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Abstract
Copolymers are desirable as they can be tailor made to have specific properties which is
of interest for applications in biomedicine among other industries. For its ability to produce
living polymers with good molecular weight control Reversible Addition Fragmentation Chain
Transfer (RAFT) polymerization has become one of the major techniques used in copolymer
synthesis. Of particular interest are copolymers of Diacetone acrylamide (DAAM) and 2aminoethylmethacrylamide hydrochloride (AEMA). An added interest in using AEMA in
copolymers with DAAM is that the AEMA sections of the copolymers have the potential to be
converted to Vitamin B5 analogous methacrylamide monomer (B5AMA) in a post
polymerization modification approach. In order to produce copolymers of B5AMA and DAAM
which is beneficial as efforts to directly copolymerize B5AMA and DAAM have failed.
The purpose of this project was to prepare block and statistical copolymers of DAAM
and AEMA, of molecular weight 20kDa. In order to do so AEMA monomer was prepared and
polymerized using RAFT to produce poly(AEMA) macro-CTA of molecular weight 10kDa. The
reaction conditions for this polymerization were optimized to achieve high conversion of
monomer to polymer. The kinetics of the optimized reaction were investigated. The molecular
weight of the poly(AEMA) was evaluate by Gel Permeation Chromatography (GPC). Prior to
which the amine groups of poly(AEMA) were capped using methyl acrylate. Five block
copolymers and 5 statistical copolymers of AEMA and DAAM, along with the homopolymer
poly(DAAM) were prepared and analyzed by Nuclear Magnetic Resonance Spectroscopy.

xv

1 Introduction
1.1 Polymers:
Polymers are complex macromolecules made up of chains of smaller molecules called
monomers.1 Polymers can take several different structural forms, including linear, branched, and
cross-linked structures.1 In a linear polymer, the monomers add in a line forming a single linear
chain; while in a branched polymer, a linear chain is also formed, however side chains branch off
from the main linear chain.1 A cross-linked polymer is a more complex structure than a linear or
branched polymer and is composed of linkages between multiple polymer chains, forming a
network of interconnected polymers.1 An example of each of these structural forms is shown in
Figure 1.1.

Figure 1.1: Structure of various types of polymers.2
Polymers can be composed of one or more different monomers. Polymers composed of
only one type of monomer are referred to as homopolymers, while polymers composed of more
than one type of monomer are copolymers.1 Copolymers can be further classified by the
distribution of the different monomers within the polymer chain. These different classifications
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include statistical, block, alternating and graft copolymers.1 In a statistical copolymer (sometimes
referred to as random copolymers), the distribution of the monomer units within the polymer
chain is random influenced by the amount of each monomer present and the reactivity of each
monomer.1 In contrast, in block copolymers, the polymer chain is composed of long chains of
one monomer connected to long chains of the other monomer.1 In alternating copolymers, which
are a subtype of statistical copolymers the two monomers are distributed evenly and regularly in
an alternating fashion throughout the chain.1 Graft copolymers are a slightly different from the
other three forms of copolymers as they are formed when side chains of a second monomer are
added on to the main chain of another monomer creating a branched structure.1 A visual
depiction of each of these four types of copolymers is given in Figure 1.2.

Figure 1.2: Visual depiction of the four types of copolymers.3

1.2 Polydispersity and Molecular Weight:
Of great importance in synthesizing polymers is the molecular weight of the final
polymer. For that reason, polymerization reactions are generally designed to have good
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molecular weight control. When planning a synthesis, one of the initial parameters chosen is the
degree of polymerization often abbreviated DP.4 This value is defined by the number of monomer
units in the polymer.4 The Dp is calculated using the following equation Dp=number average
molecular weight of polymer/molecular weight of monomer. It is calculated by using the ratio of
the molecular weight of the polymer and the molecular weight of a single monomer unit.4 The
selection of the target DP is important as it correlates with the molecular weight of the polymer,
and many physical and optical properties of the polymer are dependent on the molecular weight.1
Generally, high molecular weight polymers exhibit increased physical properties, while polymers
with lower molecular weights exhibit reduced physical properties.1 An example of which is
viscosity which is increased in high molecular weight polymers.1
The target DP of a polymerization reaction sets the intended molecular weight; however,
not all polymer chains will react and grow at exactly the same rate during polymerizations.1 This
results in a mixture of polymers with varying molecular weights.1 The distribution of different
molecular weights is the polydispersity index or the PDI of the polymer.1 In an ideal situation,
the PDI of a well-controlled polymer sample would be close to one, indicating that the molecular
weight of all polymer chains in the sample are the same.1 Typically, PDI value of polymer
samples is greater than one, which indicates that the polymer chains are not all the same
molecular weight.1 Thus, the greater the PDI, the broader the molecular weight distribution of
the polymer chains and the less controlled is the polymerization, the cut off for a controlled
polymerization is a PDI of 1.3 or less.1 An example of the molecular weight distribution of a
well controlled polymerization and an uncontrolled polymerization is given in Figure 1.3. The
level of molecular weight control possible in a polymerization reaction depends on what type of
polymerization is being used.
3

Figure 1.3: A comparison of the molecular weight distribution of a well-controlled
polymerization with low PDI and an uncontrolled polymerization with high PDI.5

1.3 Types of Polymerization Techniques:
There are many different polymerization techniques, each of which are best suited to
specific applications. The polymerization techniques are broadly divided into condensation and
addition, with condensation being used for non-vinyl monomers that have other reactive
functional groups and addition being used for vinyl monomers.6 Addition polymerization is
further classified into fours subtypes, free radical, cationic, anionic and coordination
polymerization.7 Of these four subtypes, free radical polymerization is the most common
technique and has a further subtype which is living radical polymerization.7 Living radical
polymerization is then subdivided into three techniques, atom transfer radical polymerization
(ATRP),

nitroxide-mediated

radical

polymerization

(NMP)

and

reversible-addition

fragmentation chain transfer polymerization (RAFT), with RAFT being a relatively recent
advancement in free radical polymerization.7,8

4

1.3.1 Free Radical Polymerization:
Free radical polymerization on its own has several advantages notably the reaction occurs
at moderate temperatures and is relatively insensitive to impurities which allows for the reaction
to take place in trace amounts of oxygen, as well as in aqueous solution.9 Free radical
polymerization can also polymerize a variety of different classifications of monomers.9
However, there are also many disadvantages which come from the mechanism of free radical
polymerization, specifically the polymerization occurs with poor control of the molecular weight
and of the molecular weight distribution.9 It is also not practical to use free radical
polymerization to produce block copolymers and polymers with more complex structures due to
the extremely fast rate of the reaction.9
It was to overcome these disadvantages that the three living radical polymerization sub
techniques; ATRP, NMP and RAFT were developed. NMP was developed in 1985, ATRP was
developed in 1995 and most recently RAFT was developed in 1998.9 The NMP technique
controls the polymerization reaction by reversible capping and de-capping of the growing
polymer chain with nitroxide radicals. This decreases the rate of the polymerization and limits
side reactions, successfully producing polymers with low polydispersity.9 However, the NMP
technique is most effective for polymerizations of styrene and is limited in its effectiveness when
used with other monomers such as acrylates.9
The ATRP technique is based on the reversible transfer of halogens between the dormant
species and a transition metal catalyst. The process is a redox reaction with the halogen complex
getting reduced and forming a radical while the transition metal catalyst is oxidized.9 The
process establishes an equilibrium that slows the rate of reaction. This technique has two major
advantages over NMP, specifically it is very versatile with the ability to polymerize many
5

different monomers including acrylates and styrene, as well this technique allows for the
preparation of many different polymer structures including branched polymers, and all types of
copolymers.9 However, there is a significant disadvantage of ATRP when the intention is to use
the polymers for medical or some biological applications as the transition metals used in the
reaction can remain in the final product. This would require costly and time-consuming efforts to
remove in order for any product developed from the polymer to get approval from regulatory
bodies.10 The RAFT technique is similar to ATRP in that it can polymerize a wide variety of
monomers and can produce various structural forms, however it differs in that RAFT does not
use transition metals as the control mechanism; instead, RAFT uses organic molecules.11

1.4 RAFT:
The RAFT reaction (Reversible-Addition Fragmentation Chain Transfer) was first
described in 1998 by Chiefari, et al., who described how by including small organic molecules
known as RAFT agents or chain transfer agents (CTAs), greater control over the polymerization
process could be obtained.11 The addition of RAFT agents provided control over the polymer
molecular weight and produced polymer chains with narrow polydispersity.11 Since its
discovery, RAFT polymerization has grown in popularity, with several RAFT agents now
commercially available.8
In a RAFT reaction like other polymerization techniques the target DP of the
polymerization must be decided upon prior to the commencement of the reaction. The DP is
related to the concentrations of both the monomer and of the CTA by the equation
[M]0/[CTA]0=DP thus the lower the target DP the greater the CTA concentration.12 This can be
important as the higher the CTA concentration the greater the number of living polymer chains.12
A living chain is defined as the ability of the polymer chain to be extended in the presence of
6

additional monomer units.12 The relationship between target DP and livingness of the resulting
polymers is inversely proportional.12
The RAFT process requires three main reactants, the monomer, an initiator, and the
CTA.12 The three reactants must be dissolved in a solvent for the reaction to occur. The reaction
also requires an outside energy source, usually heat or light energy.12 The RAFT reaction
mechanism given in Figure 1.4 is composed of several steps, beginning with initiation. In the
initiation step, the initiator is activated and forms radicals. These initiator radicals react with the
monomer in the second step forming the Pn• propagating radical.12 In the third step this
propagating radical reacts with the CTA to form a radical intermediate which then breaks into a
macro-CTA as the R group leaves as a radical.12 This R radical then reacts with the monomer
forming the second propagating radical Pm• which reacts with the macro-CTA to form a radical
intermediate which breaks into a macro-CTA when Pn or Pm leave as a radical.12 The reaction
remains in an equilibrium between active and dormant (macro-CTA) species until the reaction
ends with termination when two radicals react with each other.12,13
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Figure 1.4: Mechanism of the RAFT reaction.12

1.4.1 Monomers:
An important benefit of RAFT polymerization is that it can be used to polymerize a wide
range of monomers.12 Vinyl monomers can be broadly classified into two groups based on their
reactivity.12 Specifically, they are classified into 1. more activated monomers (MAMs) or 2. less
activated monomers (LAMs). MAM have a vinyl group that is conjugated to a double bond, a
carbonyl, a nitrile or an aromatic ring.12 While LAMs have a double bond adjacent to nitrogen,
sulfur, oxygen, lone pairs or saturated carbons.12 Several examples of both LAMs and MAMs
can be seen in Figure 1.5. The broad range of monomers able to be polymerized by RAFT is a
result of the reactivity of the chain transfer agent.12 For example RAFT is suitable to polymerize
monomers such as acrylamides an example of which is diacetone acrylamide (DAAM) and
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methacrylamides which includes monomers such as Vitamin B5 analogous methacrylamide
monomer (B5AMA).

Figure 1.5: Examples of LAMs and MAMs.

1.4.2 Chain Transfer Agents:
In RAFT reactions, the control is gained by the use of a CTA, with the key being that the
carbon-sulfur double bond of the CTA must be more reactive than the carbon-carbon double
bond of the monomer.12 When designing a RAFT synthesis, one of the most important
considerations to be made is the selection of the CTA, as should the wrong one be chosen, the
reaction will either fail or proceed with poor molecular weight control.13 The basic structure of a
CTA shown in Figure 1.6 is composed of three distinct regions. The core of the CTA consists of
a thiocarbonyl group and a second sulfur atom.13 Attached to this second sulfur is the R group of
the CTA, and attached to the thiocarbonyl carbon is the Z group of the CTA. The Z and R groups
are what give each CTA unique reactivity and properties.12

9

Figure 1.6: Basic structure of a CTA molecule, with key features identified.8
The R group of CTA molecules is generally a good homolytic leaving group that can
reinitiate polymerization.13 The Z group of the CTA modifies the rate of radical addition to the
thiocarbonyl of the CTA and modifies the rate of fragmentation of the intermediate radicals.13 In
addition to the aforementioned basic structure, there are four subclasses of CTA molecules that
are commonly used in RAFT reactions, dithiobenzoates, trithiocarbonates, dithiocarbamates, and
xanthates.13 Their structures are shown in Figure 1.7. The dithiobenzoates and trithiocarbonates
have higher reactivity than dithiocarbamates and xanthates. The reason for this difference in
reactivity is that the lone pairs on the oxygen and nitrogen atoms adjacent to the thiocarbonyl
allow for the resonance to occur, which lowers the overall double bond characteristic of the C-S
double bond and stabilizes the molecule.13

Figure 1.7: Structures of the four classifications of CTAs.
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1.4.3 Initiators:
As a radical reaction, RAFT requires a source of radicals for the initiation of the reaction.
There are three common initiation methods: thermal initiation, light initiation and redox
initiation.12 A thermal initiator is the most commonly used in research settings and is often a
diazo compound or a peroxide.12 The initiator is vital in controlling both the reaction rate and the
livingness of the resulting polymer.12 As such, the initiator concentration is carefully controlled.
Specifically, this concentration is usually given as the ratio of CTA to Initiator.12 In industrial
applications, the redox initiation method is most common as it is cost-effective given that
inexpensive metal-free redox agents can be used.12

1.4.4 Solvents:
The vast majority of solvents are suitable for use with RAFT polymerization, with the
notable exception of strongly nucleophilic solvents that cannot be used as they can interact with
the thiocarbonyl group of the CTA and can cause it to degrade.12 In order for a RAFT reaction to
be successful, all components of the reaction, the monomer, the CTA, and the initiator, must be
soluble in the solvent chosen as the reaction occurs in the solution phase.12 The other important
solvent consideration for RAFT reactions is the boiling point of the solvent, which is particularly
important for thermal initiated RAFT as the solvent's boiling point must be above the
temperature required for initiation.12

1.5 Preparation of Copolymers by RAFT Polymerization:
The reason why copolymers are desirable is that they can be tailor made to have specific
properties.14 This is not always possible in homopolymers where the polymers properties are tied
to just one monomer’s properties.14,15 In a copolymer, the properties are determined by the
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chemical structure of the different monomers, as well as the composition and arrangement of the
monomer units and the molecular weight of the final copolymers.14 Interest in polymers with
customizable properties continues to increase due their to potential applications in biomedicine
among other industries.16 Due to its ability to produce living polymers with controlled molecular
weight, RAFT has become one of the major techniques used for copolymer synthesis.16

1.5.1 Preparation of Block Copolymers by RAFT:
RAFT polymerization can be used to synthesize several different types of block
copolymers including ABA triblock copolymers where A and B are each a different monomer, as
well as the common type of block copolymer, the AB di-block copolymer.15 The most common
method for preparing an AB di-block copolymer using RAFT is through sequential
polymerization.15 In this process, an initial RAFT polymerization is conducted using only one
type of monomer, following which the resulting polymer is purified and used as a macro-CTA in
a second polymerization reaction. Meaning that during the second polymerization reaction, the
polymer from the first reaction acts as the CTA for the second polymerization.15 The reaction
scheme for AB di-block copolymer preparation by sequential polymerization is given in Figure
1.8. This method of sequential polymerization is also used to synthesize the more complex
triblock systems.15

Figure 1.8: Reaction scheme for the sequential polymerization method of preparing block
copolymers.15
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In order for this sequential polymerization to be successful the Z group of the CTA must
be able to control the polymerization for both monomers. If the Z group is not appropriate for
either monomer control over the polymerization will be reduced, resulting in high
polydispersity.15 There are two additional key considerations for block copolymer preparation
using RAFT, specifically the order in which monomers are added and effect of initiator
concentration.15 As previously mentioned, the R group of a CTA must be a good homolytic
leaving group and be able to reinitiate polymerization, in sequential polymerization the macro-R
group of the macro-CTA must also exhibit these properties which become dependent on the type
of monomer used to make the macro-CTA.15 Thus, the order in which the monomers are
polymerized is dependent on their leaving group ability which is dependent on the stability of
their radicals. Thus, monomers that produce tertiary radicals such as methacrylamides are the
first monomers to be polymerized followed by those that produce less stable radicals.15 The
initiator concentration must be considered as the initiator can cause defects in the polymer
chain.15 The initiator can also form dead polymer chains with one dead chain forming for every
initiator radical that initiates polymerization.15 As such when preparing a macro-CTA it is
standard practice to end the reaction below 100% monomer conversion (usually near 70%) that
reduces the amount of dead chains in the macro-CTA.15 The effect of dead chains becomes more
prevalent with the addition of each block and after 3 blocks it is rare for the copolymer to have
well controlled molecular weight.15
Applications for block copolymers are broad ranging from drug delivery, water
treatment, to antireflective coatings.17,18 In a recent study triblock copolymers of Nvinylpyrrolidone, dimethyl siloxane and N-vinylpyrrolidone were prepared and investigated as a
potential method of delivering anti cancer drugs in breast tumors.17 While more investigation is
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needed the study found that the polymer vesicles exhibited the ability to encapsulate and deliver
the target drug.17

1.5.2 Preparations of Statistical Copolymers Using RAFT:
Statistical copolymers are easily synthesized by RAFT polymerization, usually in a onestep polymerization method in which a mixture of monomers are combined with a suitable CTA
and initiator and are polymerized.14 Statistical copolymers are popular as due to there one step
synthesis they are one of the easiest and most affordable ways to produce polymers with specific
properties.14 The exact composition of statistical copolymers is determined by the reactivity of
each monomer, if both have the same reactivity then an alternating copolymer will be produced
while if the reactivity is different one monomer may react more quickly than the other leading to
more variation in the copolymer.14 With the ultimate distribution of the monomer units based on
their reactivity and concentrations.14

1.6 DAAM and AEMA based Polymers by RAFT Polymerization:
As mentioned, copolymers in general have many applications and the development of
new copolymers and the modification of existing ones is of interest. One monomer that is of
specific interest for copolymerization is diacetone acrylamide (DAAM). This monomer is readily
available, and its polymers have been shown to be highly hydrophobic, thermoresponsive and
ideal for the preparation of complex nano-geometries.19,20 These properties are of interest for
drug delivery applications. In copolymers the hydrophobicity can be tuned by the addition of a
second monomer.20 Specifically of interest is the copolymerization of DAAM and AEMA, to
form both statistical and block copolymers. AEMA is hydrophilic as both a monomer and as a
polymer while DAAM forms hydrophobic polymers. Thus, by changing the ratio of DAAM and
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AEMA in a copolymer the hydrophobicity can be tuned. The added interest in using AEMA in
copolymers with DAAM is that the AEMA sections of the copolymers have the potential to be
converted to B5AMA in a post polymerization modification approach. This is beneficial as
despite several attempts in the Ahmed research group to copolymerize DAAM and B5AMA, the
reactions were unsuccessful.
As such the goal of this project is to prepare block and statistical copolymers of DAAM
and AEMA. So that in the future they may be modified to copolymers of B5AMA and their
properties investigated. The structures of AEMA and DAAM are given in Figure 1.9.

Figure 1.9: Structures of AEMA and DAAM monomers.

1.7 Project Description:
1.7.1 Project Objectives:
The following are the specific objectives of this project:
1. Synthesis of poly(AEMA) macro-CTA of 10kDa and of narrow polydispersity
2. Synthesis of block and statistical copolymers of AEMA and DAAM namely,
poly(AEMA-b-DAAM) and poly(AEMA-st-DAAM) of 20 kDa.

1.7.2 Description of Project Objectives:
The first objective of this project is to successfully synthesize the macro-CTA
poly(AEMA) of molecular weight 10kDa. In order to accomplish this objective first AEMA
15

monomer had to be synthesized in good yield and with high purity. To do so AEMA monomer
was synthesized according to a previously established protocol that has been used extensively in
the Ahmed lab group. AEMA is synthesized by first reacting ethylenediamine dihydrochloride
and ethylenediamine in water producing the salt ethylenediamine hydrochloride. Which then
reacts with methacrylic anhydride in methanol and water to produce AEMA monomer. The
synthesis is then completed by various purification steps to remove contaminates including
unreacted ethylenediamine dihydrochloride from the final product. To ensure purity the AEMA
was evaluated by proton NMR. After producing AEMA the next step in preparing the macroCTA was to determine the ideal reaction conditions for the polymerization of AEMA. To do so
the polymerization conditions were optimized over a series of 16 different sets of reaction
conditions, some of which were performed multiple times. The conversion of monomer to
polymer was determined by proton NMR. In order to determine the molecular weight and
polydispersity of the polymer GPC analysis was used. However prior to GPC analysis the
poly(AEMA) required modification for which several different methods were used to varying
success. The reason that modification was required is that AEMA has a free primary amine
group which causes it to be absorbed into the silica column of the GPC instrument. It was also
necessary to conduct kinetic studies of the AEMA polymerization reaction in order to know how
long it takes for the reaction to reach 70% conversion. As in order to achieve the best possible
results in subsequent copolymerization reactions it is ideal to use a macro-CTA that was only
allowed to reach 70% conversion.
The second objective of this project is to successfully synthesize the block copolymer
poly(AEMA-b-DAAM) of molecular weight 20kDa and the statistical copolymer poly(AEMAst-DAAM) of molecular weight 20kDa with well-defined molecular weight and of good
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conversion. To do so the block copolymer was prepared by polymerizing the macro-CTA
poly(AEMA) with DAAM under suitable conditions. While the statistical polymer was prepared
by polymerizing AEMA monomer and DAAM monomer. In both cases the conversion was
evaluated by proton NMR.

2 Experimental:
2.1 Materials:
Diacetone

acrylamide

(DAAM)

and

2,2'-Azobis[2-(2-imidazolin-2-yl)propane]

dihydrochloride (VA-044, 98%) were purchased from Tokyo Chemical industry. Methyl
acrylate, Diethyl ether, Ethylenediamine (EDA), Methacrylic anhydride, 3-(Trimethylsilyl)-1propanesulfonic acid sodium salt (TMPS, 97%), 4-((((2-Carboxyethyl)thio)carbonothioyl)thio)4-cyanopentanoic acid (CTCPA, 95%), 4-Cyanopentanoic acid dithiobenzoate (CPAB), 4Cyano-4-[(dodecylsulfanyl thiocarbonyl) sulfanyl] pentanoic acid (CDSPA, 97%), 4,4′Azobis(4-cyanovaleric acid) (ACVA, 98%), 2,2′-Azobis(2-methylpropionitrile) (AIBN, 98%),
Sodium borohydride (NaBH4, 99%), N,N-Dimethylformamide (DMF, 99.9%), Acetonitrile
(ACN, 99.9%), Hydroquinone, DMSO, and Acetic anhydride, were purchased from SigmaAldrich. Methanol (99.9%), 1,4-Dioxane (99%), Acetone and Isopropanol were purchased from
Fisher Scientific. Concentrated Hydrochloric acid (36.5-38%) was purchased from Anachemia.
Deuterium oxide (D2O) and Dimethyl sulfoxide-d6 (DMSO-d6) were purchased from Cambridge
Isotope Laboratories. Triethylamine (TEA) was purchased from Thermo-Scientific. Ethanol
anhydrous

was

purchased

from

Commercial

Alcohols.

2-Aminoethylmethacrylamide

hydrochloride (AEMA), and Ethylenediamine dihydrochloride (EDA•2HCl) were synthesized in

17

the laboratory according to previously reported procedures.21 The Kaiser Regents were prepared
in the laboratory by others members of the research group.

2.2 AEMA Synthesis:
The synthesis of AEMA was carried out according to an established procedure used in
the Ahmed research group. The synthesis was carried out as follows; 7.5g of EDA•2HCl was
dissolved in 37.5mL of deionized water and 4mL of EDA in a round bottom flask. The solution
was stirred first at room temperature until all solids were dissolved and then in an ice bath for 30
minutes. A second solution composed of 20mL methanol, 17mL methacrylic anhydride and a
small amount of hydroquinone (≈1mg) was prepared in a dropping flask and added to the first
solution at a rate of 1 drop per second. The round bottom flask was wrapped in tinfoil and left to
stir overnight in darkness. The following day the solution was cooled in an ice bath for 20
minutes; once the solution was cooled, 10mL of concentrated HCl was added dropwise. After
which, the solution was stirred at room temperature for 30 minutes. The mixture was then placed
under rotary evaporation until all solvent was removed. The remaining solid product was then
washed by the addition of 100mL acetone and left stirring overnight. The next day the solid was
collected by vacuum filtration. The solid product was placed in a round bottom flask with 150mL
of 2-propanol and a small amount of hydroquinone. The round bottom flask was placed in a
water bath at 70°C for 20 minutes. After which, the solid byproduct was filtered by vacuum and
disposed of. The filtrate was collected and placed under rotary evaporation until all solvent was
removed. The solid product was placed in the fridge overnight. The following day the product
was washed by the addition of 100mL of acetone. The solid product was recovered by vacuum
filtration and dried under vacuum. The final product was a tan solid, which was analyzed by
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proton NMR. After which the final product was stored by placing in it into a capped glass vial
that was further sealed by parafilm and stored in the fridge.

2.3 RAFT Polymerization of AEMA:
In RAFT polymerizations the success of the polymerization is determined first by the
percent conversion of the monomer to polymer. The percent conversion is influenced by the
solvent used, the concentration of monomer used, the initiator used, the CTA used and by the
ratio of the CTA to initiator. As such the first task in designing a synthesis is setting these
parameters. To do so solubility testing was conducted to determine what solvents were suitable
for use with AEMA monomer, poly(AEMA), 4-Cyano-4-(thiobenzoylthio)pentanoic acid and
AVCA. Additionally multiple trial polymerizations were conducted to determine the most
suitable solvent, monomer concentration, CTA and CTA to initiator ratio to achieve high
conversion rates.

2.3.1 Solubility Testing:
According to literature the most commonly used solvent mixture for AEMA
polymerization with 4-Cyano-4-(thiobenzoylthio)pentanoic acid, as CTA and ACVA as initiator
is a mixture of 1,4-Dioxane and water. Previously in Dr. Ahmed’s research group these reactions
were carried out using a 2:1 ratio of water: dioxane however this ratio was no longer able to
dissolve the 4-Cyano-4-(thiobenzoylthio)pentanoic acid at the concentrations required. It is
speculated that the reason for this is differences in the CTA used in this project and the CTA
used previously. As such the solubility of the 4-Cyano-4-(thiobenzoylthio)pentanoic acid was
evaluated by the following procedure.
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42.7mg of 4-Cyano-4-(thiobenzoylthio)pentanoic acid was dissolved in a mixture of 1mL
of DI water and 1mL of 1,4-Dioxane. The mixture was vortexed for 30 seconds after which the
clarity of the solution was observed to be turbid. In 100µL increments 1,4-Dioxane was added to
the mixture until the mixture was clear and there was no evidence of solids.
To further confirm the solubility of the 4-Cyano-4-(thiobenzoylthio)pentanoic acid and to
investigate the solubility of the other reaction components additional solubility testing was
conducted on AEMA monomer, poly(AEMA) (previously made in Ahmed lab) and 4-Cyano-4(thiobenzoylthio)pentanoic acid. This was done first by preparing three solvent mixtures, which
are shown in Table 2.1. These stock solvents were prepared by using micropipettes to measure
the exact volumes of each solvent into 5mL glass vials.
Table 2.1: Composition of stock solvents for solubility testing of water and 1,4-dioxane.
Solution

Volume DI Water

Volume 1,4-Dioxane

1

0.9mL

2.1mL

2

1.5mL

1.5mL

3

2.8ml

1.2mL

Once each solution was prepared 10mg samples of AEMA, 10mg samples of
poly(AEMA) and 10mg samples of 4-Cyano-4-(thiobenzoylthio)pentanoic acid in triplicates
were weighed and each placed in separate 5mL glass vials. To each of these 9 vials 1mL of one
of the three stock solvents was added, as is shown in Table 2.2. The 9 samples were then
vortexed and the solubility was evaluated.
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Table 2.2: Composition of solubility tests for AMEA, poly(AEMA), and 4-Cyano-4(thiobenzoylthio)pentanoic acid in water, 1,4-dioanxe based solvents.
Solution

Mixture AMEA

Poly(AEMA)

Added

4-Cyano-4(thiobenzoylthio)pentanoic
acid

1

10.2mg

10.8mg

10.1mg

2

9.9mg

10.2mg

9.9mg

3

10.3mg

9.9mg

9.8mg

This procedure was also repeated using methanol and water as the solvents in order to
evaluate the solubility of 4-Cyano-4-(thiobenzoylthio)pentanoic acid, AEMA monomer, and
Poly(AEMA). The exact volumes of the methanol: water stock solutions as well as the amounts
of AEMA monomer, poly(AEMA) and 4-Cyano-4-(thiobenzoylthio)pentanoic acid used are
given in Tables 2.3 and 2.4.
Table 2.3: Composition of stock solvents for solubility testing using methanol and water.
Solvent Mixture

Volume DI Water

Volume Methanol

1

0.9mL

2.1mL

2

1.5mL

1.5mL

3

2.8mL

1.2mL

21

Table 2.4: Composition of solubility tests of AEMA, Poly(AEMA) and 4-Cyano-4(thiobenzoylthio)pentanoic acid in methanol water based solvents.
Solvent

Mixture AMEA

Poly(AEMA)

Added

4-Cyano-4(thiobenzoylthio)pentanoic
acid

1

10.2mg

10.3mg

5.2mg

2

10.3mg

10.5mg

5.3mg

3

9.9mg

9.7mg

4.9mg

2.3.2 RAFT Conditions:
Once solubility testing provided a selection of suitable solvent mixtures multiple RAFT
polymerizations were conducted with various changes to the reaction conditions including
monomer concentration, DP, CTA type, CTA concentration, initiator type, initiator
concentration, CTA: initiator ratio and solvent mixture. For all of these reactions the exact
concentrations of the CTA and initiator stock solutions varied depending on the Dp and other
reaction conditions. The exact amounts of AEMA, CTA solution, and initiator solution added
also varied depending on the reaction conditions.
These reactions were conducted by first preparing fresh stock solutions of CTA and of
initiator. Then in a 5mL round bottom flask AEMA was dissolved in solvent. After all AEMA
was dissolved the CTA and initiator solutions were added to the round bottom flask using
micropipettes. The round bottom flask was then connected to a Schlenk line to remove oxygen
from the mixture. To do so vacuum grease was added to all connection points and clamps were
added for extra security. The round bottom flask was then frozen in liquid nitrogen for 2 minutes
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under nitrogen gas after which the flask was placed under vacuum for 3 minutes, while still in
the liquid nitrogen. Following which the vacuum was closed and the nitrogen gas opened. The
flask was then removed from the liquid nitrogen and placed into a beaker of room temperature
water, until the reaction mixture was thawed. This process was repeated two additional times, for
a total of three times. Then while still connected to nitrogen, the round bottom flask was placed
into an oil bath of either 70°C or 50°C depending on the initiator used for 24 hours. A
temperature of 70°C was used when the initiator was ACVA or AIBN and a temperature of 50°C
was used when VA-044 was the initiator. After 24 hours, the round bottom flask was removed
from the oil bath, and the nitrogen line disconnected, ending the reaction. A 50µL aliquot of the
reaction mixture was added to a sufficient quantity of D2O to prepare an NMR sample. The
percent conversion of the polymers was calculated by 1H NMR. If the NMR spectrum showed
conversion of approximately 25% or more the reaction mixture was purified. The purification
was done by the slow addition of the polymer mixture to 45mL of acetone in a centrifuge tube
followed by centrifugation at 3260rpm for 15 minutes. The resulting solid was retained, and the
procedure was repeated twice using isopropanol as the solvent and a final time using acetone as
solvent. At the end of the procedure, the poly(AEMA) sample was dried under vacuum for 24
hours before being stored in a glass vial on the benchtop. The exact conditions used in each of
these test reactions are given in Table 2.5.
Table 2.5: Reaction conditions for the RAFT polymerization of AEMA.
Reaction

Solvent (v/v%)

[AEMA]

Conditions
DP= 29, CTA/INI=3, CTA: 4-Cyano-4-

Water: Dioxane 96:4

1M

CD-004

(thiobenzoylthio)pentanoic acid,
Initiator: ACVA
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DP= 29 , CTA/INI=3, CTA: 4-Cyano-4Water: Dioxane 78:22

1M

CD-005

(thiobenzoylthio)pentanoic acid,
Initiator: ACVA
DP=29, CTA/INI=3, CTA: 4-Cyano-4-

Water: Dioxane 38:62

1M

CD-007

(thiobenzoylthio)pentanoic acid,
Initiator: ACVA
DP=29, CTA/INI=3, CTA: 4-Cyano-4-

Water: Dioxane 38:62

0.5M

CD-008

(thiobenzoylthio)pentanoic acid,
Initiator: ACVA
DP=29, CTA/INI=3, CTA: 4-Cyano-4-

Water: Dioxane 50:50

0.5M

CD-010

(thiobenzoylthio)pentanoic acid,
Initiator: ACVA

DP=29, CTA/INI=3, CTA: 4-Cyano-4CD-012

Water: Dioxane 50:50

0.5M

(thiobenzoylthio)pentanoic acid,
Initiator: ACVA

DP=29, CTA/INI=2, CTA: 4-Cyano-4CD-014

Water: Dioxane 50:50

0.5M

(thiobenzoylthio)pentanoic acid,
Initiator: ACVA
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DP=29, CTA/INI=3, CTA: 4-Cyano-4CD-015

Water: DMSO 70:30

0.5M

(thiobenzoylthio)pentanoic acid,
Initiator: ACVA

DP=29, CTA/INI=3, CTA: 4-Cyano-4Water(pH=2): Methanol
CD-016

0.5M

(thiobenzoylthio)pentanoic acid,

75:25
Initiator: ACVA

DP=29, CTA/INI=3, CTA: 4-Cyano-4CD-017

Ethanol: Water 67:33

0.5M

(thiobenzoylthio)pentanoic acid,
Initiator: ACVA

DP=60, CTA/INI=2, CTA: 4-Cyano-4CD-018

Water: Dioxane 50:50

2M

(thiobenzoylthio)pentanoic acid,
Initiator: ACVA

DP=60, CTA/INI=3, CTA: 4-((((2Carboxyethyl)thio)carbonothioyl)thio)CD-019

Water: Methanol 80:20

1M
4-cyanopentanoic acid,
Initiator: VA-044

DP=41, CTA/INI=2, CTA: 4-Cyano-4CD-020-1

Water: Dioxane 50:50

2M

(thiobenzoylthio)pentanoic acid,
Initiator: ACVA
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DP=41, CTA/INI=2, CTA: 4-Cyano-4CD-020-2

Water: Dioxane 50:50

1M

(thiobenzoylthio)pentanoic acid,
Initiator: ACVA

DP=60, CTA/INI=2, CTA: 4-Cyano-4CD-024

Water: Dioxane 50:50

2M

(thiobenzoylthio)pentanoic acid,
Initiator: ACVA Scaled up CD-018
DP=60, CTA/INI=3, CTA: 4-((((2Carboxyethyl)thio)carbonothioyl)thio)-

CD-028

Water: Methanol 80:20

1M
4-cyanopentanoic acid, Initiator: VA044 Same as CD-019
DP=60, CTA/INI=5, CTA: 4-Cyano-4-

CD-029-1

Ethanol: Water 67:33

1M

[(dodecylsulfanylthiocarbonyl)sulfanyl]
pentanoic acid, Initiator: AIBN
DP=60, CTA/INI=2, CTA: 4-Cyano-4-

CD-029-2

Ethanol: Water 67:33

1M

[(dodecylsulfanylthiocarbonyl)sulfanyl]
pentanoic acid, Initiator: AIBN

From these reactions the ideal method for the polymerization of AEMA was determined
and was conducted, as described below.
In a 5mL glass vial, 9.5mg of 4-Cyano-4-(thiobenzoylthio)pentanoic acid was dissolved
in 400µL of dioxane. In a second glass vial 13.5mg of ACVA was dissolved in 300µL of
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dioxane. In a 5mL round bottom flask 328.9mg of AEMA was dissolved with stirring in 504µL
of deionized water. Once all of the solids were dissolved 392µL of the CTA solution and 104µL
of the initiator solution were added to the round bottom flask. The round bottom flask was
connected to a Schlenk line, to remove oxygen from the mixture. This was done by adding
vacuum grease and clamps to all connection points. The round bottom flask was then frozen in
liquid nitrogen for 2 minutes under nitrogen gas after which the flask was placed under vacuum
for 3 minutes, while still in the liquid nitrogen. Following which the vacuum was closed and the
nitrogen gas opened. The flask was then removed from the liquid nitrogen and placed into a
beaker of room temperature water, until the reaction mixture was thawed. This process was
repeated two additional times, for a total of three times. While still connected to nitrogen, the
round bottom flask was placed into a 70°C oil bath for 24 hours. After 24 hours, the round
bottom flask was removed from the oil bath, and the nitrogen line disconnected. The return of
oxygen to the reaction environment ended the RAFT reaction. A 50µL aliquot of the reaction
mixture was added to a sufficient quantity of D2O to prepare an NMR sample. The conversion of
the polymer was calculated by 1H NMR. The purification was done by the slow addition of the
polymer mixture to 45mL of acetone in a centrifuge tube followed by centrifugation at 3260rpm
for 15 minutes. The resulting solid was retained, and the procedure was repeated twice using
isopropanol as the solvent and a final time using acetone as solvent. At the end of the procedure,
the poly(AEMA) sample was dried under vacuum for 24 hours before being stored in a glass vial
on the benchtop.
The above standard procedure for the ideal reaction conditions was modified and used in
the preparation of the macro-CTA poly(AEMA) at 70% conversion, the sole deviation from this
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standard procedure in this case was that the reaction was left in the oil bath for only 1 hour and
40 minutes after which it was removed and the reaction was quenched.

2.3.3 Kinetic Experiments:
When preparing block copolymers, the best conversion results are achieved when the
macro-CTA was produced in a RAFT reaction that was only allowed to proceed to
approximately 70% conversion. For this reason, it is advantageous to perform kinetics
experiments to determine the rate of reaction for a given AEMA polymerization. In order to do
so a RAFT reaction was prepared according to the same general procedure used when
determining the ideal reaction conditions with two important deviations. Specifically, 50.0mg of
TMPS was added to the reaction mixture at act as an NMR standard as well the reaction was
conducted in a doubled neck round bottom flask with the second neck sealed with a rubber
septum. Aside from these deviations the reaction was prepared and conducted as normal.
Additionally at regular time intervals 50µL aliquots of the reaction mixture were removed via the
use of a needle to avoid the reintroduction of oxygen in to the reaction flask. The specific time
samples were taken varied in each experiment. The specific reaction conditions and time
intervals given in Table 2.6. A sufficient quantity of D2O was added to each aliquot to prepare
samples for 1H NMR.
Three different sets of reaction conditions were studied with a kinetic experiment,
including two that were later abandoned in favour of the ideal reaction conditions. The reason
why kinetic experiments were performed using two sets of reaction conditions that were not the
ideal conditions is that these experiments (CD-002, and CD-003) were performed prior to the
optimization reactions.
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Table 2.6: Reaction Conditions for the Kinetic RAFT Polymerization Reactions. These reactions
were performed using ACVA as the initiator and Cyano-4-(thiobenzoylthio)pentanoic acid as the
CTA.
Monomer

Time Intervals

Reaction Solvent

Conditions
Concentration

(Hours)
0, 0.5, 1, 1.5, 2, 3,

CD-002

Water: Dioxane 72/28

0.5M

DP=29, CTA/INI=3
4, 22
0, 0.5, 1, 1.5, 2, 3,

CD-003

Water: Dioxane 78/22

1M

DP=29, CTA/INI=3
4, 22
0, 1, 2, 3, 4, 5, 6, 7,

CD-044

Water: Dioxane 50:50

2M

DP= 60, CTA/INI=2
24

2.4 Modification of Poly(AEMA) Side Chain:
In addition to analysis by NMR, the intention was to analyze poly(AEMA) by gel
permeation chromatography (GPC) to determine the PDI as well as to confirm the average
molecular weight of the polymer before using the poly(AEMA) in further reactions. However,
the AEMA molecule has an amine group that is protonated, making it difficult to analyze by
GPC as the polymer interacts significantly with the silica column of the instrument. Thus
multiple methods were tested to modify the amine group of poly(AEMA).

2.4.1 Acetic Anhydride Capping:
To test the ability of acetic anhydride to cap poly(AEMA) three test reactions were
performed. To do so three samples of poly(AEMA) were massed and placed into separate 5mL
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glass vials. To each vial 1mL of either DMF, ACN, or methanol was added, with a different
solvent being used for each vial. To encourage the polymer to dissolve each vial was placed on a
vortex for several minutes. Then 1M NaOH was added to each vial in quantities ranging from 12 drops depending on the starting mass of polymer added. After this a small amount of acetic
anhydride was added to each vial again with the exact quantity depending on the starting mass of
polymer. The exact quantities used are given in Table 2.7. The next morning the kaiser test was
performed on any of the samples that showed good solubility. The kaiser test was performed by
the addition of 1 drop of each of the 3 kaiser regents to a 1.5mL centrifuge tube after which
10µL of sample was added to the centrifuge tube and the mixture mixed by pipetting up and
down. The centrifuge tube was then placed into a 110°C oven for up to 5 minutes or until a blue
colour was observed which ever occurred first.
Table 2.7: Reactant quantities for the acetic anhydride capping of Poly(AEMA).
Sample

Mass

Solvent Type

Poly(AEMA)

Volume

1M NaOH

Solvent

Volume Acetic
Anhydride

CD-023-1-AA

100.4mg

DMF

1mL

2 Drops

46µL

CD-023-2-AA

100.7mg

Methanol

1mL

2 Drops

46µL

CD-023-3-AA

87.0mg

ACN

1mL

1 Drop

38µL

Note: The reason why reaction CD-023-3-AA used less Poly(AEMA) is that there was only
87.0mg available for use.

2.4.2 Methyl Acrylate Capping:
Initially a set of four test reactions were performed to determine the solvent conditions
needed to cap the polymer. To do this four 10mg samples of poly(AEMA) were prepared and
dissolved in a mixture of methanol and TEA, with each sample being dissolved in a different
solvent mixture. Each mixture was vortexed for approximately 2 minutes to ensure good mixing.
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After which 8µL of methyl acrylate was added to each sample. The exact quantities used are
shown in Table 2.8. Once the methyl acrylate was added, the mixtures were vortexed again for
approximately 1 minute then left overnight on the bench top. The next day the kaiser test was
performed on each sample. The kaiser test was performed according to a standard procedure
where 1 drop of each of the three kaiser regents was added to a 1.5mL centrifuge tube after
which 10µL of the sample was added into the centrifuge tube and mixed by pipetting up and
down. Following which the centrifuge tube was placed in to a 110°C oven until the mixture
obtained a blue colour or for up to 5 minutes.
Table 2.8: Reactant quantities for the methyl acrylate capping of Poly(AEMA) test reactions.
Sample

Mass

Volume

Volume TEA

Volume Methyl

Poly(AEMA)

Methanol

CD-023-1-MA

10.2mg

900µL

100µL

8µL

CD-023-2-MA

10.4mg

750µL

250µL

8µL

CD-023-3-MA

10.3mg

650µL

350µL

8µL

CD-023-4-MA

10.1mg

500µL

500µL

8µL

Acrylate

Several scaled up versions of CD-023-3-MA were conducted. This was done according to
the previously mentioned procedure with two exceptions. Which were that the methyl acrylate
used was from a bottle that had been filtered to remove hydroquinone (commercially added
stabilizer) and the ratio of methyl acrylate to polymer was doubled. The specific details of these
reactions are given in Table 2.9.
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Table 2.9: Reactant quantities for scaled up methyl acrylate capping reactions.
Sample

Mass

Volume

Volume TEA

Volume Methyl

Poly(AEMA)

Methanol

CD-026

30.1mg

1.95mL

1.05mL

48µL

CD-027

99.9mg

6.5mL

3.5mL

161µL

CD-030-(28)

19.8mg

1.3mL

0.7mL

32µL

CD-030-(29-1)

20.1mg

1.3mL

0.7mL

32µL

CD-030-(29-2)

19.7mg

1.3mL

0.7mL

32µL

Acrylate

2.4.2.1 Reduction by Sodium Borohydride:
In order to reduce any polymer dimers formed by the capping reaction CD-027 back to
single polymer chains a reduction reaction was performed.
The method used to reduce the capped polymer sample involved a reduction by sodium
borohydride (NaBH4). This was done by first preparing a 0.1M solution of NaBH4 by combining
38.3mg of NaBH4 and 10mL of DI water. Once the solution was prepared a 1mL aliquot was
added to a 10mL glass vial containing 20.2mg of capped poly(AEMA). The mixture was left to
stir for 1 hour after which a GPC sample was prepared by taking a 75µL aliquot of the mixture
and adding sufficient GPC solvent (DMF 0.5%LiBr) to achieve a final volume of 1.5mL. This
sample was then filtered through a 0.25micron filter and the filtered sample taken for GPC
analysis.
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2.5 RAFT Polymerization of Poly(AEMA) and DAAM to Poly(AEMAb-DAAM):
2.5.1 Chain Extension of Poly(AEMA) with Additional AEMA:
In order to confirm that the poly(AEMA) produced using the optimized conditions was
living polymer two chain extension reactions were conducted. These reactions were conducted
by preparing a fresh solution of initiator by dissolving 9.6mg of ACVA in 350µL of 1,4-dioxane.
Then in a 5mL round bottom flask 101mg of the macro-CTA poly(AEMA) were dissolved in
950µL of DI water. After which 50µL of initiator solution were added to the round bottom flask
using a micropipette. The round bottom flask was then connected to a Schlenk line in order to
remove oxygen form the reaction mixture. To do so vacuum grease was added to all connection
points and clamps were added for extra security. The round bottom flask was then frozen in
liquid nitrogen for 2 minutes under nitrogen gas after which the flask was placed under vacuum
for 3 minutes, while still in the liquid nitrogen. Following which the vacuum was closed and the
nitrogen gas opened. The flask was then removed from the liquid nitrogen and placed into a
beaker of room temperature water, until the reaction mixture was thawed. This process was
repeated two additional times, for a total of three times. After which while still connected to
nitrogen, the round bottom flask was placed into an oil bath of 70°C for 24 hours. After 24 hours,
the round bottom flask was removed from the oil bath, and the nitrogen line disconnected,
ending the reaction. A 50µL aliquot of the reaction mixture was added to a sufficient quantity of
D2O to prepare an NMR sample. The purification was done by the slow addition of the polymer
mixture to 45mL of acetone in a centrifuge tube followed by centrifugation at 3260rpm for 15
minutes. The resulting solid was retained, and the procedure was repeated twice using
isopropanol as the solvent and a final time using acetone as solvent. At the end of the procedure,
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the poly(AEMA) sample was dried under vacuum for 24 hours before being stored in a glass vial
on the benchtop. The exact conditions used for each of these reactions can be found in Table
2.10.
Table 2.10: Reaction conditions for AEMA chain extension reactions.
Reaction

Solvent

Conditions
DP=31 CTA/INI=2 [P[AEMA]]=0.01M
CTA: CD-024 poly(AEMA) macro-CTA

CD-025-1

H2O (950µL) 50µL dioxane

Initiator: ACVA
DP=31 CTA/INI=2 [P[AEMA]]=0.01M
CTA: CD-018 poly(AEMA) macro-CTA

CD-025-2

H2O (950µL) 50µL dioxane

Initiator: ACVA

2.5.2 Block Copolymerization Reactions:
These reactions were conducted by preparing a fresh stock solution of initiator for each
reaction, the concentration of this solution varied according to the reaction conditions. Then in a
5mL round bottom flask DAAM monomer and the macro-CTA poly(AEMA) were dissolved in
solvent. After which the initiator solution was added to the round bottom flask using a
micropipette. The exact amount of monomer, macro-CTA, and initiator solution used varied
depending on the reaction conditions. Once all reagents had been added to the flask it was
connected to a Schlenk line, and oxygen was removed from the mixture. This was done by
adding vacuum grease and clamps to all connection points. After which the round bottom flask
was frozen in liquid nitrogen for 2 minutes under nitrogen gas after which the flask was placed
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under vacuum for 3 minutes, while still in the liquid nitrogen. Following which the vacuum was
closed and the nitrogen gas opened. The flask was then removed from the liquid nitrogen and
placed into a beaker of room temperature water, until the reaction mixture was thawed. This
process was repeated two additional times, for a total of three times. While still connected to
nitrogen, the round bottom flask was placed into a 70°C oil bath for 24 hours. After 24 hours, the
round bottom flask was removed from the oil bath, and the nitrogen line disconnected, ending
the reaction. A 50µL aliquot of the reaction mixture was added to a sufficient quantity of D2O to
prepare an NMR sample. For sample CD-021 the purification was done by adding the reaction
mixture to 45mL of chloroform and recovering the aqueous phase. The aqueous phase was then
placed under rotary evaporation to remove all solvent. For sample CD-022 the purification was
done by rotary evaporation to remove the dioxane solvent, after which 1mL of DI water was
added and the sample was freeze dried. For samples CD-033-1, CD-033-2 and CD-042 the
purification was done through dialysis using 3.5kDa membranes for 24 hours followed by freeze
drying. The exact conditions used in each of these reactions are given in Table 2.11.
Table 2.11: Reaction Conditions for the preparation of block copolymers of AEMA and DAAM.
Using ACVA as initiator, and poly(AEMA) macro-CTA.
Reaction

Solvent

Conditions
DP=21, CTA/INI=2

CD-021

Dioxane with H2O added dropwise

[P[AEMA]]=0.004M, [DAAM]=0.083M
DP=21, CTA/INI=2

CD-022

Dioxane with H2O added dropwise

[P[AEMA]]=0.004M, [DAAM]=0.083M
DP=30, CTA/INI=2

CD-033-1

640µL H2O to 1000µL Dioxane

[P[AEMA]]=0.01M, [DAAM]= 0.2984M
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DP=30, CTA/INI=2
CD-033-2

Dioxane: H2O 50:50 v/v%

[P[AEMA]]=0.01M, [DAAM]= 0.2984M
DP=30, CTA/INI=3

CD-042

Dioxane: H2O 50:50 v/v%

[P[AEMA]]=0.005M, [DAAM]=0.149M

2.6 RAFT Polymerization of AEMA and DAAM to Poly(AEMA-stDAAM):
These reactions were conducted by preparing fresh stock solutions of initiator and CTA
for each reaction. Then in a 5mL round bottom flask DAAM and AEMA were dissolved in
solvent. After which the initiator solution and CTA solution were added to the round bottom
flask using micropipettes. The exact concentrations of the stock solutions as well as the amounts
of monomer, CTA solution, and initiator solutions varied depending on the reaction conditions.
Once the CTA and initiator solutions were added to the round bottom flask, the flask was
connected to a Schlenk line, and oxygen removed from the mixture. To do so vacuum grease and
clamps were added to all connection points. Following which the round bottom flask was frozen
in liquid nitrogen for 2 minutes under nitrogen gas after which the flask was placed under
vacuum for 3 minutes, while still in the liquid nitrogen. Following which the vacuum was closed
and the nitrogen gas opened. The flask was then removed from the liquid nitrogen and placed
into a beaker of room temperature water, until the reaction mixture was thawed. This process
was repeated two additional times, for a total of three times. While still connected to nitrogen,
the round bottom flask was placed into a 70°C oil bath for 24 hours. After 24 hours, the round
bottom flask was removed from the oil bath, and the nitrogen line disconnected, ending the
reaction. A 50µL aliquot of the reaction mixture was added to a sufficient quantity of D2O to
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prepare an NMR sample. The purification was done by dialysis using 3.5kDa membranes for 24
hours followed by freeze drying. The exact conditions used in each of these reactions are given
in Table 2.12.
Table 2.12: Reaction conditions for the preparation of statistical copolymers of AEMA and
DAAM. Prepared using a Water: Dioxane 50:50 v/v% as solvent, CTA/INI=2 DP=59,
[Monomers]w/v=10%, Initiator: ACVA, CTA: 4-Cyano-4-(thiobenzoylthio)pentanoic acid.
Trial

Conditions

CD-046

%AEMA=90%, %DAAM=10%

CD-047

%AEMA=75%, %DAAM=25%

CD-048

%AEMA=50%, %DAAM=50%

CD-049

%AEMA=25%, %DAAM=75%

CD-050-1

%AEMA=10%, %DAAM=90%

CD-050-2

%AEMA=0%, %DAAM=100%

2.7 Analytical Techniques and Methods of Analysis:
In order to determine the purity as well as to confirm the identity of the compounds
produced in this project several different methods of analysis were used. Nuclear Magnetic
Resonance spectroscopy (NMR) was used to confirm the production of AEMA monomer as well
as to confirm its purity, NMR was also used to establish the conversion percentages of
poly(AEMA). Gel Permeation Chromatography (GPC) was used to determine the molecular
weight and polydispersity of modified poly(AEMA) samples.

37

2.7.1 NMR:
All NMR spectra corresponding to a reaction ID from CD-001 to CD-036 were obtained
using a Bruker 300 MHz 1H-NMR. While all spectra corresponding to a reaction ID from CD037 to CD050-2 were obtained using a 400 MHz Bruker Avance III 1H-NMR spectrometer. All
NMR samples were prepared using D2O as the solvent with the exception of CD-050-1 and CD050-2 which were prepared using DMSO-d6. For all spectra in which D2O was the solvent the
deuterium oxide peak found at 4.79 ppm was used as the reference peak. While for those
prepared using DMSO-d6 the TMPS standard peak as 0.00 ppm was used as the reference peak.

2.7.2 GPC:
In this project, GPC was used to analyze capped poly(AEMA) to determine its molecular
weight and polydispersity. In all cases the solvent used was 0.5% Lithium Bromide (LiBr) in
DMF. The samples were prepared by adding sufficient solvent (DMF LiBr0.5%) to dilute
samples to 1.5mL after which the samples were filtered using 0.25micron filter. The calibration
curve used to analyze the capped poly(AEMA) is given below in Figure 2.1.

GPC Calibration Curve
log(Molecular Wegiht)
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Figure 2.1: GPC Calibration Curve used to Analyze Capped poly(AEMA).
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3 Results and Discussion:
3.1 Synthesis of AEMA:
The synthesis of AEMA was conducted three times throughout the course of this project
following a standard procedure previously developed in the Ahmed research group. Each time a
good yield of near 80% was obtained with the 1H NMR spectrum showing that pure AEMA was
produced with acetone as the sole impurity. Which is expected as acetone washes are used to
purify the crude AEMA product during its synthesis. The exact percent yield and mass produced
for each reaction is given in Table 3.1 while Figure 3.1 contains the NMR spectrum of CD-032
AEMA with peak assignment.
Table 3.1: Yield data for the synthesis of AEMA.
Trial

Mass AEMA Produced

Percent Yield

CD-010-AEMA

7.39g

79.5%

CD-010-AEMA-2

7.44g

79.8%

CD-032

7.33g

79.0%
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Figure 3.1: 1H NMR spectrum of AEMA monomer with color coded peak assignment.

3.2 Solubility Testing:
In order for a RAFT reaction to be successful it is necessary that the CTA, initiator, the
polymer and the monomer all exhibit good solubility in the chosen solvent. For that reason, it
was imperative that solubility testing be conducted prior to attempting the polymerization of
AEMA. As previously mentioned, the most commonly used solvent mixture for RAFT
polymerization of AEMA in the literature is a mixture of water and 1,4-dioxane. Previously in
the Ahmed research group this reaction was carried out using a 2:1 water: 1,4-dioxane ratio.
However, it was discovered early on that the CTA 4-Cyano-4-(thiobenzoylthio)pentanoic acid
was not soluble in this solvent mixture. For that reason, it was decided that the solubility of the
CTA 4-Cyano-4-(thiobenzoylthio)pentanoic acid should be investigated. This was done by
placing 42.7mg of it in 2mL of a 1:1 mixture of water: 1,4-dioxane and adding 1,4-dioxane in
100µL increments until all of the CTA dissolved. In total there was 600µL of 1,4-dioxane
required to dissolve the 4-Cyano-4-(thiobenzoylthio)pentanoic acid. Thus it was determined that
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for reactions with a where a high concentration of CTA is required the water: 1,4-dioxane ratio
required is 32/68 v/v%.
Then to further confirm the solubility of the 4-Cyano-4-(thiobenzoylthio)pentanoic acid
and to investigate the solubility of the other reaction components a second set of solubility
testing

was

conducted.

AEMA

monomer,

poly(AEMA)

and

4-Cyano-4-

(thiobenzoylthio)pentanoic acid were used at 10mg/mL concentrations. The results of this
solubility test showed that AEMA and poly(AEMA) were either insoluble or exhibited reduced
solubility in the solvent mixture containing high concentrations of 1,4-dioxane however the 4Cyano-4-(thiobenzoylthio)pentanoic was insoluble in the solvent mixture that was mostly water.
However, 4-Cyano-4-(thiobenzoylthio)pentanoic acid showed improved solubility in a 1:1 water:
1,4-dioxane mixture at lower concentrations (10mg/mL) compared to the results of the previous
solubility testing. Making a 1:1 water: dioxane solvent suitable for all three reagents. A complete
summary of these results is shown in Table 3.2.
Table 3.2: Solubility test results for water and 1,4-dioxane based solvent mixtures.
Solution Mixture

AMEA

Poly(AEMA)

4-Cyano-4(thiobenzoylthio)pentanoic acid

Water 30%

Semi-soluble

Insoluble

Soluble

Soluble

Soluble

Soluble

Soluble

Soluble

Insoluble

Dioxane 70%
Water 50%
Dioxane 50%
Water 70%
Dioxane 30%
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Additionally solubility testing of 4-Cyano-4-(thiobenzoylthio)pentanoic acid, AEMA,
and Poly(AEMA) was also conducted using methanol and water as the solvents. In this testing
AEMA and poly(AEMA) were used at a concentration of 10mg/mL while 4-Cyano-4(thiobenzoylthio)pentanoic acid was used at a concentration of 5mg/mL. Of these three watermethanol solvents none was suitable for all three reagents. The best result was 30% water: 70%
methanol, as both AEMA and poly(AEMA) were completely soluble and 4-Cyano-4(thiobenzoylthio)pentanoic acid was partially soluble. The results are summarized in Table 3.3.
Table 3.3: Solubility test results for methanol and water based solvent mixtures.
Solution Mixture

AMEA 10mg/mL

Poly(AEMA)

4-Cyano-4-

10mg/mL

(thiobenzoylthio)pentanoic
acid 5mg/mL

Water 30%

Soluble

Soluble

Semi-Soluble

Soluble

Soluble

Insoluble

Soluble

Soluble

Insoluble

Methanol 70%
Water 50%
Methanol 50%
Water 70%
Methanol 30%

3.3 Determination of the Ideal Conditions for Polymerization of AEMA:
Initially the RAFT polymerization of AEMA to poly(AEMA) was attempted following a
method previously used in the Ahmed research group. However as discussed in section 3.2 this
method was no longer effective and there were solubility issues, possibly due to the difference in
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CTA and initiators used in this study. As such multiple different solvents and reaction conditions
were attempted to varying success before a suitable method was found. The conditions of these
reactions and their conversions can be found in Table 3.4. The conversion of these polymers was
determined by comparing the integral value for the vinyl peak at 5.98 which corresponds to the
AEMA monomer and cluster of peaks at 2ppm which corresponds to the CH3 group of AEMA
monger and the CH2 group in poly(AEMA) which comes from the previous double bond. To do
this calculation both peaks are integrated, with the vinyl peak calibrated to one hydrogen. In pure
AEMA monomer once the vinyl peak is calibrated the peak at 2ppm has an absolute integral
value of approximately 3. These two values of 1 and 3 are used as the initial values for the
calculation. In a polymer spectrum once the vinyl peak is integrated and calibrated to one
hydrogen the value of the cluster of peaks at 2ppm will determine the conversion. The higher the
integral value for the cluster of peaks at 2ppm the higher the conversion. The equation used is as
𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑜𝑓 𝑚𝑜𝑛𝑜𝑚𝑒𝑟 𝑎𝑡 2𝑝𝑝𝑚

follows 𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 = 100 − ( 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑜𝑓 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 𝑎𝑡 2𝑝𝑝𝑚 ) × 100% . The 1H NMR
spectra used to calculate these values for the optimization reactions can be found appendix 1.
Table 3.4: Reaction conditions and results of test reactions for the polymerization of AEMA.
Reaction

Solvent (v/v%)

Water: Dioxane 96/4

[AEMA]

Conditions

Results

DP= 29 , CTA/INI=3

No conversion,

CTA: 4-Cyano-4-

precipitate formed

1M
(thiobenzoylthio)pentanoic so no NMR was

CD-004

acid Initiator: ACVA
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obtained.

Water: Dioxane

DP= 29 , CTA/INI=3

No conversion,

CTA: 4-Cyano-4-

precipitate formed

1M
78/22

(thiobenzoylthio)pentanoic so no NMR was

CD-005

acid Initiator: ACVA

obtained.

DP=29 , CTA/INI=3
41% Conversion
Water: Dioxane

CTA: 4-Cyano-41M

38:62

No Purification
(thiobenzoylthio)pentanoic
Performed.

CD-007

acid Initiator: ACVA
18% Conversion
Monomer
DP=29 , CTA/INI=3
contaminated with
Water: Dioxane

CTA: 4-Cyano-40.5M

32:68

inhibitor.
(thiobenzoylthio)pentanoic
Yield: 26.4mg
acid Initiator: ACVA
Percent

CD-008

Yield:15.2%
0% Conversion
DP=29 , CTA/INI=3
Monomer
Water: Dioxane

CTA: 4-Cyano-40.5M

50:50

contaminated with
(thiobenzoylthio)pentanoic
inhibitor, no NMR
acid Initiator: ACVA

CD-010

taken
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DP=29, CTA/INI=3
52% Conversion
CTA: 4-Cyano-4Water: Dioxane
CD-012

Yield: 37.8mg
0.5M

(thiobenzoylthio)pentanoic

50:50

Percent Yield:
acid
43.5%
Initiator: ACVA
DP=29, CTA/INI=2
58% Conversion
CTA: 4-Cyano-4-

Water: Dioxane
CD-014

Yield: 42.4mg
0.5M

(thiobenzoylthio)pentanoic

50:50

Percent Yield:
acid
48.4%
Initiator: ACVA
DP=29, CTA/INI=3
CTA: 4-Cyano-4-

CD-015

Water: DMSO 70:30

0.5M

(thiobenzoylthio)pentanoic No Conversion
acid
Initiator: ACVA
DP=29, CTA/INI=3 CTA:
CTA crashed out

Water(pH=2):
CD-016

4-Cyano-40.5M

Methanol 75:25

no polymerization
(thiobenzoylthio)pentanoic
attempted
acid Initiator: ACVA
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DP=29, CTA/INI=3
CTA: 4-Cyano-4CD-017

Ethanol: Water 67:33 0.5M

9% Conversion

(thiobenzoylthio)pentanoic No purification
acid

performed.

Initiator: ACVA
DP=60, CTA/INI=2
98% Conversion
CTA: 4-Cyano-4Water: Dioxane
CD-018

Yield: 429.7mg
2M

(thiobenzoylthio)pentanoic

50:50

Percent Yield:
acid
127%
Initiator: ACVA
DP=60, CTA/INI=3
CTA: 4-((((2-

Water: Methanol
CD-019

100% Conversion

Carboxyethyl)thio)carbono Yield: 126.9mg
1M

80:20

thioyl)thio)-4-

Percent Yield:

cyanopentanoic acid

74.6%

Initiator: VA-044
DP=41, CTA/INI=2
80% Conversion
CTA: 4-Cyano-4Water: Dioxane
CD-020-1

Yield: 422.5mg
2M

(thiobenzoylthio)pentanoic

50:50

Percent Yield:
acid
123%
Initiator: ACVA
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DP=41, CTA/INI=2
43% Conversion
CTA: 4-Cyano-4Water: Dioxane
CD-020-2

Yield: 4.7mg
1M

(thiobenzoylthio)pentanoic

50:50

Percent Yield:
acid
2.75%
Initiator: ACVA
DP=60, CTA/INI=2 CTA:
100% Conversion
4-Cyano-4-

Water: Dioxane
CD-024

Yield: 1.27g
2M

(thiobenzoylthio)pentanoic

50:50

Percent Yield:
acid Initiator: ACVA
126%
Scaled up CD-018
DP=60, CTA/INI=3 CTA:
4-((((259% Conversion
Carboxyethyl)thio)carbono

Water: Methanol
CD-028

Yield: 82.0mg
1M

thioyl)thio)-4-

80:20

Percent Yield:
cyanopentanoic acid
48.3%
Initiator: VA-044 Same as
CD-019
DP=60, CTA/INI=5 CTA:
4-Cyano-4-

67 % Conversion

[(dodecylsulfanylthiocarbo Yield: 73.8mg
CD-029-1

Ethanol: Water 67:33 1M

nyl)sulfanyl]pentanoic

Percent Yield:

acid

43.2%

Initiator: AIBN
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DP=60, CTA/INI=2 CTA:
4-Cyano-4-

73% Conversion

[(dodecylsulfanylthiocarbo Yield: 50.3mg
CD-029-2

Ethanol: Water 67:33 1M

nyl)sulfanyl]pentanoic

Percent Yield:

acid

29.4%

Initiator: AIBN

After multiple trials with varying DPs, solvents, CTAs, and initiators, the ideal method
for the synthesis of poly(AEMA) of DP was with a 2:1 ratio of CTA: initiator using the 4-Cyano4-(thiobenzoylthio)pentanoic acid and ACVA as initiator in a 1:1 water: dioxane solvent. These
conditions correspond to experiment IDs CD-018 and CD-024. These conditions were also used
in two subsequent reactions CD-031, and CD-041 to produce additional poly(AEMA), the results
of all four trials can be found in Table 3.5. 1H NMR spectrum of the poly(AEMA) produced in
rection CD-031 is shown in Figure 3.2. The integrals shown in the spectrum correspond to the
vinyl peak and the cluster of peaks at 2ppm which as mentioned in previously were used to
calculate the conversion of the reaction.
Table 3.5: Results of the polymerizations using the ideal reaction conditions.
Trial

Conversion

Mass Poly(AEMA) Produced

Percent Yield

Color of Product

CD-018

98%

430mg

127%

Pale Pink

CD-024

100%

1.27g

126%

Pale Pink

CD-031

100%

1.30g

127%

Pale Pink

CD-041

100%

1.29g

122%

Pale Pink
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The impossible percent yields for these four reactions are the result of impurities in the
polymer. Specifically, the 1H NMR spectrum shows peaks consistent with acetone, and
isopropanol which are the major impurities. This is not unexpected as acetone and isopropanol
washings are the purification method used for the polymers. It is likely that what has occurred is
that the polymers despite being left for a minimum of 24 hours to dry under vacuum were still
slightly wet with acetone and isopropanol when their masses were recorded.

Figure 3.2: 1H NMR spectrum of poly(AEMA) produced in reaction CD-031.

3.3.1 Kinetics Experiments:
In order to achieve the best conversion rates, when preparing block copolymers by
sequential RAFT the macro-CTA polymerization should be terminated at approximately 70%
conversion. As such it is necessary to run kinetic experiments to determine the rate of reaction
for the polymerization. This is done by taking NMR samples at various time intervals and
evaluating the conversion at each time period against a TMPS standard. Three such experiments
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were performed in the course of this project two were done with reaction conditions that were
later abandoned and the third was performed with the ideal reaction conditions that were then
used to prepare the macro-CTA. The two reactions that were performed with reaction conditions
that were then abandoned were the two initial polymerization reactions performed during this
project. They were performed using conditions that had previously been used in the Ahmed
research group to polymerize AEMA. It was in part based on the results of these two reactions
CD-002 and CD-003 that the decision was made to test other reaction conditions and solubility,
which led to the work discussed previously in sections 3.2 and 3.3. Following the optimization, a
third and final kinetic experiment was performed using the ideal conditions in reaction CD-044.
The reaction conditions for these three reactions are summarized in Table 3.6.
Table 3.6: Reaction conditions used for the kinetic investigations of AEMA polymerization
reactions. All three reactions used 4-Cyano-4-(thiobenzoylthio)pentanoic acid as CTA and
ACVA as the initiator.
Reaction Solvent (v/v%)

Monomer

Conditions

Concentration
CD-002

Water: Dioxane 72/28

0.5M

Time Intervals
(Hours)

DP=29, CTA/INI=3

0, 0.5, 1, 1.5,
2, 3, 4, 22

CD-003

Water: Dioxane 78/22

1M

DP=29, CTA/INI=3

0, 0.5, 1, 1.5,
2, 3, 4, 22
0, 1, 2, 3, 4, 5,

Water: Dioxane 50:50

2M

DP= 60, CTA/INI=2

CD-044

6, 7, 24
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Shown in Figure 3.3 is the kinetic curve prepared for reaction CD-002 which showed
63% conversion after 22 hours which is unusually low for a RAFT reaction as they generally
exhibit conversion of well over 90%. The reason for this abnormally low conversion is uncertain
however it is believed to be related to the low monomer concentration. As during the
optimization reactions, it was discovered that the polymerization reaction obtains low conversion
as low monomer concentrations. There may also have been solubility problems with the CTA.

Kinetics Curve for AEMA RAFT Polymerization
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Figure 3.3 Kinetic curve for the RAFT polymerization of AEMA CD-002
Reaction CD-003 showed maximum conversion of 85% at 22 hours which was an
improvement over reaction CD-002. Figure 3.4 shows the conversion versus time plot for
reaction CD-003 that reached 60% conversion near the 1 hours mark and began plateauing at the
4 hours mark at 80% conversion before reaching 85% at 22 hours. Which are good results for a
RAFT polymerization. For that reason these reaction conditions were used in a subsequent
reaction CD-005 which is mentioned in section 3.3.1 during which solubility issues with the
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CTA became apparent and the reaction failed. It is not known why this kinetic experiment was
successful with these conditions when the subsequent reaction failed. It was for this reason that
these conditions were abandoned and optimization of the reaction conditions was performed.

Kinetics Curve for AEMA RAFT Polymerization
100

CONVERSION (%)

90
80
70
60
50
40
30
20
10

0
0

5

10

15

20

25

Time (Hours)

Figure 3.4: Kinetic curve for RAFT polymerization of AEMA reaction CD-003.
After having optimized the reaction conditions for the polymerization of AEMA. A third
kinetic experiment was performed this time using the ideal conditions. The results of this
experiments are shown below in Figure 3.5. The kinetic curve shows that the reaction reached
near 60% conversion by the 1 hour mark and began plateauing by the 4 hour mark before
reaching a final conversion of 93%. From this plot it was determined that the reaction reaches
70% at approximately 1 hour 40 minutes, thus the macro-CTA was prepared by ending the
reaction after 1 hour and 40 minutes.
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Kinetics Curve for AEMA RAFT Polymerization
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Figure 3.5: Kinetic curve for RAFT polymerization of AEMA reaction CD-044.

3.4 Modification of the Side Chain:
In order to confirm that the expected molecular weight for the poly(AEMA) had been
achieved during the polymerization reaction and to evaluate the PDI the polymer was analyzed
by GPC. However, the amine group present on AEMA made GPC analysis difficult as the amine
group interacts with the silica column causing the polymer to be absorbed onto the column. As
such it was necessary to modify the amine groups present in poly(AEMA) prior to attempting
GPC analysis.

3.4.1 Acetic Anhydride Capping:
The first method of modification used was acetic anhydride capping in which the
intention was to replace the two hydrogen atoms of the NH2 group with -COCH3 groups. The
scheme for this reaction is given in Figure 3.6.
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Figure:3.6: Reaction Scheme for the capping of Poly(AEMA) with Acetic Anhydride.
Initially this capping reaction was attempted three times simultaneously with each
reaction using a different solvent, the solvents used were DMF, Methanol, and ACN. The reason
for this was to find a suitable solvent for the capping reactions and to evaluate the success of the
acetic anhydride capping method. It was evident as soon as the solvents were added to the
polymer samples that poly(AEMA) is insoluble in DMF and ACN, this can be seen in Figure 3.7
where undissolved poly(AEMA) is visible in the reactions containing DMF and ACN. However
the polymer exhibited good solubility in methanol.

Figure 3.7: Acetic Anhydride capping solutions each with different solvent. From Left; DMF,
Methanol, ACN
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In order to evaluate the success of the capping reactions the Kaiser test was performed.
The Kaiser test is used to test for the presence of free primary amines. If the capping reaction
was successful the Kaiser test should return a yellow colour sample which indicates that there is
no free primary amine. If the Kaiser test is blue then the capping reaction has failed as there are
free primary amines present. The blur colour is a result of the reaction between ninhydrin which
is one of the kaiser reagent and primary amines.
The Kaiser test was not performed on samples CD-023-1-AA and CD-023-3-AA as the
solubility of the polymer was very poor which prevented the capping reaction from being
successful. The Kaiser test was performed on CD-023-2-AA which was the sample with
methanol as solvent. This sample was tested twice, to confirm the results however in both cases a
bright blue colour was evident within 30 seconds of placing the samples in the oven, as shown in
Figure 3.8. Additionally, there was a precipitate which formed in the reaction mixture which is
unusual and the reason for this is unknown, though it is speculated to be a side reaction between
one of the Kaiser reagents and some component of the sample.

Figure 3.8: Kaiser test results for acetic anhydride capping of poly(AEMA) in methanol.
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3.4.2 Methyl Acrylate Capping:
Given that the acetic anhydride capping reactions were unsuccessful in capping the free
amine groups of poly(AEMA) a second capping method was attempted using methyl acrylate.
Similarly to the acetic anhydride capping reactions the goal of this procedure was to replace the
two hydrogen atoms on each NH2 group of poly(AEMA) with methyl acrylate groups, the
reaction scheme can be found in Figure 3.9.

Figure 3.9: Reaction scheme for methyl acrylate capping of poly(AEMA).
Initially four test reactions were performed each using a different solvent mixture with
the goal to determine an ideal solvent to use for the capping reactions. Three of the four solvent
mixtures exhibited good solubility for poly(AEMA). However the solvent mixture for reaction
CD-023-4-MA which used a 1:1 ratio of methanol: TEA did not dissolve the poly(AEMA)
completely.
The success of these methyl acrylate capping reactions was determined in the same way
as the success of the acetic anhydride reaction and that was by the Kaiser Test. The Kaiser test
showed that reactions CD-023-3-MA and CD-023-4-MA were successful in capping the amine
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group as the solution remained yellow. CD-023-2-MA initially showed a slight blue colour; thus,
it was determined that while partial capping had occurred the capping was most likely
incomplete. Additionally, the Kaiser test showed that reaction CD-023-1-MA was not successful
in capping the amine groups, as CD-023-1-MA displayed a dark blue colour indicating the
presence of free amines. As reaction CD-023-3-MA appeared to be the most successful overall
the Kaiser test was preformed on this sample twice to confirm the results. The Kaiser test results
can be seen in Figure 3.10.

Figure 3.10: Kaiser test results for methyl acrylate capping of poly(AEMA)
Based on the results of the Kaiser test as well as the solubility of the samples it was
determined that the ideal method for capping poly(AEMA) was the reaction CD-023-3-MA
which used a ratio of 65/35 v/v% methanol/TEA as solvent with 10mg of poly(AEMA) and 8µL
of methyl acrylate. To confirm this and investigate whether or not poly(AEMA) capped with
methyl acrylate could be analyzed by GPC a scaled up version of this reaction was performed,
with two minor modifications. The commercially available methyl acrylate used in this scaled up
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reaction was filtered to remove hydroquinone (an inhibitor and stabilizer) as it was thought that it
could be interfering with the reaction. This scaled up reaction CD-026 was performed using 3
times the reagents as CD-023-3-MA however a Kaiser test was performed and showed that there
were free amines still present which meant that the reaction had not completely capped all of the
amine groups. Thus, additional methyl acrylate was added to the reaction mixture and the Kaiser
test was repeated this time showing a yellow color indicating that there were no free amines
present and that the capping reaction was successful. This reaction also produced sufficient
capped poly(AEMA) to make a sample for GPC the results of which are in Figure 3.11, and
summarized in Table 3.7.
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Figure 3.11: GPC results for reaction CD-026 poly(AEMA) capped with methyl acrylate.
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Table 3.7: GPC results for CD-026 methyl acrylate capped poly(AEMA).
Expected Molecular Weight

GPC Molecular Weight

PDI

20500 g/mol

12600 g/mol

n/a

28800 g/mol
111000 g/mol

The GPC result for CD-026 was not as good as expected. Ideally GPC should exhibit a
single narrow symmetrical peak which would have indicated that the polymer was produced with
good molecular weight control. However as seen in Figure 3.11 the peak is broad and appears to
have three peaks in one. With the peak corresponding to the highest molecular weight accruing at
the lowest time as is the case in all GPC results as higher molecular weight substances pass
through the column first. This indicates that some side reactions have occurred and the
poly(AEMA) prepared is not pure. It was hypothesized that the basic conditions created during
the capping reactions may have degraded the CTA causing disulfide bonds to form between
polymer chains creating dimers. It was also hypothesized that the methyl acrylate added to the
reaction could be auto-polymerizing as the reaction was left overnight and no inhibitor was
present. That said CD-026 was considered to be partially successfully as it was possible to
analyze the capped poly(AEMA) by GPC. However as the GPC results showed several peaks the
procedure was improved in the next reaction CD-027.
CD-026 was further scaled up in reaction CD-027 which used 100mg of polymer, 10
times the original CD-023-3-MA reaction. In order to prevent any autopolymerisation of the
reagents the reaction was not left overnight. A Kaiser test performed immediately after mixing
the reagents showed a yellow colour indicating complete capping. The sample was purified by
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slowly adding it to a centrifuge tube filled with 45ml of diethyl ether followed by centrifugation
at 3260rpm for 15 minutes after which the solid was retained and dried under vacuum. Once
dried a GPC sample was prepared. The results of which are given in Figure 3.12 and Table 3.8.
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Figure 3.12: GPC results of reaction CD-027 methyl acrylate capped poly(AEMA).
Table 3.8: GPC Results for CD-027 Methyl Acrylate capped poly(AEMA)
Expected Molecular Weight

GPC Molecular Weight

PDI

20500 g/mol

8740 g/mol

n/a

21500 g/mol

Similarly, to the GPC results of reaction CD-026 in Figure 3.11 the GPC results of
reaction CD-027 in Figure 3.12 showed more than one peak, however CD-027 showed only two
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overlapping peaks, the broadness of which is reduced compared to CD-026. This can be
attributed to the immediate purification of the capping reaction which prevented any
autopolymerisation from occurring between methyl acrylate and the poly(AEMA), however the
results still indicated that the capping may have been incomplete and that possibly polymer
dimers had formed. It was decided then to investigate the effect of the capping reaction on
polymer produced with CTAs other than 4-Cyano-4-(thiobenzoylthio)pentanoic acid.
To do this three additional capping reactions were performed, CD-030-(28) on
poly(AEMA)

prepared

using

the

CTA

4-((((2-Carboxyethyl)thio)carbonothioyl)thio)-4-

cyanopentanoic acid, CD-030-(29-1) and CD-030-(29-2) prepared using the CTA 4-Cyano-4[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid. A Kaiser test performed on CD-030-(28)
and CD-030-(29-2) showed a yellow colour indicating complete capping of the amine groups.
While Kaiser test performed on CD-030-(29-1) showed a blue colour indicating free amine
groups and incomplete capping. It is not known why there is a difference between CD-030-(291) and CD-030-(29-2) however the only difference between the two polymers was that CD-029-1
was prepared with CTA/INI=5 while CD-029-2 was prepared with CTA/INI=2. As there was
only enough of these polymers to run one test, the results could not be confirmed by repeating
the test. The GPC results for CD-030-(28) and CD-030-(29-2) are shown in Figure 3.13, and
Figure 3.14, and in Tables 3.9 and 3.10 respectively.
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Figure 3.13: GPC result of CD-030-(28) methyl acrylate capped poly(AEMA) produced using 4((((2-Carboxyethyl)thio)carbonothioyl)thio)-4-cyanopentanoic acid.
Table

3.9:

GPC

result

for

poly(AEMA)

produced

using

4-((((2-

Carboxyethyl)thio)carbonothioyl)thio)-4-cyanopentanoic acid.
Expected Molecular Weight

GPC Molecular Weight

PDI

20500 g/mol

4570 g/mol

1.44

The GPC results of CD-030-(28) shown in Figure 3.13 are more consistent with what is
expected from a sample of poly(AEMA) produced with relatively controlled molecular weight.
As the GPC result shows a single near symmetrical peak. However the molecular weight of this
peak was only 4570g/mol which is well below the expected molecule weight of 20500g/mol for
capped poly(AEMA), and is also well below the expected molecule weight of uncapped
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poly(AEMA) which was 10200g/mol. This means that the polymerization reaction did not reach
the target molecular weight and was thus uncontrolled. This result is consistent with the
conversion data for this polymerization which showed only 43% conversion of monomer to
polymer.
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Figure 3.14: GPC results of CD-030-(29-2) methyl acrylate capped poly(AEMA) produced using
4-Cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid.
Table

3.10:

GPC

result

for

poly(AEMA)

produced

[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid.
Expected Molecular Weight

GPC Molecular Weight

PDI

20600 g/mol

16000 g/mol

2.22
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using

4-Cyano-4-

The GPC analysis of CD-030-(29-2) (Figure 3.14) shows a similar result to CD-030-(28)
and that is a single well defined symmetrical peak. The PDI value for this peak was 2.22 which
means that the molecular wight distribution is broad, and the polymerization was not well
controlled. Generally, the cut off value for the PDI of a well controlled RAFT polymerization is
below 1.3. It is thought that the reason why the GPC results for CD-030-(28) and CD-030-(29-2)
do not show two overlapping peaks while CD-027 and CD-26 did is that both of these polymer
samples were produced using trithiocarbonate CTAs while CD-027 and CD-026 used a
dithiobenzoate CTA. Dithiobenzoate CTAs are more prone to degradation than trithiocarbonates
so it is hypothesized that degradation of the CTA molecule may be a contributing factor to the
presence of two peaks in the GPC result of CD-027 and CD-026. That said the reason why the
dithiobenzoate CTA 4-Cyano-4-(thiobenzoylthio)pentanoic acid was used in this project despite
these

results

was

that

the

CTA

[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic

used

in

CD-030-(29-2)

acid

had

poor

4-Cyano-4-

conversion

in

the

polymerization reactions as well as a broad molecular weight distribution. As well the other
trithiocarbonate CTA used in CD-030-(28) 4-((((2-Carboxyethyl)thio)carbonothioyl)thio)-4cyanopentanoic acid is a symmetrical CTA meaning the R and the Z group are identical which is
not ideal for the potential applications of these polymers. Specifically, it is difficult to
functionalize polymers produced with symmetric CTAs which can hamper effort to use them for
surface coatings among other applications. In addition to this the GPC result of CD-030-(28)
showed that the polymerization did not reach the target molecular weight. A complete summery
of the Kaiser test results for all trials of methyl acrylate capping is given in Table 3.11.
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Table 3.11: Summery of trials of methyl acrylate capping including Kaiser test results.
Sample

Mass

Volume

Poly(AEMA)

Methanol

Volume TEA

Volume

Kaiser

Methyl

Test

Acrylate

Result

CD-023-1-MA

10.2mg

900µL

100µL

8µL

Blue

CD-023-2-MA

10.4mg

750µL

250µL

8µL

Blue

CD-023-3-MA

10.3mg

650µL

350µL

8µL

Yellow

CD-023-4-MA

10.1mg

500µL

500µL

8µL

Yellow

CD-026

30.1mg

1.95ml

1.05ml

48µL

Yellow

CD-027

99.9mg

6.5ml

3.5ml

161µL

Yellow

CD-030-(28)

19.8mg

1.3mL

0.7mL

32µL

Yellow

CD-030-(29-1)

20.1mg

1.3mL

0.7mL

32µL

Blue

CD-030-(29-2)

19.7mg

1.3mL

0.7mL

32µL

Yellow

Because of the disadvantages of using the poly(AEMA) produced using the two
trithiocarbonate CTAs used in the CD-030 reactions it was decided to continue using the
dithiobenzoate CTA used in earlier reactions. Thus, based on the GPC results of CD-027 which
indicated that polymer dimers could be forming during the methyl acrylate capping reactions it
was decided to preform a reduction reaction to reduce any dimers that formed back to single
polymer chains.
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3.4.2.1 Reduction by Sodium Borohydride:
The method tested to reduce the polymer dimers was reduction by sodium borohydride
(NaBH4). A GPC sample was prepared from the reaction mixture to evaluate the success of this
reaction, the results of which are given in Figure 3.15 and Table 3.12.
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Figure 3.15: GPC results of methyl acrylate capped poly(AEMA) treated with NaBH4
Table 3.12: GPC result of methyl acrylate capped poly(AEMA) treated with NaBH4
Expected Molecular Weight

GPC Molecular Weight

PDI

20500g/mol

9170 g/mol

n/a

19100 g/mol
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Figure 3.15 shows the GPC results of CD-034 which was a reduction reaction done using
NaBH4 to break the dimers formed during poly(AEMA) capping with methyl acrylate. The GPC
spectrum shows little change from the original CD-027 GPC results thus it was concluded form
this that most likely polymer dimers were not forming in significant amounts.
Overall the GPC results for poly(AEMA) are inconclusive and it cannot be said for
certain why there are multiple peaks present beyond that there may have been partial capping of
the polymer. From previous work in the Ahmed research group it is well known that the
procedures used in this project should produce poly(AEMA) with well controlled molecular
weight. The inconsistencies in this data are the result of the GPC method available which uses an
organic solvent (DMF LiBr0.5%) in which poly(AEMA) is not soluble and uses a column type
that absorbs poly(AEMA) necessitating these capping reactions. However because of the poor
suitability of this GPC system for poly(AEMA) it is not possible to make precise determinations
from GPC data alone and future study will be needed, using other methods of analysis.

3.5 RAFT Polymerization of Poly(AEMA) and DAAM to Poly(AEMAb-DAAM):
3.5.1 Chain Extension of Poly(AEMA) with AEMA:
The goal of these reactions was to confirm that the poly(AEMA) chains were living
making them suitable for copolymerization reactions. The reason for using AEMA as opposed to
DAAM for these reactions is that it is known that poly(AEMA) if living should polymerize with
additional AEMA without difficulty while the ideal reaction conditions for DAAM and
poly(AEMA) had yet to be investigated.
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A sign that a poly(AEMA) sample is composed of living polymer chains is its light pink
colour which comes from the CTA 4-Cyano-4-(thiobenzoylthio)pentanoic acid which is dark
pink in colour. The poly(AEMA) used as the macro-CTA in both CD-025-1 and CD-025-2 had
this pale pink colour which suggested that it was living. The reaction conditions are given in
Table 3.13. The proton NMR spectrum of CD-025-1 shown in Figure 3.16 shows two peaks
between 5.5 and 6.0ppm which are consistent with the vinyl peaks of AEMA monomer which
indicated that there was not complete conversion of the AEMA monomer to poly(AEMA), that
said the peaks are greatly reduced in intensity and the conversion was calculated as 38% which
suggests that the poly(AEMA) was living. As expected the products of both CD-025-1 and CD025-2 were a tan colour suggesting that the majority of the polymer chains were dead following
the chain extension.
Table 3.13: Reaction conditions for AEMA chain extension reactions.
Reaction

CD-025-1

CD-025-2

Solvent

Conditions

Results

DP=31, CTA/INI=2

38% Conversion

[P[AEMA]]=0.01M

Yield: 73.5mg

H2O (950µL) 50µL

CTA: CD-024 poly(AEMA)

Percent Yield:48.5%

dioxane

macro-CTA, Initiator: ACVA
DP=31, CTA/INI=2

38% Conversion

[P[AEMA]]=0.01M CTA: CD-

Yield: 77.7mg

H2O (950µL) 50µL

018 poly(AEMA) macro-CTA,

Percent Yield: 50.9%

dioxane

Initiator: ACVA
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Figure 3.16: 1H NMR spectrum of CD-025-1 poly(AEMA) after chain extension with AEMA
monomer.

3.5.2 Block Copolymer Synthesis:
Over the course of this project block copolymers of poly(AEMA-b-DAAM) have been
synthesized 5 times, each with slightly different reaction conditions or a different starting
poly(AEMA) macro-CTA. The conversion of the monomer and macro-CTA to block copolymer
has been evaluated by proton NMR. Table 3.14 contains a summary of the reaction conditions
used for polymerization while Figure 3.17 contains the proton NMR spectrum of CD-033-2. As a
result of the complexity of the block copolymer spectra and the absence of a standard peak it is
not possible to give a numerical value for the conversion of DAAM monomer to block
copolymer. However, the intensity of the peaks in the region 6.5ppm-5.5ppm can be taken as an
indicator of conversion as the polymer does not have peaks in this region. Figure 3.18 contains
an overlay of the proton NMR spectra of all 5 block copolymers.
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Table 3.14: Reaction Conditions for the RAFT polymerization of the macro-CTA poly(AEMA)
and DAAM. All reactions used ACVA as initiator.
Reaction

Solvent

Dioxane
CD-021

with

added dropwise

Dioxane
CD-022

with

added dropwise
Dioxane

with

Conditions

Yield

DP=21, CTA/INI=2

Product lost in

[P[AEMA]]=0.004M

purification.

H2O [DAAM]=0.083M, CTA: CD-020-1
poly(AEMA) macro-CTA
DP=21, CTA/INI=2

Product lost in

[P[AEMA]]=0.004M

purification.

H2O [DAAM]=0.083M, CTA: CD-020-1
poly(AEMA) macro-CTA
H2O DP=30, CTA/INI=2

Yield: 54.7mg

added in 20µL intervals [P[AEMA]]=0.01M,

Percent

until

36.2%

all

dissolved [DAAM]= 0.2984M

Yield:

(640µL H2O to 1000µL CTA: CD-024 poly(AEMA) macroCD-033-1

Dioxane)

Dioxane:
CD-033-2

v/v%
Dioxane:

CD-042

v/v%

CTA
DP=30 CTA/INI=2

Yield: 43.5mg

[P[AEMA]]=0.01M,

Percent

[DAAM]= 0.2984M

28.4%

Yield:

H2O 50:50 CTA: CD-024 poly(AEMA) macroCTA
H2O 50:50 DP=30, CTA/INI=3
[P[AEMA]]=0.005M
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Yield: 59.9mg
Percent

Yield:

[DAAM]=0.149M

39.5%

CTA: CD-031 poly(AEMA) macroCTA

Figure 3.17: 1H NMR spectrum of CD-033-2 poly(AEMA-b-DAAM) shown in blue overlayed
with poly(AEMA) in red and DAAM in green.
It can be seen in Figure 3.17 that the peaks in the region 5.5-6.5ppm corresponding to the
vinyl peaks of the DAAM monomer are reduced significantly in the CD-033-2 spectrum
suggesting good conversion to copolymer. Below in Figure 3.18 an overlay of the NMR spectra
of all five block copolymers shows reactions CD-033-1 and CD-033-2 had the least conversion
of monomer to polymer as shown by the intensity of the peaks in the region 5.5-6.5ppm. With
the reaction CD-042 showing the highest conversion based on the intensity of the peaks in this
region. The percent yield information which is available for samples CD-033-1, CD-033-2 and
CD-042 supports this as the percent yield for CD-042 was the highest at 39.5% as compared to
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36.2% and 28.4% for CD-033-1 and CD-033-2. Making the best conditions a solvent of
Dioxane: H2O 50:50 v/v%, Dp=30 CTA/INI=3, [P[AEMA]]=0.005M, [DAAM]=0.149M, CTA:
CD-031 poly(AEMA) macro-CTA, with ACVA as the initiator.

Figure 3.18: Overlay of the 1H NMR spectra of the 5 block copolymers.

3.6 Preparation of Statistical Copolymers of AEMA and DAAM:
In total five statistical copolymers each with different monomer distributions and one
poly(DAAM) homopolymer were prepared in order to compare the properties of the statistical
copolymer with the corresponding two homopolymers, namely poly(AEMA) and poly(DAAM).
The color and texture of the statistical copolymers varied significantly depending on the amount
of each monomer as did the solubility. Copolymers with a higher amount of AEMA had a more
off white color as compared to those with more DAAM which were more white. However at the
extreme in copolymer CD-050-1 and in the DAAM homopolymer the lack of water solubility the
impacted there purification process. The purification was done by dialysis in water however as
the two polymers were either insoluble in the case of CD-050-2 or only partially soluble in the
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case of CD-050-1 their purification was done insufficient compared to the other statistical
copolymers. As a result, of this both of these samples at least in part retained a pale pink color
from the macro-CTA, and had a different texture. The reaction conditions and the results of each
of these six reactions are summarized in Table 3.15. While Figure 3.19 contains an image of the
five statistical copolymers and the poly(DAAM).
Table 3.15: Reaction conditions and results for the preparation of statistical copolymers of
AEMA and DAAM. Produced using Water: Dioxane 50:50 v/v% as solvent with CTA/INI=2
DP=59,

initiator:

ACVA,

CTA:

4-Cyano-4-(thiobenzoylthio)pentanoic

acid,

[Monomers]w/v=10%.
Trial

Conditions

Results

Yield

CD-046

%AEMA=90%,

Reduction in intensity of vinyl peaks Yield: 146.5mg

%DAAM=10%

indicates conversion. Exact conversion Precent yield:70.9%
could not be calculated as no NMR
standard was used.

CD-047

%AEMA=75%,
%DAAM=25%

CD-048

%AEMA=50%,
%DAAM=50%

CD-049

%AEMA=25%,
%DAAM=75%

CD-050-1

%AEMA=10%,

AEMA Conversion: 92%
DAAM Conversion: 84%
AEMA Conversion: 89%
DAAM Conversion: 78%
AEMA Conversion: 79%
DAAM Conversion: 74%
AEMA Conversions 71%
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Yield: 162.3mg
Percent yield: 78.1%
Yeild:150.2mg
Percent yield :73.0%
Yield: 107.8mg
Percent Yield:51.7%
Yield: 78.0mg

CD-050-2

%DAAM=90%

DAAM Conversion: 57%

Percent yield:37.0%

%AEMA=0%,

DAAM Conversion: 70%

Yield: 96.9mg

%DAAM=100%

Percent yield:47.1%

Figure 3.19: Statistical copolymers Poly(AEMA-st-DAAM) ranging from 90% AEMA (left) to
100% DAAM (Right).
The percent conversion of monomer to polymer for both AEMA and DAAM was
calculated by proton NMR for all of the statistical copolymer with the exception of CD-046 for
which conversion could not be calculated as the standard TMPS was not added to that reaction.
This calculation used the absolute values of the integrals of the vinyl peaks of AEMA and
DAAM and the TMPS peak as well as the concentrations of each added to the original reaction
mixture. Included in Figure 3.20 is the proton NMR spectrum of CD-048 overlaid with AEMA
and DAAM monomers. The percent conversion of the reactions ranged from AEMA conversion
of 92% and DAAM conversion of 84% in the copolymer that was 90%AEMA and 10%DAAM
to AEMA conversion of 71% and DAAM conversion of 57% in the copolymer that was
10%AEMA and 90%DAAM. In all cases the AEMA conversion as higher than the DAAM
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conversion. With the conversion of both decreasing with increasing DAAM content. The
explanation for this is that DAAM is a less reactive monomer that AEMA. In the DAAM
homopolymer CD-050-2 a conversion of 70% was obtained this can potential be explained by
the fact that the solvent and other reaction conditions used were optimized to maximize AEMA
conversion and are not as suitable for DAAM.

Figure 3.20: 1H NMR spectrum of CD-048 a statistical copolymer of AEMA and DAAM with
50% of each monomer (Blue) overlaid with the 1H NMR spectra of AEMA monomer (Green)
and DAAM monomer (Red).
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4 Conclusion:
AEMA monomer was successfully synthesized and used to prepare the macro-CTA
poly(AEMA) of molecular weight 10kDa. The reaction conditions for the preparation of
poly(AEMA) of molecular weight 10kDa were successfully optimized to achieve excellent
conversion as determined by proton NMR and living polymers were obtained, as shown by chain
extension reactions. Additionally kinetic studies of the polymerization reaction were conducted
using several different conditions including the ideal conditions. From the kinetic study of the
ideal reaction conditions, it was determined that the polymerization reaction reaches 70%
conversion at approximately 1 hour 40 minutes which is the ideal stopping point for the
preparation of the macro-CTA. Thus the macro-CTA was prepared by ending the polymerization
after 1 hour 40 minutes.
The molecular weight of poly(AEMA) produced using the ideal conditions was
investigated by first capping the amine groups with acetic anhydride or methyl acrylate followed
by GPC analysis. The acetic anhydride capping reactions were not successful. However the
methyl acrylate capping reactions were successful with the ideal method being 65/35 v/v%
methanol/TEA as solvent with 16µL of methyl acrylate and 1mL of solvent to every 10mg of
poly(AEMA). The original test reactions had shown that 8µL of methyl acrylate per every 10mg
of polymer was sufficient however in scale up reactions it was found that 16µL of methyl
acrylate were required. As the methyl acrylate used was filtered to remove hydroquinone. The
GPC results suggested that the poly(AEMA) produced had reached its target molecular weight
but ultimately proved inconclusive due to the poor suitability of the available GPC system for
analyzing poly(AEMA)
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The block copolymer poly(AEMA-b-DAAM) was successfully prepared several times,
and while exact conversion values could not be obtained due to the complexity of the NMR
spectra a reduction in intensity of the vinyl peaks (5.5-6.5ppm) indicated that monomer was
converting to polymer. The best yield was obtained in a block copolymer synthesis was in
reaction CD-042 which obtained a percent yield of 39.5%.
The statistical copolymer poly(AEMA-st-DAAM) was prepared five times each time
using a different ratio of AEMA to DAAM. In addition the homopolymer poly(DAAM) was also
produced to allow for comparison to the statistical copolymers. The conversion of the statistical
copolymers was determined by proton NMR. As the amount of DAAM in the copolymer
increased the conversion to polymer of both AEMA and DAAM decreased. The conversion
ranged from AEMA conversion of 92% and DAAM conversion of 84% in the copolymer that
was 90%AEMA and 10%DAAM to AEMA conversion of 71% and DAAM conversion of 57%
in the copolymer that was 10%AEMA and 90%DAAM. With the conversion of AEMA being
higher than the conversion of DAAM in all cases. Similarly the solubility of the copolymer
decreased as the amount of DAAM increased with the copolymer containing 90% DAAM
having very poor solubility in water and the homopolymer poly(DAAM) being water insoluble.
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5 Future Work:
As mentioned briefly in Section 1.6 one of the future goals copolymers of AEMA and
DAAM is the modification of the AEMA sections to B5AMA after the copolymers have been
formed as previous attempts with in the Ahmed research group to directly polymerize B5AMA
and DAAM have failed, likely due to monomer incompatibility. As well while several statistical
and block copolymers of AEMA and DAAM were prepared successfully these reactions were
not optimized, so future work could include optimizing their synthesis. Additionally, the
molecular weight of the copolymers was not able to be determined thus future work could
include this as well as investigations into the distribution of the monomer units within the block
copolymer, as well as investigating properties such as thermo-responsiveness.
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7 Appendix:
7.1: Appendix 1 NMR spectra for the optimization of AEMA
Polymerization:
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7.2 Appendix 2 1H NMR Spectra for the Kinetic Investigations of
AEMA Polymerization:
7.2.1 1H NMR Spectra for Reaction CD-002:

89

90

91

92

7.2.2 1H NMR Spectra for Reaction CD-003:
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7.2.3 1H NMR Spectra for Reaction CD-044:
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7.3 Appendix 3: 1H NMR Spectra for Ideal Polymerization Conditions
and Preparation of the poly(AEMA) macro-CTA:
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7.3.1: 1H NMR Spectra for Ideal Polymerization Conditions:

7.3.2 1H NMR Spectra for the poly(AEMA) macro-CTA:
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7.4 Appendix 4 1H NMR Spectra for the Block Copolymers:
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7.5 Appendix 5 1H NMR Spectra for the Statistical Copolymers:
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