,
which occurs in the same manner as conventional free radical polymerizations, thus
setting RAFT apart from NMP and ATRP. Thermal, redox, or radiative initiations have
been used, with thermal initiators like AIBN being most popular. Propagation of
monomers onto the active radical also proceeds in the same manner as conventional
free radical polymerization. The controlled nature of RAFT arises from a series of chain
equilibration steps that consist of propagating chains undergoing reversible chain
transfer reactions with the RAFT agent. Chain equilibration entails two separate
processes: addition and fragmentation; the rates of addition and fragmentation are key
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to good control and are discussed further below. Concerning addition, the thiocarbonyl
group, despite being nearly nonpolar, is highly radicophilic and susceptible to
nucleophilic attack due to its high polarizability [70]; radicals readily attack the
thiocarbonyl group, forming an intermediate radical (IR). The intermediate radical then
undergoes fragmentation at the weakened sulfur-carbon single bond, producing a
macroCTA and either R* (the product for CTA molecules that have not yet been
attacked by a Pn* (initialization phase)) or Pm* (for macroCTAs that have been attacked
(main equilibrium)). When all R groups have been expelled from their parent CTA
molecules, initialization ends and the main equilibrium begins. I*-derived chains and R*derived chains rapidly equilibrate and have equal probability of adding monomer, thus
yielding polymers with low PDI. Chains spend the majority of their lifetimes capped with
the ZC(=S)S- residue; a schematic representing a snapshot of the types of chains
present during a RAFT polymerization is given in Figure 12 [69].

Figure 12: Schematic representation of the types of chains present in a RAFT
polymerization. In a well-designed experiment, one should find a greater
proportion of “R”-initiated chains and dormant chains than indicated here. Taken
from [69].
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Thus, when the polymerization is stopped, the vast majority of chains retain this
RAFT functionality; in essence, they are macroCTAs and can continue to undergo
polymerization when new monomer and initiator source is added. Conventionally
terminated (“dead”) chains are a minor product in successful polymerizations.
In any RAFT polymerization, four separate species may bear radicals; three of
these are considered active species (I*, R*, and Pn* or Pm*), and the IR is considered
inactive. The three active species will react with one of three other species in the
reaction mixture (Figure 13). Thus, the mechanism of RAFT is fairly complicated, and
obtaining good control depends on the experimenter’s knowledge, gained from literature
or, probably more commonly, experience, of conditions suitable for desired
CTA/monomer combinations.

Scheme 2: The various radical reactions occurring during a RAFT
polymerization. Taken from [63].
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1.4.4. Achieving Macromolecular Control in RAFT
1.4.4.1. Introduction
The control of a RAFT polymerization of a given monomer depends on the
choice of the Z and R groups of the RAFT agent employed, reaction conditions, and the
molar ratios of CTA to initiator and of CTA to monomer. Evidence for macromolecular
control originates from the following traits in the product: close correspondence of
calculated Mn to actual Mn, linear growth of Mn with conversion, low polydispersity, and
high percentage of chain end functionalization, which is essentially the percentage of
living chains at the end of the polymerization. All of these things can be determined, if
not quantitatively, from a GPC chromatogram.

1.4.4.2. Control of Molecular Weight and Its Distribution
Number-average molecular weight should follow Equation 1 in a well-designed
experiment [59,63].

[M]0 – [M]t
Mn (calc.) =

[CTA]0

mM + mRAFT

(1)

where [M]0-[M]t is the amount of monomer consumed, [CTA]0 is the initial concentration
of RAFT agent, mM and mRAFT are the molecular weights of the monomer and the RAFT
agent, respectively. Correspondence of actual Mn to the calculation is greatest when a
high [CTA]:[I] ratio is employed, i.e. initiator-derived chains make up a small fraction of
the total.
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If initiator-derived chains are considered significant, then the Equation 2 should
be used [59].

[M]0 – [M]t
Mn (calc.) =

[CTA]0 + df([I]0 – [I]t)

mM + mRAFT

(2)

where the quantity d is the number of chains produced from radical-radical termination
(1 for poly(styrene)), f is the initiator efficiency (0.7 for AIBN), and [I]0-[I]t = [I]0(1-exp(kdt))) is initiator consumed.
Low PDI is achieved by ensuring that the Z and R groups of the RAFT agent are
appropriate for the monomer, that the ratio of concentrations of CTA to initiator is not
too low, and that proper experimental conditions have been chosen.

1.4.4.3. Choice of RAFT Agent
1.4.4.3.1. General Concerns
To achieve optimal control with a given monomer, one must judiciously choose a
RAFT CTA. The basic class one should use (i.e. dithioester, trithiocarbonate, etc)
varies with the stability of the radical on propagating monomer chain (i.e. monomer
reactivity and propagation rate) and the monomer’s steric bulk, and should be chosen to
meet the following criteria, which make reference to Scheme 1, depicting the accepted
RAFT mechanism [59,62,67]:
•

CTA (1) and macroCTA (3) should be activated toward addition of radicals
(reactive C=S bond)

•

Intermediate radicals 2 and 4 should fragment rapidly and fragmentation of 2
should favor the release of R* instead of growing chain

•

R* should effectively initiate polymerization
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Indeed, if the RAFT agent is ill-suited to the monomer and reaction conditions,
the polymerization will proceed with no control. For example, in our hands,
polymerization of styrene (16:1 CTA:I, 60 °C, bulk) with S-(thiobenzoyl)thioglycolic acid
as CTA proceeded with a constant Mn v. conversion (see Appendix C) and altered
kinetics: an inhibition period and retarded polymerization rate. Furthermore,
polymerization of hexyl methacrylate with 1,4-bis(2-thiobenzoylthio)prop-2-yl benzene
(1,4-BTBTPB) yielded no polymer whatsoever!
In general, as explained further below, poor molecular control will be exhibited
under the following circumstances [63]: 1) the thiocarbonyl is receptive toward adding
propagating radicals, but R is a poor leaving group, and 2) the thiocarbonyl is not
receptive toward adding propagating radicals, but R is a good leaving group. For a very
interesting table anticipating macromolecular control of a wide variety of RAFT
polymerizations based on monomer and CTA structural arguments, one should consult
Favier’s informative review [63].

1.4.4.3.2. Factors Affecting the Addition Reaction – The Effect of Z
The Z group, often called the activating group, affects the rate of addition of
radicals to the thiocarbonyl and the stability and fragmentation rate of the intermediate
radical. An electron withdrawing or pi-resonating Z group facilitates addition by
rendering the S atom more electrophilic, having the effect of increasing kadd and making
equilibration of propagating chains more competitive with propagation, consistent w/
good control. Such Z groups also stabilize the intermediate radical, increasing its
lifetime and decreasing its rate of fragmentation, which is somewhat inconsistent with
good control. The effect of too much stabilization often begins with an inhibition period
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as initiator-derived chains mate with a CTA molecule for the first time, and rate
retardation often follows thereafter. Therefore, balance between addition rate and IR
stabilization must be achieved relative to monomer propagation rate. The Z group must
suitably activate the thiocarbonyl to radical addition, but stabilize the IR as little as
possible. Figure 13 presents guidelines to Z group selection based on monomer class.

Figure 13: Guidelines for selection of Z group for the polymerization of various
monomers (taken from [59]. Full line segments indicate the range of Z that give
control for each monomer, while dashed line segments indicate partial control
(i.e. hi PDI, unpredictable molecular weight, or substantial retardation in the case
of VAc). Addition rates decrease and fragmentation rates increase from left to
right.
Abbreviations: S, styrene; MMA, methyl methacrylate; MA, methyl acrylate;
AM, acrylamide; AN, acrylonitrile; VAc, vinyl acetate.

1.4.4.3.3. Factors Affecting the Fragmentation Reaction – The Effect of R & Z
Two factors determine the kinetics of the fragmentation reaction: the stability of
the IR (affected by both Z through electronic means as explained in Figure 15 and by
R), and the suitability of R as a leaving group. The fragmentation reaction is made
possible by the weakness of the C-S bond on the IR. At the beginning of the
polymerization (initialization), the nature of the R group is important. Increased steric
bulk on the R group leads to an increased rate of fragmentation at the initial stages of
the reaction, which is consistent with molecular control, but decreased ability to reinitiate polymerization, which is not consistent with molecular control. Also, increased
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stabilization of the R* radical increases the rate of fragmentation, which is consistent
with molecular control, but decreases the rate of initiation, which is not consistent with
molecular control. Concerning the selectivity of fragmentation, the favorability of
release of R* over Pn* increases with the steric bulk of R, so that greater steric bulk is
consistent with good control (Figure 14).

Figure 14: Guidelines for selection of R group for the polymerization of various
monomers (taken from [59]). Full line segments indicate the range of R that give
control for each monomer, while dashed line segments indicate partial control
(i.e. hi PDI, unpredictable molecular weight, or substantial retardation in the case
of Vac). Fragmentation rates and selectivity (of yielding R*) decrease from left to
right.

Much attention is given to the importance of R in determining all aspects of
fragmentation, but one must remember that the R group is only important at the
beginning of a polymerization, when some CTA molecules have not yet added a
propagating radical and expelled their R. For the majority of the polymerization, R is on
the end of a chain and no longer has an effect on fragmentation. Therefore, after the
polymerization has progressed and the chain equilibration steps have begun on all CTA
molecules, the Z group and the propagating chains control fragmentation through their
stabilization of the IR. After all R groups have initiated chains, selectivity is no longer a
matter of concern, although it is favorable for the chain with a lower degree of
polymerization to be released, the fragmented species is governed by statistics.
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1.4.4.3.4. RAFT with Dithiobenzoates (Z = Ph)
Dithiobenzoate RAFT agents such as cumyl dithiobenzoate (which, along with its
difunctional analog 1,4-bis(2-thiobenzoylthio)prop-2-yl benzene, is employed in this
work) and 2-cyanoisopropyl dithiobenzoate, are, together with asymmetic
trithiocarbonates, the most popular CTAs for the polymerization of less-activated
monomers (i.e. low values of kp) such as methacrylates and styrenics. However, they
are known to lead to induction periods (inhibition) and rate retardation (effects on a
pseudo-first-order kinetics plot shown in Figure 15), especially when used in high
concentration [65]; these phenomena are most pronounced in cumyl dithiobenzoate.

Figure 15: Pseudo first-order rate plots for bulk polymerizations
of methyl acrylate at 80 °C mediated by cumyl dithiobenzoate in various
concentrations and initiated by AIBN (0.010 M). Inhibition leads to the
non-zero x-intercept, and retardation is evident in the decrease in rate of
conversion with increased CDTB concentration. Note, however, that excellent
control was achieved in all three. Taken from [73], originally from [74].
The fundamental reason for these phenomena has been the subject of as big of
a scientific controversy as controlled radical polymerization could ever hope to
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experience; [73] reviews the history of the debate and all work attempting to solve the
problem. Early in the days of RAFT, it was thought that the induction period was due to
slow re-initiation on the part of R* and that retardation was due to slow fragmentation of
the IR [75]; this is the most logical idea if one assumes that the IRs are not reactive.
Later on, other researchers proposed that the IR and a propagating chain could
terminate irreversibly [76]. Both ideas are supported by simulation and experimental
evidence, but both ideas agree that increasing IR stability increased retardation; since
Z=Ph is highly stabilizing to the IR radical (it can participate in resonance),
dithiobenzoates are strongly retarded. This agreed-upon fact, however, is not
mechanistic in nature, i.e. it is a “why” and not a “how,” and what exact process or group
of processes causes induction and retardation is still in question. Often, however,
impure RAFT agent is a strong source of inhibition [72].

1.4.4.4. Choice of Reaction Conditions
Temperature, pressure, the presence of solvent, and absolute and relative ratios
of monomer, CTA, and initiator influence macromolecular control in RAFT.
Temperature increases the rate of all reactions in RAFT. Notably, the propagation rate
constant kp increases, and fragmentation rates increase (while selectivity decreases);
increasing temperature can thus increase control in systems with highly stabilized IRs.
Pressure favors bimolecular reactions such as propagation and addition to CTA, while
decreasing the rate of unimolecular reactions such as fragmentation. High viscosity
tends to decrease the rate of bimolecular coupling terminations, but, in our hands, it has
been interpreted to lead to structured molecular weight distributions. When picking a
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solvent to control reaction rate or reduce viscosity, one must take heed of its chain
transfer activities.
The relative and absolute ratios of monomer, CTA, and initiator, in combination
with temperature and presence of solvent, essentially define the success of a RAFT
polymerization. In a well controlled experiment, [monomer]:[CTA] determines Mn at any
conversion (Equation 1).
The amount of initiator that should be added is a complicated subject. The
fraction of dead chains (with the ω-ZC(=S)S- residue) is given in Equation 3 [59], whose
implications to choices of nCTA:ninitiator should be profound.

L=

[CTA] 0
[CTA] 0 + df ([ I ] 0 − [ I ] t )

(3)

The number of initiator-derived chains is directly related to the number of dead chains,
no matter what degree of control is otherwise obtained, i.e. for every initiator-derived
chain, one chain will not possess the ZC(=S)S- end group. A careful examination of the
mechanism of RAFT indicates that only one initiator-derived primary radical is
necessary to carry out an entire polymerization. While, in a clean reaction environment
with no unwanted chain transfer, this radical would be immortal and lead to only one
dead chain, the reaction time to reach the desired conversion would probably be on the
order of years. At the other extreme, adding more initiator than CTA will lead to fast
reaction times, but PDI will be not be low, and most chains will not be capped with the
ZC(=S)S-. So, a balance of control and feasible reaction time must be reached. One
should aim to keep [CTA]:[I] ≈ 10, and shift to lower ratios only after failing to achieve
control at many different temperatures.
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1.4.4.5. How to Set-up a RAFT Polymerization
Preparing a RAFT polymerization can be confusing to those new to the
technique; including a small “how-to” may therefore be useful. First, one should ask
“How much polymer do I want?” and “What number-average molecular weight would I
like?” A good target conversion in our hands has been 20%, meaning that one should
add five times as much monomer (by mass) as polymer target mass, and that the
molecular weight one will theoretically obtain at 100% conversion equals five times the
molecular weight at 20% conversion. The mass of monomer added divided by the
100% conversion molecular weight equals the amount (in moles) of RAFT agent one
must add. Then, using a standard CTA:intiator ratio of 10:1 (by mole), add 10 times
less moles of initiator than of CTA. The mass may likely be less than what can
accurately be weighed out; in that case, dissolve the initiator so that you can deliver the
amount needed in a typical polymerization in about 200 µL solution. One should then
add 50 wt% of a solvent that does not participate heavily in chain transfer reactions, like
ethyl acetate, cyclohexane, or benzene; for higher-temperature reactions, toluene is
probably the most suitable solvent, but will undergo chain transfer. The optimal
temperature and time that must elapse for 20% conversion unfortunately must be
determined experimentally.

1.4.5. Strategies to Block Copolymers and Complex Architectures in RAFT

RAFT is regarded as the most robust CRP technique for the synthesis of block
copolymers [64]. “Living,” RAFT-derived chains retain of the ZC(=S)S- on the ends of
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chains after purification of the polymer, which allows the entire polymer chain to act as a
RAFT agent, termed a macroCTA. Blocks may be grown onto macroCTAs by adding
monomer, initiator, and solvent to them; this is termed chain extension, outlined in a
basic form in Figure 16. It should also be noted that block copolymers may be prepared
by combining RAFT-made homopolymers with homopolymers made by other
techniques, utilizing the R-group or Z-group chemistries [64].

Figure 16: Schematic mechanism of initial RAFT polymerization
followed by chain extension.

Here a distinction must be made between RAFT agents possessing one
ZC(=S)S- moiety (monofunctional), wherein chain extensions are performed by adding
one block at a time, ideal for diblock copolymers or ABC triblock copolymers, and those
possessing two ZC(=S)S- moieties (difunctional), ideal for elegant BAB triblock
copolymers with identical endblocks. Within the class of difunctional RAFT agents, two
approaches to block growth exist, based on CTA structure: the R-approach and the Zapproach (see Figure 18).
Chain extension of mono-macroCTAs is mechanistically much simpler and its
kinetics and other arguments also apply to more complicated macroCTAs. In general, it
seems as though chain extension may be accomplished easily without much
broadening of the molecular weight distribution if a good solvent for all blocks is chosen
[77]. Chain length effects are sometimes present; in general, chain extension quality
decreases with increasing macroCTA length due to high viscosities inherent in keeping
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the ZC(=S)S- concentration the identical to that of the first polymerization. A sign of
poor efficiency is low-molecular-weight tailing. Additionally, the sequence in which the
blocks are grown is extremely important and must be considered during the drafting of
the synthetic plan. The first block grown must be a better leaving group than the
second block, or else chain extension simply will not occur, stalling during the
initialization steps because the IR simply will not fragment in favor of expelling the first
block. For example, in a PS-b-PMMA block copolymer, the MMA block must be grown
first, and styrene added to it [59,78].
Using difunctional macroCTAs to create block copolymers requires special
considerations due to the mechanistic inevitability of forming “linear” chain impurities,
chains of half the molecular weight of the desired species and terminated with only one
RAFT residue. Since they will always be present, it is important to know how to keep
their prevalence in the 5-10% range. The following arguments come mostly from the
RAFT star polymer literature [77,79,80,81], since a difunctional RAFT polymer is
basically a two-armed star.
Monteiro [79] showed, by solving a series of mass balance equations, that, for
every initiator-derived chain in difunctional RAFT, one linear chain will always exist.
This result makes physical sense: the maximum number of chains to yield 100%
difunctionalized macroCTA equals exactly twice the number of difunctional RAFT agent
molecules and is then exactly equal to the number of R-derived chains; any extra chains
simply cannot “fit.” The same is true for monofunctional RAFT (that for every initiatorderived chain, one chain will not possess the RAFT residue), but difunctional RAFT has
the advantage that all non-dead chains, even linear chains, have the RAFT residue on
at least one end [81]. To minimize the number of linear chains, Barner-Kowillik et al
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offered some suggestions [80], illustrated in Figure 17. The propagation rate constant
of the monomer should be high, and primary radical delivery should be low; also, the
use of rate-retarded RAFT agents helps. More details can be found in [79,80].

Figure 17. Simulation data depicting mass fraction of difunctionalized polymer
(data generated for star polymers) as a function of the propagation rate
coefficient, kp, and the decomposition rate coefficient for the initiator, kd, after
polymerization to 30% conversion. Taken from [80].

Difunctional macroCTAs (and star polymers) may be grown by either the Rapproach or the Z-approach, depending on the structure of the CTA employed. In the
R-approach (used in this study), the thiocarbonylthio moiety breaks off from the core,
and then recombines with it later, leaving the core open to coupling with other cores. In
the Z-approach, the thiocarbonylthio moiety forms part of the core, and, thus, the R
group breaks off and no radicals are ever left on the core [64]. R-approach CTAs are
much more common. The disadvantage against Z-approach CTAs in the synthesis of
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Figure 18: Summarized RAFT star polymerization mechanisms: Z- vs. R-group
approach. In the Z-group approach, the arms of the star grow as linear chains
and are only arms in the true sense when they have undergone additive reaction
with the RAFT agent The R-group approach features arm growth on the star itself
(VIII) with RAFT equilibria occurring between stars and stars, stars and linear
chains, or linear chains and linear chains. Taken from [77].
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star polymers is that, when the arms are high molecular weight, the core is very
sterically crowded and propagating chains may have difficulty finding the core again
[77]. However, with just a two-arm star (difunctional polymer), this should be less of a
detriment, and, seeing how no high molecular weight couplings can occur, may be
beneficial to employ instead of R-approach CTAs.

1.4.6. Post-polymerization Reactions of RAFT-derived polymers

The ability to modify RAFT-derived polymers is enabled by the two RAFT agent
residues that are present on the overwhelming majority of polymer chains. In
monofunctional RAFT, the R group is present on all chains not derived from primary
initiator radicals. The thiocarbonylthio group is a versatile synthetic handle inherent to
all RAFT polymerizations [64]. In simple monofunctional RAFT and in multifunctional
RAFT proceeding via the R-approach, this functionality terminates all RAFT-mediated
chains. The Z group is, by definition, present on all chains containing the RAFT
functionality. The Z and R groups may be designed to undergo useful postpolymerization modifications.
The thiocarbonylthio functionality can undergo a wide variety of reactions, the
most important of which is the ability to serve as a macroCTA in the creation of block
copolymers. This will occur upon the addition of fresh monomer and initiator. The
group has been found to be thermally stable to at least 120 °C. It is prone to a wide
variety of nucleophilic attacks (i.e. hydrolysis, aminolysis, reduction), all of which result
in the creation of thiol endgroups, which are potent nucleophiles susceptible to disulfide
coupling reactions in the presence of oxidant. In monofunctional polymers, coupling
43

can lead to a doubling of molecular weight, and in di- or multifunctional polymers, very
large molecular weights. If the polymer chain contains any sites prone to nucleophilic
attack, backbiting by the thiol can occur, leading to cyclic polymers. This behavior has
been observed in acrylic polymers with thiol endgroups [64].
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1.5. Composition, Topology, and Processing of Ion Transport Membranes

1.5.1. Block Copolymers as Ion Transport Membranes
Due to the vast differences in polarity between ionic moieties and the rest of the
polymer structure and electrostatic interactions, ionomers phase separate into
hydrophilic and hydrophobic domains. Ionic clustering occurs even when the placement
of ions is random along the chain length, resulting in very small features [25], but, as in
nonionic block copolymers, whose microphase separation has been mastered by
careful experimentation and simulation [82,83], the phase separation of ionic block
copolymers can occur on larger size scales, and its morphology and orientation may be
controlled through the macromolecular chemical composition, topology, and processing.
Phase separation in random and block ion-containing copolymers concentrates
ions in the solid-state material and affords pathways for ion transport. Recent studies
have shown that block copolymers with ions confined in one block provide superior
conductivity properties with low water uptake as compared to random analogs [84].
While the utility of block copolymer architectures for cation exchange membranes are
well-known by now, there has been on concrete evidence of block copolymers
enhancing the conductivity of anion exchange membranes. However, most studies on
block copolymer ion-exchange membranes are still empirical in nature, as theories to
rigorously describe the phase separation and ionic conductivity of ion-containing block
copolymers are not available. To foster deeper understanding of these materials and
create systematic families of polymer for in-depth study, new synthetic routes with
controlled placement of ionic groups and strategies to independently vary the
characteristics of the blocks are needed.
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1.5.2. Influence of Ion Location and Non-conducting Block
Molecular architecture, location of ions within this architecture, and the proportion
and chemical nature of non-conducting blocks are important characteristics of ionconductive polymers, but have been the topic of relatively few publications. The goal of
this work is to fill in some of these gaps in knowledge by creating a versatile synthetic
method to block copolymers that can be functionalized with either positive or negative
ions with flexibility on their location.
The direct influence for this work was performed by Saito et al. [1], who recently
reported the synthesis of poly(hexyl methacrylate)-b-poly(styrene)-b-poly(hexyl
methacrylate) (PHMA-b-PS-b-PHMA) and poly(perfluorooctyl methacrylate)-bpoly(styrene)-b-poly(perfluorooctyl methacrylate) (PFMA-b-PS-b-PFMA) BAB triblock
copolymers via ATRP using α,α’-dibromo-p-xylene as difunctional organic halide
initiator, followed by sulfonation of the styrene mid-block with acetyl sulfate. Proton
conductivity was in the standard range, and SAXS and DSC indicated phase
separation; importantly the partially-fluorinated polymer achieved less proton
conductivity while possessing a less organized phase structure.
The type of molecular design discussed above was adopted for this work due to
its advantageous synthetic versatility: the idea of the modular creation of blocks allows
for a library of polymers to be created by experimenting with different locations and
chemical structures of non-conducting blocks, which are important modifiers of
conductivity and mechanical properties. Also, the authors left many questions open to
future researchers: how would conductivity and mechanical properties compare in
triblocks, otherwise the same, but with outer-block sulfonation, or with quaternary
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ammonium groups as anion-conductors instead of sulfonic acid groups as cationconductors?
Balsara et al [85] point out differences between random and block copolymer
PEMs. In random copolymer (such as Nafion), hydrophilic regions that are dispersed in
the dry state form continuous water-containing channels of largely unknown and
polydisperse geometry when hydrated, while block copolymers (such as most PEMs
produced in research labs) are ordered in the dry state but lose some order when
hydrated “for reasons that are unclear.” In Balsara’s opinion, this indicates a lack of
basic understanding of the relationship between morphology and conductivity.
Holdcroft et al [86] recognize the lack of knowledge of how polymer architecture
and morphology influences transport properties, and synthesized a graft and a diblock
copolymer of very similar chemical composition (both containing fluorinated monomers
and sulfonated polystyrene). Concerning morphology, the graft copolymer exhibited
small 2-3 nm ionic clusters while the diblock exhibited a lamellar morphology with 8-15
nm wide hydrophilic channels. The diblock possessed a greater change in hydration
number per change in IEC and excessive swelling and poor mechanical properties at
IECs above 1.3, which the authors attributed to the lamellar morphology not giving
enough support perpendicular to the lamellae. The graft achieved hydration numbers
equivalent to the diblock only at much higher IEC and reason that this is due to the
small clusters generating forces that oppose osmotic pressure-induced swelling caused
by hydration. As a result of their differing morphologies, the diblock possessed
anisotropic proton conductivity (greater parallel to the lamellae), while the graft
copolymer was more isotropic. However, the molecular weight of the graft copolymer is
an order of magnitude greater than that of the diblock, thereby allowing the diblock less
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hindrance to achieve its thermodynamically most stable morphology; this fact obscures
the authors’ conclusions almost entirely.
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1.6. Vinylbenzyl Chloride – A Versatile Monomer

The Hickner research group currently spends a large amount of resources on
chloromethylating polymers for subsequent addition of ionic moieties. This work is
suffering from a lack of repeatability and in some cases low degrees of functionalization.
The ability to directly polymerize a commercially available, chloromethylated monomer
would therefore be a great step forward for the group to creating a variety of
functionalized block copolymers. VBC cannot be polymerized via ATRP, a CRP
technique already known to the Hickner research group, due to the presence of the
halide functionality. For direct, controlled polymerization of VBC, one must use RAFT or
NMP; RAFT was chosen because it is a more versatile technique than NMP.
Vinylbenzyl chloride (VBC), or chloromethylstyrene, is an extremely versatile
difunctional styrenic monomer; its structure is given in Figure 19.

Figure 19: Chemical structure of p-vinylbenzyl chloride (VBC)

It consists of an alkene, polymerizable through ionic or radical mechanisms, and a
benzylic chloride, reactive via nucleophilic substitutions before and after polymerization;
thus, VBC provides two routes to functional polymers. Currently, it is available in two
isomeric formulations: a 43:57 para:meta formulation (available from Dow in 1 pint free
samples upon request) and an essentially pure para isomer formulation manufactured
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by Kodak. Several reviews have documented its physical properties, reactivity ratios,
and use in polymers serving a vast variety of applications [87,88,89,90].
VBC is one of the most important functional monomers known to polymer
chemistry, hence prompting a thesis to the development of its polymerization. Since
1972, the synthesis, properties, and uses of the monomer and its polymers have been
the subject of thousands of research articles and patents [89]. For example, Montheard
estimates that several hundred different substitution reactions have been reported for
VBC. It has been copolymerized with a wide variety of comonomers [90], and the
resulting polymers have been used in polyelectrolytes, microlithography, complexing
agents, polymeric catalysts, pervaporation membranes, elastomers, optical lenses, and
medical applications [89].
Save et al synthesized poly(styrene-b-vinylbenzyl chloride) via the RAFT process
and chain extension using benzyl dithiobenzoate as RAFT agent [91]. They employed
CTA:I ratios between 3 and 10, a variety of temperatures and reaction times, and
achieved average PDIs of about 1.3, with no apparent trends relating PDI and molecular
weight predictability to experimental conditions. The same researchers synthesized
poly(styrene-ran-vinylbenzyl chloride) statistical copolymers via both RAFT (benzyl
dithiobenzoate-mediated) and NMP (TEMPO-mediated) and found that, while both CRP
methods gave low PDIs and composition distributions between chains, NMP yielded
gradient copolymers and RAFT yielded uniform monomer composition along the chains,
[92]. The rates of polymerizations when mediated by TEMPO was high, allowing the
researchers to achieve 90% conversion, at which point the compositional drift of the
monomer feed led to gradient copolymers; conversion in RAFT was only 25%, and,
thus, the chains were not noticeably affected by feed compositional drift.
50

To summarize some recent research directly relevant to fuel cells, Nho et al [93]
prepared poly(tetrafluoroethylene-co-hexafluoropropylene)-g-poly(vinylbenzyl chloride)
copolymers and sulfonated the benzyl chloride via a three step reaction utilizing
oxidation of a thiol with hydrogen peroxide, claiming that sulfonation using sodium
sulfite was ineffective due to the sulfite ion’s low permeability into the fluorinated matrix.
The goal of this study was to examine the effects of putting the sulfonic acid in the
benzyl position, versus the m- or p- phenyl positions, on membrane stability toward
radical attack on the backbone, wherein the tertiary carbons possess benzylic protons
having special stability; tests with Fenton’s reagent confirmed that P(FEP)-gP(vinylbenzyl sulfonic acid) possessed greater stability toward radicals than P(FEP)-gP(SSA), meaning that attachment of sulfonic acid directly on a phenyl ring stabilizes
backbone benzylic radicals, thus promoting their formation and its resulting chain
scission. Many studies have grafted VBC onto a fluorinated matrix, followed by
ionization by nucleophilic attack, to produce ion conductive membranes. Slade and
Varcoe have often reported aminating VBC copolymers to produce AEMs [94,95,96].
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CHAPTER 2:
Experimental Procedures
2.1. Materials
Table 1: Pertinent data on the materials employed in this study
Chemical Name
Reagents
1,1'-azobis(cyclohexane
carbonitrile) (ACHN)
1,3-diisopropenylbenzene
1,4-diisopropenyl benzene
2,2′-Azobis(2methylpropionitrile) (AIBN)
Benzyl chloride
Bromobenzene
Carbon disulfide
Carbon tetrachloride
Diethyl ether, anhydrous
Magnesium Turnings
Methanol, anhydrous
p-toluene sulfonic acid
Sodium Methoxide, 29.8 wt%
solution in MeOH
Sodium sulfite
Styrene
Sulfur
Trimethylamine, 45 wt%
solution in water
Vinyl benzyl chloride
p-Vinyl benzyl chloride
α-methylstyrene
Laboratory Solvents
Benzene
Chloroform
Deionized water
Diethyl ether
Ethyl acetate
Hexanes
Isopropanol
Methanol
Propanol
Tetrahydrofuran
Toluene

Supplier

Purity

Sigma-Aldrich
Aldrich
TCI

98%
97%
98%

Aldrich
Aldrich
Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Aldrich
EMD
TCI

98%
99.8%
99.9%
99.9%
99.9%
99.9%, Chromosolv
Purum for Grignard
99.8%, Drisolv
98%

Fluka
EMD

98%, ACS

Sigma-Aldrich
Sigma-Aldrich

≥99%, ReagentPlus
Reagent Grade

Alfa Aesar
DOW
(donation)

-

Sigma-Aldrich

96% (43/57 m/p mixture)
90% (unknown isomer
composition)

Alfa Aesar

99%

EMD
Mallinckrodt

99%
99.8%
18.2 MΩ
99%
99.5%
98.5%
99.5%
98%
99%
99%
99.5%

EMD
EMD
EMD
Mallinckrodt
Mallinckrodt
Mallinckrodt
Mallinckrodt
Mallinckrodt

Treatment
Recrystallized from isopropanol
and chloroform
No further purification
No further purification
Recrystallized twice from
methanol
No further purification
No further purification
No further purification
No further purification
No further purification
No further purification
No further purification
No further purification
No further purification
No further purification
Deinhibited by passage
through alumina column
No further purification
No further purification
Deinhibited by passage
through alumina column
Deinhibited by passage
through alumina column
Deinhibited by passage
through alumina column

No further purification
No further purification
No further purification
No further purification
No further purification
No further purification
No further purification
No further purification
No further purification
No further purification
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2.2. Characterization Methods
NMR Spectroscopy. 1H NMR and 13C NMR were taken on a 400 MHz BrukerSpectrospin 400 Ultrashield. All spectra reported here were performed in CDCl3.
GPC. Gel Permeation Chromatography (GPC) was performed using a Waters
1515 Isocratic HPLC Pump, Styragel HR 2 and Styragel HR 4 crosslinked
polystyrene columns run in series, and a Waters 2414 Refractive Index Detector
with THF as the mobile phase. Data were analyzed using the standard Breeze
software.
Mass Spectrometry. Mass spectrometry (MS) was performed on a LCMS Waters
LCT using chemical ionization with ammonium cations.
Melting point Determination. Melting points were determined using a Mel-Temp
II device and a heating rate of about 2 °C min-1.
FT-IR Spectroscopy. Fourier-transform infrared spectroscopy of 1,4-BTBTPB
neat crystals was performed on a Bruker IFS66S spectrometer with a mercurycadmium-telluride (MCT) detector cooled with liquid nitrogen. Spectra collected
with a diffuse reflectance attachment and 4 cm-1 resolution. Infrared
spectroscopy of neat CDTB liquid was performed on a Bruker Vertex 70 with an
MCT detector (40 kHz) cooled with liquid nitrogen. Spectra with 4 cm-1 resolution
were collected with a Harrick Horizontal Attenuation Total Reflectance (ATR)
attachment using a ZnSe crystal (45° cut).
Raman Spectroscopy. Raman spectra were collected on a Renishaw inVia
instrument with a 785 nm excitation line at 30 mW power at the sample plane
calibrated to Si (520 cm-1) with a resolution of 1 cm-1.
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2.3. Synthesis of Dithiobenzoic Acid (DTBA) via Grignard Reagent [97,98]

Scheme 3: Synthesis of DTBA via Grignard reagent.
The synthesis of DTBA is depicted in Scheme 3. To a two-neck 250 mL round bottom
flask that had been dried overnight was added 5.77 g (0.2375 mol) magnesium turnings
and a magnetic stir bar. A condenser and addition funnel were attached. The closed
system was flame treated under argon purge. About 125 mL diethyl ether was added
via cannula. 23 mL (34 g, 0.22 mol) bromobenzene was added to the addition funnel
via cannula, then was slowly added dropwise over 30 min. After an induction period,
the reaction mixture changed color from clear to cloudy, then to dark brown-orange; the
ether refluxed strongly. After the mixture reached steady state, it was heated at 42 °C
for 30 min. Then, the mixture was cooled to 0 °C using an ice bath, and 14.5 mL (17.78
g, 0.2335 mol) carbon sulfide was slowly added dropwise over 60 min. After stirring for
three hours (during which the temperature was allowed to rise to ambient), the viscous
reaction mixture was slowly poured onto ice-cold water, then filtered to remove large of
amounts of salt. In a separatory funnel, the water layer was washed with ether (3x 100
mL), then concentrated HCl was added to extract the product to the ether layer, causing
the water layer to become pink and cloudy and the ether layer to become dark
red/purple. The ether layer was washed with water (3x 100mL). The ether layer was
dried over magnesium sulfate, then the volatiles were removed via rotary evaporation to
give a low yield of an malodorous purple oil that could not be positively identified as
dithiobenzoic acid via 1H NMR due to the absence of an acidic proton peak at about δ =
6.5 ppm (see Appendix A). The product was stored in a deoxygenated environment at
-40 °C.
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2.4. Synthesis of DTBA via Elemental Sulfur [99,100]
S
Cl

1) S, NaOCH3/CH3OH, RT, 60 min;
2) Reflux, 18 h

SH

2) HCl

Scheme 4: Synthesis of DTBA via elemental sulfur.

The synthesis of DTBA is depicted in Scheme 4. 32.0 g (1.00 mol) elemental sulfur
powder was added to a three-neck 1 L round bottom flask, which was then fitted with a
condenser, septum, and addition funnel, and flame treated under argon flow. About 300
mL anhydrous methanol was added via cannula, then 185 mL 30% sodium methoxide
solution (a viscous liquid) was added via cannula. 57.25 mL (63 g, 1 mol) benzyl
chloride was added to the addition funnel via cannula, then was slowly added dropwise
over 30 min. After an induction period, the color of the liquid phase of the reaction
suspension turned to dark orange/brown, and the methanol refluxed strongly. The
reaction mixture was heated at 68 °C for 18 h. The reaction vessel was then chilled in
an ice bath to precipitate large quantities of salts, which were then filtered off and
washed. Most of the volatiles were removed via rotary evaporation, then 250 mL water
was added to the residue, and all were transferred to a separatory funnel. The aqueous
solution was washed with diethyl ether (2x, 200 mL); the ether became pinkish-brown.
Then, 300 mL ether was added, and the product was extracted to the ether layer by
addition of concentrated HCl. The organic layer was washed with water (3x, 200 mL);
the water became brown. The ether layer was dried over magnesium sulfate, then the
volatiles were removed via rotary evaporation to give about 33 % yield of a purple
malodorous liquid. The product was stored in a deoxygenated environment at -40 °C.
1

H NMR (CDCl3) δ (ppm): 6.42 (broad s).
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2.5. Synthesis of Difunctional RAFT Agent 1,3-bis(2-(thiobenzoylthio)prop-2yl)benzene (1,3-BTBTPB) [101,102].

Scheme 4: Synthesis of difunctional RAFT agent 1,3-BTBTPB.
The synthesis of 1,3-BTBTPB is depicted in Scheme 5. 7.26 g (0.0471 mol) DTBA
obtained using the method above was added to a two-neck 250 mL round bottom flask.
A condenser and septum for liquid addition were attached. About 100 mL carbon
tetrachloride was added via cannula. 2.3 mL (2.49 g, 0.0157 mol) 1,3-DIPB were then
added via syringe. The septum was removed, and 1.05 g (5.52 mmol) p-toluene
sulfonic acid catalyst and a stir bar were added. The reaction vessel were purged with
argon for 15 min, then heated at 77 °C for 60 h. After sitting overnight, carbon
tetrachloride was removed by rotary evaporation, leaving behind a viscous oily liquid.
Diethyl ether : hexanes (1:4) (3x 50 mL) was added to extract the product. The extracts
were combined and volatiles removed, then the product was sent through an alumina
column using 1:9 ethyl acetate:hexanes as the eluent. After removal of volatiles, a
cherry red, viscous liquid was obtained that could not be positively identified as 1,3BTBTPB by 1H NMR (see appendix A). The product was stored in a deoxygenated
environment at -40 °C.
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2.6. Synthesis of Difunctional RAFT Agent 1,4-bis(2-(thiobenzoylthio)prop-2yl)benzene (1,4-BTBTPB) [56,103,104].

Scheme 6: Synthesis of difunctional RAFT agent 1,4-BTBTPB.
The synthesis of 1,4-BTBTPB is depicted in Scheme 6. To a one-neck 100 mL round
bottom flask was added 8.85 g (56.61 mmol) dithiobenzoic acid as obtained above.
About 50 mL carbon tetrachloride was added via cannula. 4.01 g (25.37 mmol) 1,4diisopropenylbenzene was added, then the system was capped with a condenser and
purged with argon for thirty minutes. The mixture was heated at 75 °C for 84 h. Carbon
tetrachloride was removed by rotary evaporation. The crude product was dissolved in a
minimal amount of chloroform and passed through an alumina column using 1:19
chloroform : hexanes as eluent. This left behind a brown, low Rf residue that was most
likely dithiobenzoate ions, but, overall, good separations were not achieved. The
product was ultimately purified by serial recrystallization/trituration. Crude product was
first crystallized from chloroform/isopropanol. This impure crystal was further purified by
trituration, which proceeds as follows: The solid was placed in a smooth glass mortar,
and about 50 – 100 mL 1:3 diethyl ether:hexanes were added; the crystals were then
ground in the presence of this partial solvent with a smooth glass pestle, then filtered
using a fritted funnel. This process was repeated 3 times. The resulting solids were
isolated and stored, and the filtered-off liquid collected, reduced to a concentrated
solution with rotary evaporation, and recrystallized in the deep freezer. The resulting
crystals were then purified by trituration again; eventually, the solids obtained in
different triturations were collected together and the whole process repeated again at
least three times. Quality was checked with 1H NMR by monitoring the impurity at 2.1
ppm. Yield was ultimately about 1.2 g, or about 10%. Melting point: 133-135.5 °C. 1H
NMR (CDCl3) δ (ppm): 2.01 (s, 12H, C-CH3), 7.86 (d, 3J = 8.3 Hz, 4H, CH ortho on
monosubstituted rings), 7.48 (s, 4H, CH ortho on disubstituted ring), 7.46 (t, 2H, CH
para on monosubstituted rings), 7.34 (dd, 4H, CH meta on monosubstituted rings).
13

C NMR (CDCl3) δ (ppm): 227.3 (C=S), 146.7, 143,1, 132.1, 128.5, 127.0, 126.8, 56.8
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(CR4), 28.5 (C-CH3). Mass Spectrometry: m/z = 191.1 (Base peak), 313.1 (97%),
484.1 (M+NH4+, 28%) 159.1 (25%). FT-IR and Raman spectroscopy were also
performed (see Results and Discussion).

2.7. Synthesis of Monofunctional RAFT Agent 2-Phenylprop-2-yl Dithiobenzoate
(Cumyl Dithiobenzoate, CDTB) [56,75].

Scheme 7: Synthesis of CDTB.
The synthesis of CDTB is shown in Scheme 7. To a one-neck 100 mL round bottom
flask was added 11.62 g (75.3 mmol) dithiobenzoic acid as obtained above. This was
capped with a septum and purged with argon for 10 min. About 75 mL carbon
tetrachloride was added via cannula. 8.25 mL (7.50 g, 63.4 mmol) α-methylstyrene was
added via syringe, then the system was capped with a condenser and purged with
argon for 10 minutes. The mixture was heated at 72 °C for 84 h. Carbon tetrachloride
was removed by rotary evaporation. NMR taken of the crude mixture before any
purification indicated 53% conversion of α-methylstyrene to product. TLC of the crude
mixture was very clean, showing three well resolved spots (product and the two starting
materials). The mixture was distilled under vacuum at 45 °C to remove most of the αmethylstyrene. The mixture was then dissolved in a minimum amount of chloroform and
column chromatography was performed with alumina stationary phase and hexanes as
eluent. The distillation/column process was repeated once to give the product as an oily
purple liquid capable of freezing in the deep freezer. Yield was not determined because
only as much material as was needed was purified. A large percentage of material was
lost during the column chromatography steps. The product could be considered only
suitably by 1H NMR (CDCl3): 2.03 (s, 6H, CH3), 7.87 (d, 3J = 7.86 Hz, 2H, CH ortho on
monosubstituted ring), 7.57 (d, 3J = 8.17 Hz, 2H), 7.49, 7.36, 7.24. FT-IR was also
performed (see Results and Discussion).
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2.9. General Procedure for Polymerization
Monomers and CTAs (or macroCTAs), stored in a deep freezer under nondeoxygenated atmospheres, were weighed out into a round bottom flask. Initiators, due
to the small quantities needed for any given polymerization, were stored in a deep
freezer under non-deoxygenated atmospheres in 0.02 M solution in toluene; appropriate
volumes (usually 40-400 µL) were dispensed via micropipette. Solvents, if used, were
added last. The exact conditions and results of all polymerizations are summarized in
Table 2 for polymerizations with difunctional CTA, Table 3 for polymerizations with
monofunctional CTA, and Table 4 for chain extensions. Scheme 8 depicts the
difunctional polymerization of VBC, followed by chain extension with styrene. Stir bars
were added, and the vessels were sealed with rubber septa secured with copper wire.
The mixtures were purged of oxygen by heavy argon bubbling (with needle vent in the
septum) for at least 20 min, less for solution polymerizations due to concerns of
evaporating solvent. The reaction vessels were then put in an oil bath whose
temperature had previously been stabilized at a chosen temperature.
Scheme 8: Example polymer synthesis: Difunctional VBC polymerization
followed by chain extension with styrene.
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After a predetermined amount of time, the vessel was removed from the bath and
promptly opened to the air to quench the polymerization. For polymerizations wherein
samples were taken during the course of polymerization (via cannula), the mixtures
were re-purged by bubbling argon for at least 5 min. The polymers were isolated by
dilution with THF when appropriate followed by dropwise precipitation into methanol.
Solid was filtered out using a fritted funnel, washed well with methanol, collected, and
dried in a vacuum oven at no more than 50 °C (to protect RAFT end groups). Gel
permeation chromatography was performed, and if the polymer was deemed suitable
for future work, the dissolving/precipitating/drying cycle was repeated at least once.
Table 2: Reaction parameters for polymerizations with the
difunctional RAFT agent 1,4-BTBTPB.
Reaction
Time (h)

Conv
(%)

Bulk

48.5

6.3

6750

AIBN

Bulk

49.5

13.4

24200

AIBN

Bulk

71

20.5

46000

Exp.
Name

Molar ratios
(M:CTA:I)

[M],[CTA],[I]

PS1

6442, 28.2, 1

8.7, 4.6e-2, 1.6e-3

PS2

6442, 15.4, 1

8.7, 2.1e-2, 1.6e-3

70

PS4

11931, 10, 1

8.7, 8.9e-3, 8.9e-4

70

PS5

17000, 20, 1

3.8, 4.5e-3, 2.2e-4

70

AIBN

Bulk

PVBC1

9501, 8, 1

7.1, 6.0e-3, 7.5e-4

70

AIBN

Bulk

64

22

43600

PVBC2

11536, 8, 1

7.1, 5.1e-3, 6.4e-4

70

AIBN

Bulk

64

9.3

21500

PVBC3

1000, 1.5, 1

7.1, 1.1e-2, 7.2e-3

70

AIBN

Bulk

12

48

56000

PVBC4

14500, 10, 1

7.1, 4.9e-3, 4.9e-4

60

AIBN

Bulk

PVBC5

1048, 1.6, 1

~4, 7.6e-3, 4.8e-3

Temp
(°C)

Initiator

62

AIBN

60

AIBN

Medium

Mp

**

6

0.67

1800

12

5.75

14500

24

10.7

22200

Benzene
4

1

1900

17.5

10

17300
400000

PVBC6

786, 1, 0

7.1, 9.0e-3, 0

120

Self

Bulk

12.5

50

PVBC7

798, 1, 0

7.1, 8.9e-3, 0

90

Self

Bulk

7.5

25.3

29900

PVBC8

8493, 10.6, 1

7.1, 8.8e-3, 8.4e-4

90

AIBN

Bulk

5

19.8

20300

PVBC9

782,1,0

7.1, 9.0e-3,0

70

Self

Bulk

40.67

4.8

1845

PVBC10

8361, 10.1, 1

7.1, 8.7e-3, 8.6e-4

80

ACHCN

Bulk

55.67

20.2

22900

PVBC11

78072, 98.4, 1

7.1, 8.9e-3, 9.1e-5

80

ACHCN

Bulk

PVBC13

81957, 101, 1

7.1, 8.7e-3, 8.6e-5

70

AIBN

24

15.4

6300

43.25

16.9

10000

28

7.8

3865

49

9.1

7183

67.17

8.0

8646

Bulk

PS5

17050, 20.2, 1

3.8, 4.6e-3, 2.3e-4

70

AIBN

Ethyl acetate

50

9.4

11000

PVBC14

17032, 20.2, 1

3.8, 4.4e-3, 2.2e-4

70

AIBN

Ethyl acetate

25

?

?

*Note: these polymerizations were carried out with 1,3-BTBTPB as CTA
** Mp = peak molecular weight, as reported by THF GPC
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Table 3: Reaction parameters for polymerizations with the
monofunctional RAFT agent CDTB.
Exp.
Name

Molar ratios
(M:CTA:I)

[M],[CTA],[I]

mPS1

12025, 15.9, 1

8.7, 1.2e-2, 7.3e-4

mPS2

11949, 10.2, 1

PVBC12

PVBC15

8240, 10, 1

11951, 10.2, 1

4.56, 3.9E-3, 3.8E-4

7.1, 8.6e-3, 8.6e-4

4.39, 3.8e-3, 3.7e-4

Temp
(°C)

Initiator

60

AIBN

75

60

75

Medium

Reaction
Time (h)

Conv
(%)

Mp

Bulk

AIBN

10.5

3.4

26400

27.25

10.3

27900

Ethyl acetate

AIBN

13

5.6

8500

24

12.0

15900

38

20.0

23480

Bulk

AIBN

Toluene

4

3.92

1564

13.5

6.13

4949

20.33

7.27

6761

25

7.3

11800

*Note: This polymerization was carried out with S-thiobenzoyl thioglycolic
acid as CTA.

Table 4: Reaction parameters for chain extension polymerizations.
Monomer 2

macroCTA

Molar ratios
(M:CTA:I)

[M],[CTA],[I]

HMA 1

PVBC2B

25966, 9.49, 1

2.5, 9.3e-4, 9.8e-5

STY 1

VBC 1

PVBC2B

46756, 10, 1

4.36, 9.3e-4, 9.3 e-5

mPS2B

Temp
(°C)

Initiator

60

AIBN

60

75
12101, 8.8, 1

4.02, 2.9e-3, 3.3e-4

AIBN

AIBN

Reaction Conv.
Medium Time (h)
(%)

Mp

THF
0

0

21500

1.83

3.9

21500

4.5

11.6

21500

6.25

?

21500
21500

THF
0

0

3.25

1.3

25600

12.5

?

38900

0

0

15900

25

4.8

25900

Toluene
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2.10. General Procedure for Amination
Procedure: Chloromethyl-functionalized polymer was dissolved in 19 mL THF in a
scintillation vial, then, at least a three-fold molar excess of TMA (45 wt% in water) was
added. The mixture was stirred vigorously at room temperature overnight. Polymer,
now in benzyltrimethyl ammonium chloride form, was recovered by letting all liquids
evaporate.

2.11. General Procedure for Sulfonation
Procedure: Chloromethyl-functionalized polymer was added to a scintillation vial and 20
mL 75:10:15 water:sodium sulfite:n-propanol by weight was added. The heterogeneous
mixture was heated to 80 °C and stirred vigorously for several days.

62

CHAPTER 3:
Results and Discussion

3.1. Synthesis of RAFT Agents

Two RAFT agents were synthesized by adding a dithiobenzoic acid intermediate
to the vinylic double bond in isopropenyl benzene or diisopropenyl benzene: 1,4-bis((2thiobenzoylthio)prop-2-yl) benzene (1,4-BTBTPB) contains two ZC(=S)S- moieties and
is referred to here as “difunctional,” and cumyl dithiobenzoate (CDTB), structurally
analogous to 1,4-BTBTPB, contains one ZC(=S)S- moieties and is referred to here as
“monofunctional.”

3.1.1. Dithiobenzoic acid (DTBA) – RAFT Agent Intermediate
Dithiobenzoic acid is an intermediate to dithiobenzoate RAFT agents. Many
synthetic routes to DTBA exist and are thoroughly reviewed in [60]. They include
addition of carbon disulfide to phenyl magnesium bromide (Grignard reagent), thionation
of benzoic acid using Lawesson’s reagent, Davy’s reagent, or P4S10 [105], and treating
benzyl chloride with sodium methoxide and elemental sulfur powder [99]. In this
research, the first and third approaches were taken. Our reproduction of the Grignard
route gave a mixture of substances that did not yield the desired RAFT product in any
appreciable amount; 1H NMR indicated a substantial amount of side products. The
synthesis from elemental sulfur, however, yielded enough dithiobenzoic acid to give a
suitable yield of the desired RAFT agent; this route seems milder, i.e. 1H NMR (Figure
20) indicated fewer side products. It should be noted that the products of neither route
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were purified or characterized rigorously. It is well known that dithiobenzoic acid can be
reversibly oxidized to give a disulfide species [71]. We have no direct evidence that
such reaction occurred in our DTBA, but we suspected it had. Also, S-S coupled DTBA
and DTBA can act as RAFT agents on their own, making their complete removal
necessary.

Residual Diethyl ether

S-H

Figure 20: 1H NMR of dithiobenzoic acid produced via the sulfur method.
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3.1.2. RAFT Agent 1,4-bis(2-(thiobenzoylthio)prop-2-yl)benzene (1,4-BTBTPB)
3.1.2.1. Synthesis
The many synthetic routes to RAFT agents are reviewed thoroughly in [60].
Markovnikov addition of nucleophiles to alkenes is used in this research. Its mechanism
proceeds through a carbocationic intermediate, dictating that the nucleophile will add
mostly to the more highly substituted carbon on the alkene. We believe that the
reaction indeed proceeded with high selectivity based on 1H NMR evidence.

3.1.2.2. Purification
Considerable amounts of time were devoted to the purification of 1,4-BTBTPB
prepared from DTBA from the elemental sulfur route. The crude product of the reaction
was a complex mixture of many compounds, evidenced by TLC (Figure 21). Several
methods were attempted with varying degrees of success. The decreasing presence of
a stubborn impurity peak (singlet, δ = 2.1), probably belonging to monofunctionalized
material, was the sign of success.

3.1.2.2.1. Chromatography
Column Chromatography – Column chromatography is the standard method of
purifying organic molecules. However, good separations could not be achieved in our
hands with this method. About 100 mg of crude RAFT agent could be dissolved in 600
µL chloroform, which was sufficient to achieve a narrow band of material at the top of
the column, essential for a good separation. However, the alumina packing procedure
and, to a lesser extent, solvent selection, were not optimized, leading to high degrees of
band broadening.
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Removed
product band

Figure 21: TLC plate (spotted for the purpose of preparative TLC) visualized
under UV light showing the many different compounds present in the reaction
mixture. The line through the middle of the column was covered by alumina with
1,4-BTBTPB, and was removed as per the preparative TLC procedure. The dark
spots above the bare line are distinct from the product and probably represent a
different molecule. DBTA residue is at the very bottom, and 1,4-diisopropenyl
benzene is at the very top. The identities of the compounds in the dark bands
between the product and DTBA residue are unknown.

Several ratios of chloroform in hexanes were tested via TLC; 5 vol% chloroform
was determined to yield the best separation. An example of a plate developed with this
ratio is shown and in Figure 21. When the 5 vol% chloroform ratio was used as the
mobile phase in a column, the band moved very slowly and spread out as it travelled,
yielding poor separation. Use of flash column chromatography (FCC) may relieve some
of this diffusion. At proportions of chloroform above 25 vol%, the band travelled without
any separation of the different compounds. The material may then be recrystallized
from mixtures with low proportions of chloroform.
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Running the crude mixture through a column several times may be advisable to
purify the compound more completely. A useful trick to simplify the column procedure is
to, before loading the sample onto the column, wash the crude product with a saturated
aqueous solution of non-nucleophilic base (such as carbonates or bicarbonates) to
hopefully draw any unreacted DTBA and dithiobenzoate anions into the aqueous layer
[101].
Preparative TLC – In this method, the crude material is separated via
development on a TLC plate, then the desired band is scraped off, the solid collected,
and the product collected by extraction with solvent followed by filtration or decantation.
Preparative TLC plates are cut wider and taller than analytical plates to maximize the
amount of material collected. The crude mixture was made into a concentrated solution
in chloroform (although too much concentration leads to misleading tailing), and spotted
along the starting pencil line, being sure to spot each area only once. Development was
performed with 5 vol% chloroform in hexanes.
This method provided good separation (Figure 21), but suffered from extremely
low-throughput. For example, about 20 mg of ~98% pure RAFT agent was obtained in
three hours of nearly continuous work: cutting plates, developing plates, and obtaining
product from the plates. Also, 1H NMR of product purified as above showed many small
singlet peaks at a variety of ppm not corresponding to common materials, unseen in
previous spectra.
High Performance Liquid Chromatography (HPLC) – HPLC may be the ultimate
method of purification of RAFT agents. It should theoretically give pure product for
almost any molecular structure, unlike the method ultimately employed in this work,
which depends on the product’s crystalline nature. However, HPLC is more suited to
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analysis of mixtures than preparation of pure substances, due to its low-throughput and
rather high expense. Obtaining 150 mg of reasonably pure RAFT agent was estimated
to take 40 h and cost $1000; in comparison, for all experiments performed in this thesis,
about 600 mg was consumed. Thus, preparative HPLC was not a feasible purification
strategy for this work.

3.1.2.2.2. Methods related to the crystalline nature of 1,4-BTBTPB
Serial Recrystallization and Trituration – The literature provides scant detail on
the purification of 1,4-BTBTPB. The first RAFT patent [56] describes the synthesis of
the molecule and cites that the reaction mixture was purified by “trituration,” without
precisely defining the actions behind this procedure. The term “trituration” was
nonetheless adapted by later groups who synthesized the molecule; they employed
diethyl ether and hexanes in a ratio of 1:2 to 1:4 ether:hexanes as the trituration solvent
[103,104]. Professor Derek Patton of the University of Southern Mississippi explained
to us that the act of trituration in this context consists of grinding the crude product with
a mortar and pestle in the presence of a partial solvent, like 1:2 ether:hexanes, followed
by rapid filtration using a fritted funnel and washing. Each time this is done, product is
dissolved and carried away, but a slightly greater amount of impurities are also
dissolved. Dissolved product may be recovered from the “waste” solution by
recrystallization and raised to the purity of the main product by extra trituration. After a
few repetitions of this procedure, large quantities (>800 mg) of essentially pure 1,4BTBTPB were obtained; the procedure really was rather simple. White flecks were
often visible; these were most likely salts or 1,4-diisopropenyl benzene. The purest
crystals were obtained by slow recrystallization (~1 month) of triturated product.
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Spectroscopic data reported here comes from these crystals, which are different from
those used in the polymerizations.

3.1.2.2.3. Suggested Purification Routine
1. Wash crude mixture (before removal of carbon tetrachloride solvent
(CAUTION!)) with a saturated aqueous solution non-nucleophilic base
(i.e. potassium carbonate or potassium or potassium bicarbonate),
followed by washing with water and drying.
2. Triturate concentrated crude mixture with 1:3 diethyl ether:hexanes
3. Recrystallize solid product obtained from the trituration and isolate by
decanting and washing with hexanes at least five times
4. Repeat steps 2 & 3 as necessary. Optimizing of recrystallizing solvent
should decrease the number of repetitions necessary.
5. Perform a final separation using preparative HPLC, if possible.
The above routine should yield spectroscopically pure 1,4-BTBTPB.
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3.1.2.3. Characterization
A relatively full set of characterization and structural determination tests were
performed on 1,4-BTBTPB crystals. 1H NMR (Figure 22) indicated a very pure product,
showing essentially no extra signals in the aromatic region (Figure 23) and was clear
enough to make out coupling constants, but some residual solvent impurities resonated
at δ below 2.

13

C NMR (Figure 24) showed nine peaks, equivalent to the number of

unique carbons on the molecule. Mass spectrometry (Figures 25 & 26) indicated the
presence of a molecule with equivalent molecular weight to 1,4-BTBTPB; a
fragmentation mechanism to arrive at the two base peaks, however, could not be
determined. FT-IR (Figure 27) and Raman (Figure 28) spectroscopy were somewhat
unclear due to the large numbers of peaks in the fingerprint region.

Figure 22: 1H NMR of 1,4-BTBTPB.
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Figure 23: Magnification of aromatic region of 1H NMR spectrum of 1,4-BTBTPB.

Figure 24: Proton-decoupled 13C NMR spectrum of 1,4-BTBTPB.
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m/z = 484.1
M + NH4+

Figure 25: Mass spectrogram of 1,4-BTBTPB.

Figure 26: Magnified mass spectrogram of the region near the
molecular ion peak of 1,4-BTBTPB.
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Figure 27: FT-IR spectrum of 1,4-BTBTPB.
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Figure 28: Raman spectrum of 1,4-BTBTPB.
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3.1.3. RAFT Agent Cumyl Dithiobenzoate (CDTB)
The synthetic procedure for this RAFT agent was nearly identical to that of 1,4BTBTPB. A pre-purification yield of 53% supports previous statements that the addition
of dithiobenzoic acid across an olefinic double bond proceeds with low yields [60]. The
product was an oily liquid that has been observed to crystallize at very low
temperatures, such as those encountered in the deep freezer, and melt at slightly higher
temperatures. The liquid should not be considered non-volatile.
The purification procedure was simpler than that of 1,4-BTBTPB, but has not yet
been mastered. TLC analysis (hexanes) showed three very distinct spots (product and
two starting materials) with much different Rf values. Literature reports purification by
column chromatography using hexanes as eluent, so the purification should have been
very simple. However, lack of skill in operating a column led to terrible band broadening
and mixing that curtailed efficient, large-scale separation. Vacuum distillation (to
remove α-methylstyrene) was combined with column chromatography to make the latter
easier; the product was essentially free of α-methylstyrene after two distillations and
passes through the column. However, 1H NMR indicates a few extra protons in the
integration of the aromatic region (perhaps excess or S-S coupled DTBA) and two
rather large singlet impurity peaks (one of which is broad and perhaps indicative of
proton exchange) that do not correspond to any common solvents.
Characterization of this molecule was more difficult due to its liquid state at room
temperature. Data collection is still in progress. 1H NMR (Figures 29 and 30) is
consistent with that of previous reports of the molecule [56].

13

C NMR and mass

spectrometry are in progress. FT-IR (Figure 31) is consistent with aliphatic and
aromatic protons and monosubstituted aromatic rings.
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Figure 29: 1H NMR spectrum of CDTB.

Figure 30: Magnification of aromatic region of 1H NMR spectrum of CDTB.
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Figure 31: FT-IR spectrum of neat CDTB.

3.1.4. Conclusions
Two RAFT agents common in the literature have been successfully synthesized
and purified. The project’s most concrete success thus far has been proving that the
Hickner group can obtain these RAFT agents in near pure states and that these RAFT
agents are not the main obstacle to preparing well-defined polymers. The new
commercial availability of cyanoisopropyl dithiobenzoate renders the work done of
cumyl dithiobenzoate essentially obsolete, but the preparation of 1,4-BTBTPB remains
an achievement that hopefully, in the future, will prove a reliable route to symmetric BAB
triblock copolymers.
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3.2. Synthesis of Polymers

3.2.1. Description of Targeted Polymers
The structures of the block copolymers that will be synthesized before the
conclusion of the study are given in Figure 32. As of the submission of this thesis, the
P(S-b-VBC) and P(S-b-VBC-b-S) have been synthesized, but are poorly defined, as will
be evident from looking at the plots later in this section. The structures seen here will
be both aminated and sulfonated, and will undergo basic performance testing. These
polymers are believed to be the first ion-containing polymers made via RAFT for use in
the solid state.
A)

B)

C)

Figure 32: The structures of the polymers targeted in this study. A) P(S-bVBC); B) P(S-b-VBC-b-S); C) P(VBC-b-S-b-VBC).
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3.2.2. Polymerizations with Difunctional RAFT Agent
Recalling Chapter 1.4.5., RAFT polymerizations with difunctional CTAs always
yield one ZC(=S)S--terminated linear polymer chain for each initiator-derived radical.
Thus, for the bulk of the polymer synthesis phase of the project, we sought to minimize
the fraction of monofunctionalized chains; this was attempted by altering reaction
conditions and CTA:I / M:CTA ratios in a semi-systematic way. Secondary goals were
to eliminate high molecular weight shoulders caused by non-RAFT-mediated
termination. It was assumed that, if reasonable conditions were employed,
polydispersity indices (PDIs) would always be in the acceptable range for controlled
radical polymerizations (<~1.3) given the high activity of the dithiobenzoate RAFT
agent. All GPC chromatograms of difunctional RAFT polymerizations are shown in
Appendix A.
The first polymers synthesized using styrene and VBC as monomers with the
difunctional CTA were bimodal, favoring difunctionalized polymer by a ratio of 6:4. Each
peak possessed low PDI, and no high molecular weight shoulders were observable.
The culmination of these experiments was two kinetics studies: PVBC4, in bulk with
10:1 CTA:I, and PVBC5, in solution with 1.4:1 CTA:I. PVBC4 possessed a linear
growth of Mn (for the high molecular weight peak) versus conversion (Figure 33),
indicative of a “living” process. Comparing results from the PVBC4 and PVBC5 is
tenuous, since two variables were changed (absolute concentrations and relative CTA:I
ratios), but PVBC4 appears to show lower PDI peaks, and PVBC5 shows a slight high
molecular weight shoulder.
It should be noted that Monteiro [79] reported using 1,4-(2-(thiobenzylthio)prop-2yl)benzene, a less activating CTA (i.e. lower addition rate constant and less stable IR)
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and identical CTA:I ratios to some of those used in this work, but achieved a far lower
fraction of monofunctional material; he also provided equations describing the
proportion of monofunctional chains that should be present (see Chapter 1.4.5.). The
proportions of monofunctional chains seen in this work are usually 2-3 times higher than
those predicted by Monteiro’s equations [79], and, strangely, our proportions are rather
insensitive to large variations of CTA:I (compare PVBC4 and PVBC5 chromatograms
(Figure 34), with a 7x difference in CTA:I).
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Figure 33: Mn v. conversion for PVBC4
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Figure 34: PVBC4 & PVBC5 chromatograms showing the difunctional and
monofunctional peaks

80

To decrease the fraction of monofunctional material, I attempted to both
decrease the delivery of primary (initiator-derived) radicals to the polymerization solution
and to increase the rate of propagation [80]. Good control has been reported using
thermal self-initiation of styrene at temperatures of at least 110 °C, where the
propagation rate constant is essentially maximized, and it was thought that primary
radical delivery would lower if they were generated by self-initiation. Polymerizations of
VBC in bulk without azo-initiator were attempted at three temperatures, all with the
same CTA concentration; the results were extremely poor. Polymerization at 120 °C
(PVBC6) was certainly not controlled. The polymer from the polymerization at 90 °C
(PVBC7) possessed a monofunctional:difunctional ratio greater than one (indicating
very large delivery of radicals) and a very prominent coupling shoulder. The
polymerization at 70 °C (PVBC9) reached a conversion too low to draw any useful
conclusions; the rate of conversion was very low, but the reaction may yield promising
results given a 150-200 h time scale. It should be noted that, in these experiments and
those that followed, the polymerization mixture changed colors from dark pink to
strawberry-orange-yellow during the beginnings of the polymerizations. It is unknown if
any reports of this color change exist in the literature, and its cause is unknown to me,
but it is consistent with the premature cleavage of the RAFT endgroup to form thiols.
Polymerization of VBC with 1,1’-azobis(cyclohexanecarbonitrile) (ACHCN) a
much slower-decomposing initiator than AIBN at 80 °C, and CTA:I = 10:1, gave a
chromatogram that appeared very similar to those of the earlier VBC experiments, even
regarding the ratio of monofunctional to difunctional peaks, despite the lower rate of
radical delivery. Instead of utilizing a low rate of delivery of radicals, we attempted to
decrease the proportion of monofunctional chains by limiting the total number of radicals
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delivered; experiments were performed with CTA:I ratios of about 100:1 to achieve a
low monofunctional fraction. It seems as though this low monomer content has
unexpected effects consistent with decreased control when using the slowdecomposing initiator (PVBC11), but, with AIBN at temperatures at which it
decomposes rather quickly (PVBC13), the results were promising: the fraction of
monofunctional chains was decreased by about 30% and the PDI remained low,
although a high molecular weight shoulder was present.
An experiment was performed to assess the relative control of styrene and VBC
polymerizations under identical conditions, and to test a new CTA:I ratio. These were
termed PS5 and PVBC14. Analysis of Table 2 shows that all relative ratios and
absolute concentrations were the same. The results, however, are quite different, as
shown in Figure 35. This result most likely is not representative of the ability to control
each system. VBC has been polymerized with control previously under similar
conditions, and most likely, oxygen entered the VBC vessel during purging. PS5
showed the best chromatogram of any difunctional experiment up to that date. The
fraction of monofunctional was about 18%, compared to the theoretical value of 6.8%.
Also, the PDI of the difunctionalized peak was very low, <1.1.
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Figure 35: GPC chromatograms comparing PS5 and PVBC14, polymerized in
presumably exactly the same conditions. More likely, some oxygen got into the
PVBC reaction
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3.2.3. Polymerizations with Monofunctional RAFT Agent
Four polymerizations have been performed with monofunctional CTAs. The GPC traces
of these experiments are presented in Appendix B. The first polymerization was
performed on styrene using what once was the only RAFT agent sold by Sigma Aldrich,
S-(thiobenzoyl) thioglycolic acid, which is a dithiobenzoate whose R group is a primary
radical. As the GPC trace shows, molecular weight was constant with conversion,
which is a key indicator that the polymerization was not controlled. It is possible that the
CTA would not fragment in favor of releasing R*. This experiment only proved that S(thiobenzoyl) thioglycolic acid is an inadequate RAFT agent and that it can be
disregarded as a viable option in our future work. In fact, this compound was not
mentioned in Sigma Aldrich’s new list of RAFT agents [69].
The second polymerization was performed on vinylbenzyl chloride with CDTB
under the conditions that had produced success with the difunctional CTA (PVBC4).
However, the GPC chromatogram indicated a somewhat high PDI of the main peak and
a broad high molecular weight shoulder. In the next experiment, conditions were
changed in a manner thought to be able to give better control [80]. We believed that the
high molecular weight shoulder was a consequence of high radical concentration and
decreased chain mobility present in a bulk polymerization, bringing about non-RAFTmediated coupling. Therefore, the reaction was performed in ethyl acetate, though with
low amounts of dilution so as to not affect kinetics, and also at higher temperature to
increase the propagation rate constant. The results (Figure 36) are the best so far
achieved in this work: PDIs range between 1.13 and 1.21, and the Mn versus
conversion plot (Figure 37) is sufficiently linear, but with a higher than ideal y-intercept.
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Figure 36: GPC chromatograms of mPS2.
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Figure 37: Mn v. Conversion for mPS2.

85

An experiment was performed to attempt to reproduce the results of mPS2
in VBC, using exactly the same conditions and concentrations of monomer, CTA,
and initiator. The resulting GPC chromatogram is shown in Figure 38. This
polymer possesses a long low molecular weight tail, a prominent dead chain
peak, and a PDI of 1.7.
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Figure 38: GPC chromatogram of PVBC15.
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3.2.4. Chain Extension Polymerizations
Three chain extension polymerizations have been performed: two on a
“difunctional” macroCTA, PVBC2, and one on monofunctionalized polymer,
mPS2B. The first was a chain extension of PVBC2 using hexyl methacrylate, the
material that formed the outer blocks of Saito’s recently reported polymers [1]
and what was originally planned to form the outer blocks of the polymers for this
research. In correspondence to the guidelines for block sequence discussed
earlier [59], chain extension did not occur, but, rather, the macroCTA molecular
weight remained unchanged while conventional homopolymer of HMA
possessing high molecular weight was produced (Figure 39). Notably, this
began after an induction period of at least 110 min. It is likely that the poly(VBC)based macroCTA would not fragment to favor release of the secondary PVBC
radical when it could release the tertiary homo-PHMA radical.
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Figure 39: GPC chromatogram of HMA chain extension experiment.
Chain extension was then attempted with styrene, which would also be a
secondary radical upon fragmentation. Standard conditions, in solution in THF,
gave results that were one of the first successes of the project; the GPC
chromatogram is shown in Figure 40. Both peaks of the bimodal distribution
increased in molecular, proving that both were end-functionalized with at least
one RAFT residue. Additionally, the molecular weight of the higher molecular
weight peak grew at twice the rate as the lower molecular weight peak, probably
confirming that the higher MW peak was difunctionalized, while the lower MW
peak was monofunctionalized. Before this data, this statement was more of a
guess, given the constant 2:1 ratio of their molecular weights. The amount of
monofunctional material increased as the chain extension progressed, indicating
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that some of the two-armed stars (difunctionalized chains) are losing one of their
arms. Additionally, a slight low molecular weight tail is present, indicating
somewhat inefficient chain extension.
Chain extensions of the monomodal mPS2B with VBC proceeded with an
increase in PDI to 1.57, mostly due, again, to low molecular weight tailing, but
without VBC homopolymer peaks.
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Figure 40: GPC chromatogram of styrene chain extension experiment.
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3.2.5. Conclusions
At this point in the research, it appears as if optimal control in both
monofunctional and difunctional RAFT of styrene and VBC is achieved at
temperatures between 65-75 °C, in the presence of about 50 wt% ethyl acetate
as solvent (one should avoid using toluene as solvent), and CTA:I between 10:1
and 20:1. Also, conditions that yield well-defined styrene polymers do not
necessarily do the same for VBC. This is not to say that VBC cannot be
controlled, since early difunctional VBC polymerizations showed fairly low PDIs,
but high fractions of monofunctional material observed in the difunctional
polymerization of VBC may make the target triblock copolymers difficult to obtain.
The polymerization of hexyl methacrylate cannot be controlled using 1,4BTBTPB at the conditions tried thus far. Chain extensions to form block
copolymers so far have not been completely successful, increasing PDI and
exhibiting low molecular weight tailing.
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CHAPTER 4:
Future Work
First, a reliable set of conditions for controlled polymerization of styrene
and VBC must be developed. If it is found the 1,4-BTBTPB produces too many
dead or monofunctionalized chains, an interesting new CTA (not reported to my
knowledge) may be the Z-approach analog to 1,4-BTBTPB, a possible route to
the synthesis of which is given in Scheme 9. The cause of low molecular weight
tailing must be found and compensated for.

Scheme 9: Possible synthetic route to the Z-approach analog to 1,4-BTBTPB.

Once adequate control can be reliably achieved, the polymers for an
ionomer structure-property study will be prepared. The set of polymers will
consist of P(S-b-VBC-b-S) triblock, P(VBC-b-S-b-VBC) triblock, and P(VBC-b-S)
diblock, each of approximately the same VBC block length, so that when the
VBC block is treated with the materials to yield trimethyl quaternary ammonium
moieties and sulfonic acid moieties, the IECs are equivalent. To complete this
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study, water uptake and conductivity measurements must be performed on the
materials, and their morphology explored via SAXS or TEM.
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Appendices
Appendix A: Supplementary 1H NMR Spectra

A.1. 1H NMR of PVBC2. Molecular weight (averaging mono- and
difunctional material) may be calculated from integration of the peak at
7.87.
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A.2. 1H NMR of 1,4-BTBTPB mixture immediately after reaction.

A.3. 1H NMR of crude CDTB mixture immediately after reaction.
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A.4. 1H NMR of DTBA via Grignard method.

A.5. 1H NMR of 1,3-BTBTPB.
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Appendix B: GPC Curves from Difunctional Polymerizations
PS2: M:CTA:I = 6442:15.4:1
160
140

Signal

120
100
80
60
40
20
0
10

12

14

16

18

20

18

20

Time (min)

PS4: M:CTA:I = 11931:10:1
120
100
Signal

80
60
40
20
0
10

12

14

16
Time (min)

96
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PVBC 7: M:CTA:I = 798, 1, 0
70
60

Signal

50
40
30
20
10
0
2

2.5

3

3.5

4

4.5

5

5.5

6

log(MW)

99

PVBC 8: M:CTA:I = 8493, 10.6, 1
50
40

Signal

30
20
10
0
-10

2

2.5

3

3.5

4

4.5

5

5.5

6

5

5.5

6

log(MW)

PVBC9: M:CTA:I = 782:1:0
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Appendix C: GPC Curves from Monofunctional Polymerizations
mPS1: M:CTA:I = 12025:15.9:1
S-thiobenzoyl thioglycolic acid
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PSm2: M:CTA:I = 11949:10.2:1
52 wt% styrene in ethyl acetate, 75C
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Appendix D: GPC Curves from Chain Extension Polymerizations
Chain Extension of PVBC2 with HMA (10:1 Polymer:AIBN)
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Appendix E. Important Physical Parameters of Chemicals [106]
Molecular Weight
(g mol^-1)

Melting
Point (°C)

Boiling
Point (°C)

Density
(g mL^-1)

Common Solvents
Acetone
Benzene
Carbon tetrachloride
Chloroform
Cyclohexane
Dichloromethane
Diethyl ether
Dimethyl acetamide
Dimethyl formamide
Dimethyl sulfoxide
Ethanol
Ethyl acetate
Isopropanol
Methanol
n-hexane
Tetrahydrofuran
Toluene
Water

58.08
78.11
153.82
119.38
84.16
84.93
74.12
87.12
73.09
78.13
46.07
88.11
60.1
32.04
86.18
72.11
92.14
18.02

-94.0
5.5
-23.0
-63.0
5.5
-97.0
-116.0
-20.0
-61.0
17.5
-114.0
-84.0
-89.5
-98.0
-95.4
-108.0
-93.0
0.0

56
80
76.5
61
80.7
39.9
34.6
165.3
153
189
78
77
82
64.7
68.7
66
110.5
100

0.791
0.874
1.594
1.492
0.779
1.325
0.706
0.937
0.944
1.100
0.789
0.902
0.785
0.791
0.660
0.889
0.865
1.000

Reagents
Benzyl chloride
Bromobenzene
Butyl methacrylate
Carbon disulfide
Hexyl methacrylate
Styrene
Vinyl benzyl chloride
α-methyl styrene

126.58
157.01
142.2
76.14
170.25
104.15
152.62
118.18

-39.0
-31.0

179.0
156
163
46
203
145.5
229
167.0

1.1
1.491
0.894
1.266
0.863
0.909
1.074
0.91

Chemical Name

-111.5
-31.0
-24.0
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Appendix F: Curriculum Vitae

Kyle C. Bryson - kcb5029@gmail.com
Education

The Pennsylvania State University, University Park
B.S. - Materials Science and Engineering, Polymers Option; minor
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Anticipated graduation: May 14, 2010
Member of the Schreyer Honors College

Research Undergraduate Research Assistant: August 2008 – Present
Experience
Prof. Michael A. Hickner, Assistant Professor of Materials
Science and Engineering, Penn State University, University
Park, PA, 16802.
Senior Thesis: “Synthesis and Characterization of Novel IonConductive Polymers via the RAFT Process”
-Designed and implemented synthetic strategy for two
dithioester RAFT agents
-Employed above chain transfer agent to prepare wellcontrolled block copolymers
-Performed full range of polymer characterization experiments
Junior Project: “Real-time Measurement of Dimensional
Swelling in Proton-Conductive Membranes for Fuel Cells”
-Designed and constructed two novel instruments for
measuring the dilation of polymer membranes with high time
resolution
-Extensive image and data analysis
-Fit data to models separating diffusional and relaxational
phenomena
-Presented poster at Fall 2009 ACS National Meeting and
Exposition
REU Undergraduate Research Asst: June 2009 – August 2009
Prof. Krystyn J. Van Vliet, Associate Professor of Materials
Science, Massachusetts Institute of Technology, Cambridge,
MA, 02139.
-Project: “Viscoelastic Properties of Human Mesenchymal
Stem Cells Treated with a Cytoskeleton-Disrupting Drug”
-Performed creep experiments on individual cells in a
microfluidic device using laser-generated stretching forces
-Frequently performed cell culture techniques
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REU Undergraduate Research Asst: May 2008 – August 2008
Prof. Robert B. Moore, Professor of Chemistry, Virginia
Polytechnic Institute and State University, Blacksburg, VA
24060.
-Project: “A Novel Polystyrene Derivative Devised for
PEMFCs”
-Successfully synthesized a new type of ionomer based on the
well-characterized poly(styrene) system
-Extensively characterized this ionomer and its precursors
-Worked extensively with Nafion® and fuel cell/conductivity
testing
Lab Assistant: February 2007 – November 2007
Prof. T.C. Mike Chung, Professor of Materials Science, The
Pennsylvania State University, University Park, PA, 16802.
- Aided in research related to the production of thin film PP
polymeric capacitors for replacing fossil fuel technology in
many applications
Conferences

- Presented poster at Fall 2009 ACS National Meeting and
Exposition

Publications

- Bryson, K.; Saito, T.; Hickner, M. J. Polym. Sci. Part B:
Polym.Phys. 2010. In revision.
- Bryson, K.; Saito, T.; Hickner, M. Preprints of Symposia American Chemical Society. Division of Fuel
Chemistry. 2009, 54(2), 589-590.

Research
Interests

- Polymer synthesis/chemistry, especially controlled radical
polymerizations
- Polymeric nanostructures and self-assembly
- Applications of polymers in biological and alternative energy
applications
- Polymer physical characterization, such as rheology and
morphology and scattering behavior

Technical
Skills

- Polymer synthesis and chemical and physical polymer
characterization
- Image and data analysis in Origin, ImageJ, and Excel
- Instrument design
- NMR (1H & 13C), GPC, FT-IR, Mass Spec, DSC, TGA, DMA, SEM
- Solution casting & melt processing
- Electrochemical Impedance Spectroscopy
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- Fuel Cell operation
- MEA fabrication
- Fuel cell testing

Awards

- Engineering Honors Graduate, College of Earth and Mineral
Sciences
- Materials Science Undergraduate Research Fellow 2008-2009
- Evan Pugh Scholar
- AVX/Kyocera Foundation Award for Materials Science
- Schreyer Honors Scholar
- Academic Excellence Scholarship
- College of Earth and Minerals Science Academic Excellence
Scholarship
- Michael Starsinic Scholarship Fund
- Dean’s List (Fall 2006- present)
- President’s Freshman Award
- Sparks Award
- Pugh Award
- Valedictorian of High School Class of 2006
- Science Department Award (High school)
- Weiss Chemistry Award (High school)

Relevant Past and Current Coursework:
• Polymer Chemistry (graduate level)
• Polymers in Energy Research (graduate level)
• Advanced Functional Polymeric Materials (graduate level)
• Chemical Thermodynamics
• Quantum Chemistry
• Organic Structural Determination
• Bulk Properties of Solid Polymers
• Rheological Behavior of Polymers
• Mechanical and Electrical Properties of Polymers
• Polymer Processing Techniques
• Thermodynamics and Characterization of Polymers
• Survey of Polymeric Materials
• Intro. to Materials Science of Polymers
• Mechanical Properties of Materials
• Thermodynamics of Materials
• Materials Characterization
• General Properties of Materials Lab
• Materials Design
• Intro. to Materials Science
• Organic Chemistry I & II
• Organic Chemistry Lab
• General Chemistry I & II
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•
•
•
•
•
•
•
•
•
•

Electromagnetism
Mechanics
Wave and Quantum Mechanics
Calculus I & II
Differential and Vector Calculus
Linear Algebra
Process Quality Eng.
Intro. Computer Programming
Technical Writing
Rhetorical Writing
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