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Abstract
The aim of the project is to develop a range of hydrogels made from biocompatible
monomers which could be used in various biomedical applications. The particular
interest is on star-shaped block copolymers which consist of a hydrophilic core and a
thermoresponsive arm. When heated above its LCST the thermoresponsive block
aggregates and forms a physical cross-linking which is reversible upon cooling. In
particular, the project will be focussing on gels that might be useful in tissue printing.
In these methods, cells are deposited in a gel or gel precursor, the gel cross-linked,
usually by UV, and placed in a growth media. Thermoresponsive gels seem ideally
suited for this, as the lack of permanent cross-links might allow for easier cell growth
and UV light can damage cells. In this work, commercial PEO stars will be used as the
hydrophilic core and various thermoresponsive polymers were grown from it by ATRP.
Chapter 1 provides a general introduction and review of thermoresponsive hydrogels
currently used for biological applications.
Chapter 2 describes the synthesis of a room temperature setting hydrogel. There is an
emphasis for a response at the physiological temperature of 37.5 °C. However, for
certain external applications (wound dressing, 3D printing) it may be advantageous to
have a gel that sets at a much lower temperature. Thermoresponsive polymers poly(Nacryloyl piperidine) (PAP) and poly(diethylene glycol diethyl ether acrylate) (PDEGA)
was grown on PEO stars via ATRP. Polymeric stars with various molecular weights
and number of arms were synthesised. The physical characterisation of the resulting
hydrogels was also described.
Chapter 3 describes the attempts of improving the degradation behaviour of
thermoresponsive gels. Two different star architectures of triblock copolymers were
synthesised with PEO, poly(N-isopropyl acrylamide) (PNIPAM) and poly(methacrylic
acid) (PMAA). The addition of a third polymeric block, which is responsive to Ca2+
ions (PMAA) was hoped to improve the degradation behaviour of regular
thermoresponsive gels, which degrades after a few hours of exposure to excess pure
water.

i

Chapter 4 describes various small projects which were ultimately unfinished, mostly
due to time constraints. These include attempts at RAFT polymerisation, attempts at
UV activated cross-linker for bio-adhesives, synthesis of PNIPAM and PDEGA
random copolymer, and preliminary cytotoxicity work with PEO stars.
Chapter 5 includes the finals results and conclusions along with future directions of the
project.
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Chapter 1: Introduction
1.1

Introduction to Hydrogels

The word “hydrogel” is used to describe a three-dimensional network of cross-linked
polymers. The spaces within the polymer matrices can be filled with water molecules,
and thus allow the material to swell to contain up to 99 % water. The development of
hydrogels as a commercial product was pioneered by Wichterle and Lim in 1960 when
they described the formation of rubber-like, soft gels following the free radical
copolymerisation

of

hydroxyethyl

methacrylate

(HEMA)

and

ethyleneglycol

dimethacrylate.1 The material showed no irritating reaction to living organism and was
later developed into contact lenses, one of the most widely used applications of hydrogels
today. Hydrogels are a highly versatile class of material, and have found applications in
a variety of fields including agriculture,2 textile,3 food,4 electrochemical5 and
engineering.6 Certain types of hydrogels can undergo physical changes in response to an
external stimulus thus they have been called “soft machines”.7 The most extensive use of
hydrogels is in the biomedical field.8-9 There, they are extremely popular as they often
possess physical properties similar to tissues, due to their high water content and soft
consistency.10 In the biomedical field they have been used commercially in wound
dressings,11 adhesives,6 breast implants,12 drug delivery13-14, biosensors,15 tissue
engineering16 and hygiene products.9 The versatility of the material class comes from the
ability to tune the physical and chemical properties of the resulting material depending
on the type of monomers used and amount of cross-linking density.
There are many ways that hydrogels can be classified; based on source (natural or
synthetic),

based

on

polymeric

composition

(homopolymer,

copolymers

or

interpenetrating network), based on physical structure and chemical composition
(amorphous, semi crystalline or crystalline), based on physical appearance depending on
polymerisation technique (matrix, film or microsphere) and most importantly for the
work in this thesis, based on type of cross-linking (chemical or physical).17 Most
synthetic hydrogels are synthesised by a free radical reaction of a hydrophilic monomer
(eg. acrylamide) and a cross-linker (eg. bisacrylamide) as illustrated in Figure 1.1. This
1

forms permanent chemical bonds at the cross-link junction. Alternatively, a chemical
cross-linking hydrogels can be formed when two polymer chains containing the
appropriate functional groups undergo a chemical reaction. Typically only highly
efficient reactions such as Michael additions or Schiff-base reactions are used in the
synthesis of these types of hydrogels.

Figure 1.1 Schematic representation of the synthesis of chemically cross-linked hydrogels.

Physically cross-linked gels are held together by reversible intermolecular forces inbetween the polymer chains. For physical hydrogels to form the cross-link junctions must
be held together by a strong enough molecular force and there must be a large enough
space within the polymer matrices to hold water molecules.18 These intermolecular forces
could be hydrophobic interactions, hydrogen bonding or charge interactions (Figure 1.2).
As these interactions are not as strong as chemical bonds, these gels are often reversible
and the sol-gel transition conditions are usually tuneable by varying monomer
compositions.

2

Figure 1.2 Schematic representation of the intermolecular forces possible in physically cross-linked
hydrogels: A) hydrogen bonding;19 B) hydrophobic aggregation;20 C) ionic interaction.21

1.2 Introduction to Thermoresponsive Polymers
1.2.1

Polymer phase diagram

In any given solvent, the solubility of a polymer in solution depends on various factors
such as molecular weight, concentration in solution, temperature or addition of additives.
The thermodynamic equation for the Gibbs free energy of mixing (∆𝐺𝑚 ) is given by the
equation:
∆𝐺𝑚 = ∆𝐻𝑚 − 𝑇∆𝑆𝑚
where ∆𝐻𝑚 is the entalphy of mixing ∆𝑆𝑚 is the entropy of mixing and T is temperature.
Flory 22 and Huggins 23 independently investigated this equation for a polymer in solution
and this equates to:
∆𝐺𝑚 = 𝑅𝑇[𝑛𝑠 𝑙𝑛𝜙𝑠 + 𝑛𝑝 𝑙𝑛𝜙𝑝 + 𝑛𝑠 𝜙𝑝 𝜒𝑠𝑝 ]

3

where R is the gas constant, 𝑛 is the number of moles of the solvent and polymer, 𝜙 is
the volume fraction of the solvent and polymer and 𝜒 is the Flory-Huggins parameter
which takes into account the enthalpy of polymer-solvent interaction.
Figure 1.3 is a schematic representation of a typical dependence of ∆𝐺𝑚 on 𝜙𝑝 at a
temperature T’ with the corresponding phase diagram.24 At this temperature, the system
is stable only at certain ranges of 𝜙𝑝 .On the phase diagram the outer bold curve represent
the binodal locus and is defined by the points of the common tangent to ∆𝐺𝑚 (𝜙𝑎 and
𝜙𝑏 ).at these composition, the chemical potentials are equals and the two phases can
coexist. The inner line on the phase diagram represent the spinodal curve, which is
defined by the points of inflection on the upper curve of ∆𝐺𝑚 (𝜙𝑐 and 𝜙𝑑 ).For all
compositions between 𝜙𝑐 and 𝜙𝑑 the system is unstable and phase separation will occur.
Between 𝜙𝑎 and 𝜙𝑐 and 𝜙𝑑 and 𝜙𝑏 is the metastable region where small fluctuations are
damped out and phase separation proceeds by a nucleation and growth process. The point
where the binodal and the spinodal meet is the critical point.
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Figure 1.3 Schematic representation of a typical dependence of ΔG on 𝝓𝒑 at temperature T’ and the
corresponding phase diagram (T vs 𝝓𝒑 ). Adapted from reference.24

1.2.2

Types of Thermoresponsive Transitions

At a given 𝜙𝑝 an increase in temperature typically result in an increase in the coil size or
hydrodynamic radius of a polymer due to an increase in Brownian motion. In some cases,
however, the polymers undergo coil-globule transformations, become insoluble and
precipitate out of solution. The temperature at which this happens is called temperature
of demixing (Tdem) or cloud-point temperature (Tcp) depending on the experimental
method used to measure it. It is important to note that all polymers are sensitive to
5

temperature changes to some respect. Thus, Allan Hoffman defined smart or stimuli
responsive polymers as polymers which undergo a large physical change in response to
a small physical or chemical stimuli.25 The coil-globule transformations fall under this
category.
Figure 1.4 showed two possible phase diagram of polymers showing an upper critical
solution temperature (UCST, Figure 1.4a) type transition and a lower critical solution
temperature (LCST, Figure 1.4b) type transition.26 The intersection between the
polymer’s spinodal curve and the glass transition curve is the Berghmans point (TBP). For
polymers showing UCST type transition, at temperatures below TBP the polymer is frozen
in and phase morphology is preserved. Between TBP and Tdem the syetem exist as two
separate liquid phase. Polystyrene in cyclohexane is a known example of UCST
behaviour.27 The UCST varies depending on molecular weight. This behaviour is also
found with star polystyrenes with varying number of arms.28-29

Figure 1.4 Possible phase diagram depicting (a) UCST or (b) LCST phase separation behaviour.
Adapted from reference.26

While it is normal that polymers become more soluble at higher temperatures, there are
cases where this is the opposite. Figure 1.4b shows the phase diagram of a polymer with
lower critical solution temperature (LCST) behaviour, where the polymer precipitates
out of solution at higher temperature. LCST behaviour was first described by Heskin and
Guillet in their study of poly(N-isopropylacrylamide) (PNIPAM) in aqueous solutions.30
Since then, many more polymers and co-polymers with similar behaviour have been
6

discovered with LCST ranging from 4-100 °C in aqueous solutions.8, 26 These, usually
non-ionic, polymers generally consist of polar groups amongst a mostly hydrophobic
molecule (Figure 1.5 for PNIPAM). This forces specific orientations for the formation of
hydrogen bonds between solute and solvent which leads to negative entropy of mixing.31
There are three types of classifications of LCST behaviour:
•

Type I: where LCST shifts with increasing molecular weight towards lower
polymer concentration. Eg. poly(N-vinylcaprolactam).32

•

Type II: where molecular weight has negligible effect on LCST. Eg. PNIPAM.3334

•

Type III: where two critical points at low and high concentrations are observed
in the phase diagram. Eg. poly(methyl vinyl ether).35-36

Figure 1.5 Chemical structure of PNIPAM showing the polar and apolar groups.

PEO-PPO-PEO triblock polymers, also known as (polyoxamer or Pluronic®), are the
most used system in thermoresponsive gels for drug delivery. The mechanism of gelation
has been extensively studied but is highly debated. It was suggested that they gel by a
mechanism called micellar association. Above the critical micelle concentration (cmc),
the amphiphilic polymers congregate to form micellar structures. As temperature reaches
critical gelation temperature (CGT), the micelles are fixed in place due to hydrophobic
aggregation and formation of a physical cross-link (Figure 1.6).
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Figure 1.6 a) chemical structure of Pluronic® F127. b) schematic illustration of gelation via micellar
association. Reproduced from reference.37

1.3 Thermoresponsive Hydrogels in Biomedical Applications
As previously discussed in Section 1.1 the applications of hydrogels are vast and spread
across different fields. Figure 1.7 shows the Scifinder search results of publications
containing the keyword “hydrogels”, not including reviews and patents. It is apparent
that the topic has gained significant interest in the past 20 years and even more so in the
last decade with almost 70,000 publications published since 2010, with over 1000 articles
on just thermoresponsive hydrogels alone. Thus, this topic is almost impossible to
comprehensively discuss in the span of a thesis. In this section are some selected
publications regarding the use of stimuli responsive hydrogels in various biomedical
applications, specifically with polymers that are similar with the ones in this thesis.
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Figure 1.7 Scifinder search result of publications containing the keyword “hydrogels” excluding
review articles and patents.

1.3.1

Drug delivery

One of the most studied applications of thermoresponsive hydrogels is for their potential
applications in drug delivery. The highly porous structure of hydrogels can be tuned by
varying cross-link density and allowing for easy loading of drugs. The different
monomers used in synthesis allows for good biocompatibility and low cytoxicity.13 The
main advantage of hydrogels in a drug delivery system is the site-specific and sustained
release properties. However, the lack of mechanical strength of hydrogels can lead to
high burst release due to physical deformation or degradations of the gels.38
A controlled released of the anti-inflammatory drug, Indomethacin, was able to be
achieved

using

thermoresponsive

poly(NIPAAm-co-dimethylacrylamide-co-butyl

methacrylate) hydrogels by Yoshida et al..39 When the temperature was increased to 38
°C (simulating an inflamed human body), the drug was released in a slow and sustained
matter. Furthermore, when the temperature was pulsated between 36-38 °C, the drug
release was able to be switched on and off over a period of 8 hours.
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Figure 1.8 Indomethacin release from poly(NIPAAm-co-dimethylacrylamide-co-butyl
methacrylate) gels in response to stepwise temperature changes between 36 and 38°C in PBS (pH
7.4). Reproduced from reference.39

Composite hydrogels have also shown promise to be used as a drug release device.
Fundueanu et al. incorporated a chitosan (CS) microsphere inside a poly(N-isoropyl
acrylamide-co-hydroxyethyl acrylamide) (P(NIPAM-co-HEAM)) hydrogel (Figure
1.9).40 In this work, CS microsphere was shown to be able to efficiently load the anionic
drug salicylic acid, which are held inside the microsphere via anionic interaction (CS
microsphere pKa = ~6.5)41. However, due to the presence of competitive ions in the
physiological fluid, the drug was rapidly released. By encapsulating the CS microsphere
with the P(NIPAM-co-HEAM) hydrogel, this release was able to be controlled by
varying both pH and temperature.
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Figure 1.9 Schematic representation of the synthesis steps of smart composite hydrogels by
Fundueanu et al.. Reproduced from reference.40

The main attraction of thermoresponsive gels is the ability to be injected as a liquid at
room temperature and then solidify and form a gel at physiological temperatures (Figure
1.10). Bae et al. designed a polyethylene oxide and poly(L-lactic acid) triblock
copolymers (PEO-PLLA-PEO). The gelation mechanism of this polymer is exactly the
same as Pluronic® as discussed in Section 1.2 When injected subcutaneously into mice,
the gel was able to slowly release the content (70% in 12 days) with no apparent adverse
reaction to the mice.42

Figure 1.10 Schematic representation of injectable thermoresponsive hydrogels. Reproduced from
reference.42
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Scherlund et al. were able to synthesise thermoresponsive gels which were able to
efficiently deliver periodontal anaesthesia.43 The ethylhydroxycellulose based hydrogels
were able to form a thermal gel in the presence of ionic surfactants. In vitro studies
revealed that the gels were able to deliver small amounts of active ingredients into the
target area without affecting gelation behaviour. Similarly, thermosensitive chitosan
based hydrogels have been used for in vivo delivery of paclitaxel, a hydrophobic
anticancer drug, over a 1 month period. In mice this method was proved to be just as
efficacious as the commercial Taxol® and was less toxic.44
More recently, Li et al. reported the potential use of the thermoresponsive hydrogel
(alginate-g-PNIPAM) in cancer treatment.45 PNIPAM, synthesised by ATRP, was
grafted onto alginate backbone via EDC coupling. Three copolymers with differing
alginate/PNIPAM ratio was synthesised. These are denoted as Alg-PNx-y%, where x is
the degree of polymerisation (DP) of PNIPAM, and y is the weight percentage of
PNIPAM in the copolymer. Only two of the copolymers reported Alg-PN48-72% and
Alg-PN46-81% formed hydrogels at 37 ℃, while Alg-PN31-77% did not due to the low
DP of PNIPAM. In vitro study proved that a slow sustained release of the chemotherapy
drug doxorubicin (DOX), was achieved after it was encapsulated in the hydrogels (Figure
1.11). Cellular uptake of the DOX released from the hydrogel has also been increased.
In addition, the pure alginate-g-PNIPAAm copolymers were noncytotoxic to the cells.

Figure 1.11 Cumulative release of doxorubicin from alginate-g-PNIPAM hydrogels at 37 °C.
Reproduced from reference.45
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While less common, polymers possessing UCST type behaviour have also been utilised
in hydrogels for delivery of biomaterials. The drawback of UCST type transition is
complete dissolution of material upon reaching the UCST. Hudson et al. synthesised a
gelatin (G) and silk fibrin (SF) hydrogel to mitigate this problem.46 The amorphous SF
crystallised upon mixing with gelatin which serves to stabilise the hydrogel at elevated
temperatures (Figure 1.12). On a similar note, Kao et al. reported the synthesis of
hydrogels based on gelatin blended with LCST polymers PEO-poly(D,L Lactic acid)
(PDLLA).47 The opposite thermal characterisation of these polymers and gelatin
provided for unique characteristics. The release kinetics of the antibacterial drug
gentamicin sulfate was then studied. Approximately 50 % of the drugs were released
after 5 days and up to 95 % after 40 days.

Figure 1.12 Schematic diagram illustrating the competitive swelling and protein release mechanisms
encountered by pure gelatin (G) and gelatin/silk fibroin mixtures hydrogels (G/SF) at both ambient
and body temperatures. Reproduced from reference.46
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1.3.2 Tissue Engineering
The field of tissue engineering is based on the idea of artificially repairing damaged or
dead tissue.. The process involves initial in vitro growth of cells which are then put in
the body to develop further. Hydrogels are attractive as potential initial scaffolds for such
applications as they are porous, biocompatible, nontoxic, allow diffusion of nutrients and
can later be degraded by the body.48 It was hypothesised that cells can attach, migrate
and proliferate in the hydrogels as their soft consistency and high water content is close
to that of the extracellular matrix (ECM). However, they usually have low mechanical
strength and often require other components to improve their properties.
Ratner et al. synthesised a PNIPAM based hydrogel along with a biodegradable comonomer 2-methylene-1,3-dioxepane (MDO) and a biodegradable PCL-PEO-PCL cross
linker (Figure 1.13).49 Efficient cell loadings were allowed to be performed at 25 °C.
Incubation at 37 °C fixed the cell in place but the gel was porous enough to allow for
efficient growth of NIH3T3 cells.

Figure 1.13 Schematic representation of the synthesis of full degradebale PNIPAM based hydrogels
for cell culture. Reproduced from reference.49
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Hyaluronic acids are popular additives to enhance the strength of hydrogels for tissue
engineering purposes. They are particularly attractive as they are naturally occurring and
a main component of ECM which improves cell proliferation. Marra et al. grafted
PNIPAM to a hyaluronic acid backbone.50 The resulting gel was able to encapsulate
human adipose stem cell (ASC) which survive up to 28 days of culture. Preliminary in
vivo study in mice shows the maintenance of the original shape 5 days after implantation
(Figure 1.14). Jung et al. designed composite hydrogels that consisted of Pluronic® and
cross-linked hyaluronic acids which showed gelation at body temperatures.51 The cell
viability of human ASCs in the hydrogels was about 50% after in vitro culture for 3 days.
The ASCs/hydrogel mixtures were injected into mice subcutaneously and, DAPI staining
of the retrieved constructs showed that ASCs were dispersed through the hydrogel
matrix.

Figure 1.14 subcutaneous injection of 5 wt% hyaluronic acid - PNIPAM copolymer hydrogels
implants in athymic nude mice after 2 h. Yellow arrows denote hydrogel bumps after injection.
Reproduced from reference.50

Fujimoto

et

al.

injected

PNIPAM-co-PAA-co-

hydroxyethyl

methacrylate-

poly(trimethylene carbonate) (HEMAPTMC) into the ventricular cavity of mice.52 The
gel showed no toxic degradation products over a 5 month study. Improved tissue growth
and capillary density was observed in the ventricle injected with gel as relative to the PBS
control.

1.3.3

Intelligent Surfaces

As previously discussed in Section 1.2, due to negative entropy of mixing (∆𝑆𝑚 ) an
increase in temperature of a LCST based polymer leads to precipitation of the polymer.
This implies a change in hydrophilicity and thus a surface, grafted with a LCST polymer
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such as PNIPAM can show dramatic changes in wettability with increase in temperature
(Figure 1.15).

Figure 1.15 Change in water contact angle of PNIPAM grafted surface at 10 °C and 37 °C.
Reproduced from reference.53

This property was been exploited by Kanazawa et al. in the separation of various nonpolar bioactive compounds using high performance liquid chromatography (HPLC).54-55
Using a column packed with NIPAM modified silica and water as an eluent, the
chromatogram of a mixture of benzene (1), cortisone (2) prednisolone (3) hydrocortisone
acetate (4) and testosterone (5) are shown on Figure 1.16. The chromatograms show that
at 5 °C (when PNIPAM is in the hydrophilic state) there were poor separations between
compounds 1, 2, and 3 but good separation between compounds 3-4 and 4-5. By
increasing the temperature to 30 °C (PNIPAM in the hydrophobic state), a very good
separation was able to be achieved for all five compounds but at substantially longer run
lengths. By switching the temperature midway through the run, between compounds 3-4
good separations for all five compounds were achieved at half the run lengths. This
technology has been shown to allow good separations of other bioactive compounds such
as peptide or proteins56 and nucleic acids.57
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Figure 1.16 Chromatograms of a mixture of four steroids and benzene with step gradient by
changing column temperature. Peaks: 1, benzene; 2, cortisone; 3, prednisolone; 4, hydrocortisone
acetate; and 5, testosterone. Column, NIPAAm–BMA copolymer-modified silica; eluent, water; flow
rate, 1.0 ml/min; detection UV 254 nm. Reproduced from reference.55

Exploiting similar properties of PNIPAM, Kushida et al. grafted PNIPAM on the surface
of a polystyrene plate for cell culture.58 During incubation at a temperature of 37 °C, cells
were grown and were attached to the hydrophobic PNIPAM. Ordinarily, after the cells
finished incubation, proteolytic enzymes are needed to detach the cells from the surface
of the incubation plate. However, at room temperature, the surface becomes hydrophilic
and the cells detached from plate allowing for easy harvesting without the use of
proteolytic enzymes. This also allowed the cells to be harvested as a sheet. Without the
use of proteolytic enzymes, the crucial cell-to-cell and cell-to-ECM interactions could be
preserved. The ECM preserved this way is important to allow cells to be deposited onto
other surfaces or even directly to tissues. This effect can be further enhanced as
demonstrated by Yamato et al..59 The synthetic adhesive peptide Arg-Gly-Asp-Ser
(RGDS) can be dispersed into a PNIPAM matrix to assist with cell adhesion and allows
for very easy non-invasive removal at room temperature (Figure 1.17).
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Figure 1.17 Immobilization of Arg-Gly-Asp-Ser (RGDS) peptides to temperature-responsive
surfaces. Cells can be cultured in serum-free conditions by immobilizing the synthetic cell-adhesive
RGDS peptide to temperature-responsive culture dishes. By decreasing the culture temperature, the
cells can still be noninvasively harvested, while the RGDS peptides remain attached to the
temperature-responsive polymer surface. Reproduced from reference. 53

1.4 Introduction to Atom Transfer Radical Polymerisation (ATRP)
Free radical polymerisation is one the most widely used polymerisation technique.60 It
can be used on a wide variety of monomers, however, due to the lack of control over
molecular weight and architecture their applications are usually limited to production of
commodity plastics, rubbers and fibres.61 In the 1990’s and early 2000, methods were
developed to “control” radical polymerisation processes to allow synthesis of polymers
with well-defined molecular weights and architectures. Early on, these techniques were
called “living radical polymerisation” or “controlled radical polymerisation” but IUPAC
has discouraged the use of these terms and suggested the use of the term “reversibledeactivation radical polymerisation” (RDRP). RDRP’s in general, utilises an equilibrium
between a dormant polymer which can be reversibly activated into an active radical
polymer. Matyjasewski62-63 discussed that there are three requirements to obtain control
over molecular weights:
1. Fast initiation relative to chain growth (rate of initiation >> rate of
polymerisation)
2. Low concentration of radicals relative to chain concentration.
3. Equilibrium between dormant and active species must be very fast but also shifted
to the dormant state.
Thus the equilibrium greatly favours the dormant species and only a few active radicals
are present at any given point. Once the polymer propagates and a few monomer units
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are added, it prefers to turn into the dormant species. Radical-radical termination is
severely limited in this process due to the low relative concentration of active radicals.64
This process is not truly living as described by Szwarc65 as early termination does still
happen, albeit at a slow rate.66
The most widely used RDRP techniques today are nitroxide mediated radical
polymerisation (NMP), atom transfer radical polymerisation (ATRP) and reversible
addition-fragmentation chain transfer (RAFT) polymerisation. The equilibria involved in
these techniques are illustrated in Figure 1.18. ATRP is arguably the most widely used
of the three RDRP techniques due to its robustness and the flexibility of the polymeric
end groups. The polymers in this thesis were mainly synthesised by ATRP and thus only
ATRP will be discussed in detail here.

Figure 1.18 Fundamental mechanisms of the most widely used RDRP techniques.

Atom transfer radical polymerisation (ATRP) was first discovered independently by
Sawamoto67 and Matyjaszewski63 in 1995. The ATRP mechanism is depicted in Figure
1.19. In copper-mediated ATRP, the alkyl halide (Pn-X) is the dormant species, which is
reduced by the catalyst complex (CuI/L) to form the active polymer (P•n) and the catalyst
complex in the higher oxidation state (X-CuII/L). Many other transition metals have been
used, including Ti,68 Ru,67 Fe,69 Rh,70 Mo,71 and Os,72 but Cu was found to be the most
efficient.73 The rate constant for the forward reaction (kact) is significantly smaller than
for the reverse reaction (kdeact). In the active state, the polymer chain reacts with the
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monomer with a rate constant of kp (the propagation rate constant) but as alluded to
earlier, it will eventually be terminated with a rate kt (the termination rate constant).

Figure 1.19. ATRP equilibrium adapted from reference.74

The rates of ATRP are largely governed by the catalytic activity (KATRP) which is the ratio
between kact and kdeact. The rates of ATRP usually increase with KATRP but under some
conditions it can decrease due to increased termination caused by increasing radical
concentrations. To obtain polymers with low dispersity (Ð), the ratio between kp and kdeact
must be small, resulting in slow rates of polymerisation.75 It is this fine balancing between
the equilibrium constants that makes ATRP of some monomers more difficult than
others. Fortunately, the effect of solvent,76 ligands77 and structure of initiator/monomer78
on KATRP is well understood and thus optimal ATRP conditions for most monomers
should eventually be found.
1.4.1 Cu0 Mediated RDRP
Other than the addition of CuI in the reaction mixture at the beginning of the
polymerisation, there are other ways to conduct an ATRP reaction. CuII species could be
added in the polymerisation mixture and reduced to CuI in situ to initiate the
polymerisation. The advantage of these methods is that they often require significantly
less catalyst compared with conventional ATRP. Depending on the “reducing agent” the
polymerisation method becomes a new subclass of ATRP. Examples include:
•

Activator ReGenerated by Electron Transfer (ARGET) ATRP - CuII reduced to
CuI by a chemical reducing agent. eg. Ascorbic acid, SnII.79-80

•

Initiators for Continuous Activator Regeneration (ICAR) ATRP- CuII reduced
to CuI using a free radical initiator.81 Small fractions of the chain will originate
from the radical initiator as opposed to the alkyl halide.

•

eATRP - CuII reduced to CuI using electrochemical potential.82 Using this
method it is possible to turn polymerisation on-off.
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•

π-ATRP - CuII reduced to CuI by UV light.83

•

Single

electron-transfer

living

radical

polymerisation

(SET-LRP)

or

supplemental activation reducing agent (SARA) ATRP – Cu0 either initiates the
polymerisation or compropornate with CuII to generate a CuI species.
In this thesis Cu0 is sometimes used in the polymerisation reaction. While the term SETLRP and SARA ATRP can both be seen in the literature describing polymerisation
processes using Cu0 and CuII, the mechanism of action of the two methods are completely
different.
The SET-LRP mechanism was first proposed by Sahoo et al. in 2006.84 In this
mechanism, the alkyl halides were activated by the Cu0 via an outer sphere electron
transfer (OSET) process. The CuI generated in this process does not activate the
polymerisation process but instead undergoes disproportionation into Cu0 and CuII which
act as a deactivator. This was brought into question by Matyjaszewski et al. in 2007which
proposed the SARA mechanism.85 They propose that the Cu0 acts as a supplemental
activator and reducing agent. Cu0 undergoes comproportionation with CuII via inner
sphere electron transfer to form CuI which acts as the primary activator to the alkyl halide.
Figure 1.20 highlights the difference between the two mechanism.86
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Figure 1.20 The mechanism of SET-LRP (top) and SARA ATRP. Bold arrows indicate major
reactions contributing to the polymerization process, solid arrows represent supplemental reactions
and dashed arrows reactions that can essentially be neglected. Reproduced from reference.86

Matyjaszewski et al. showed that in solvents such as DMSO, DMF and MeCN, the
activation of alkyl halide by Cu0 is significantly slower than activation by CuI/Me6TREN.
Furthermore, the rate of disproportionation is slow in DMSO and comproportionation
dominates.

Even

in

highly

polar

solvents,

where

disproportionation

is

thermodynamically favoured over comproportionation, the CuI complexes interaction
with the alkyl halide are highly favoured over disproportionation.87 This pushes the CuI
concentration to very low levels and thus disproportionation is unfavoured. This confirms
the SARA mechanism and the role of Cu0 in the system is to provide a continuous supply
of CuI which are lost due to the inevitable termination process.

1.5 Introduction to Poly(ethylene oxide) (PEO)
Poly(ethylene oxide) (PEO), also known as poly(ethylene glycol) (PEG) for low
molecular weights, is a water soluble polyether which has found extensive uses in
biological research.88 Various forms of PEGs have been approved by the U.S. Food and
Drugs Administration (FDA) as excipients or as carriers in different pharmaceutical
formulations, foods and cosmetics. They exhibit low immunogenicity, antigenicity and
toxicity, though a small percentage of people can have adverse reactions when exposed.89
It is considered the gold standard for inert, stealth polymers for drug carriers. Several
22

PEO encapsulated drugs have been on the market since 1990.90 Modifications of proteins
or drugs by the addition of PEO (also known as PEGlyation) are common as PEO
increases the water solubility of drugs and increases their half-lives in the blood stream.91
Polyethyleneglycol 3350 is widely used as a laxative for humans marketed as MiraLAX.
In vivo studies in mice suggest that the compound is biologically inert and is cleared via
the urine within 24 hours.92 Long term studies in dogs also suggest that it is safe to be
injected into humans intravenously.92
1.5.1

Synthesis of Star shaped PEO

One of the earliest known syntheses of PEO was reported in 1863 when Wurtz
polymerised ethylene oxide monomer with an alkali metal or zinc chlorde.93 By 1930,
PEO was synthesised on a commercial scale by the reaction of ethylene oxide with
ethylene glycol under basic conditions. The ring opening anionic polymerisation of
ethylene oxide was the basis of Nobel laurate Paul Flory’s work on the “living” chain
growth polymerisation.94 To this day, this remains the most common method used to
synthesise PEO (Figure 1.21).95

Figure 1.21 General synthesis of poly(ethylene oxide) (PEO).

Modern polymerisation techniques allow for synthesis of polymers with varying welldefined architectures and allow for exploration of structure versus property behaviour.
Figure 1.22 illustrates the common polymeric architectures found for PEO. Branched
polymers are defined as having a secondary polymer chain attached to a primary
backbone.96 These secondary chains can consist of differing polymers from other
branches or from the backbone. A star shaped polymer is when a single branching point
gives rise to multiple arms. When the arms of the star polymers consist of different
polymers, they are termed miktoarm star polymers, and are denoted by AxBy, where A
and B are the different types of polymers and x and y are the number of arms. Regular
star polymers are denoted as (AB)x when the arm consists of random co-polymers or (Ab-B)x when block copolymers make up the arms.
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The main feature of star shaped polymers is their compact shape (lower hydrodynamic
radius) and lower viscosity as compared to their linear counterparts. This allows for the
introduction of a higher concentration of functionality without compromising processing
or delivery. They have also been shown to have higher critical micelle concentrations
(cmc) than their linear counterparts which leads to lower aggregation numbers.97 Their
rheological properties are also unique, as extra entanglements lead to an exponential
increase in viscosity versus molecular weight.98 This increase was noted to depend only
on the molecular weight per arm and was independent of the number of arms.

Figure 1.22 Schematic representation of common polymer architectures of PEO.

Figure 1.23 illustrates the general approach for the synthesis of star polymers. The core
first approach (Figure 1.23a) involves the use of a multifunctional initiator from which
the polymers are grown from. In recent years, only very few PEO star polymers have
been synthesised this way due to the harsh conditions required for ring opening anionic
polymersiation.95 This method, however, remained the preferred synthetic route for
commercial scale production of PEO due to its simplicity. More commonly done in
polymer research, is the arm first approach illustrated in Figure 1.23b. This involves the
synthesis of a predetermined PEO with an appropriate functionalised end group which is
then attached to a multi-functionalised core molecule. Simple, efficient reactions such as
azide-alkyne or thiol-yne “click” reactions, esterifications, amidations and Diels-Alder
reactions are popular as they require mild conditions and can be tolerated by a large
number of functional groups. The number of arms in each star can be controlled by the
number of functional groups present in the core molecule. Alternatively, a vinyl
functionalised PEO can be cross-linked using a RDRP technique such as RAFT99 or
ATRP100 to form a star. However, it is very difficult to predetermine the number of arms
of stars synthesised this way.
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Figure 1.23 General scheme for synthesis of star polymers.

In this thesis, 4-armed and 8-armed star PEO of various molecular weights will be
worked with mainly. These are described here as PEOX-Y-Z, where X is the number of
arms, Y is the initial molecular weight of the starting PEO used and Z is either the end
functional group or the polymer grafted onto the PEO core. The PEOs were purchased
commercially from JenKem® Technology USA. These are made by ethoxylation of
pentaerythritol for the 4 armed stars and tripentaerythritol for the 8 armed stars (Figure
1.24).

Figure 1.24 Initiators for 4 armed PEO (pentaerythritol) and 8 armed PEO (tripentaerythritol).
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1.6 Introduction to Gel Permeation Chromatography (GPC)
Molecular weight (MW) is perhaps the most important property of a polymer. High
molecular weights are what give polymers their unique properties and strength. The same
polymer can have starkly contrasting physical strength depending on MW, for example,
extremely high molecular weight polyethylene is incredibly tough and used in bulletproof
vests, while low molecular weight polyethylene is flexible and soft and is used in plastic
bags. Molecular weight determination is therefore crucial in polymer synthesis. Unlike
small molecules, however, it is virtually impossible for all the polymer chains to be of
the exact same molecular weight. Polymer molecular weights are usually represented as
statistical averages and the two most useful ones are Mn (number average molecular
weight) and Mw (weight average molecular weights). The ratio Mw/Mn is known as the
dispersity (Ð) and is a measure of uniformity between the polymer chains. As dispersity
approaches 1 it suggests that all of the polymer chains are of very similar length; this is
termed a monodispersed.polymer.
GPC, also known as size exclusion chromatography (SEC), is the most widely used
technique to routinely determine molecular weight. The basic inner workings of a GPC
is illustrated on Figure 1.25. The polymers are passed through a column filled with crosslinked porous polymer beads which separates them based on size. The low molecular
weight polymers will interact more with the beads, travelling through the pores whereas
the high molecular weight polymers will travel around the beads and hence will be eluted
earlier. The separated polymers are then detected by a detector utilizing refractive index
(RI), UV, light scattering (LS) or viscosity amongst others. A series of polymer standards
of known molecular weights are used to form a calibration curve. The GPC software then
compares the unknown results with the calibration curve and based on retention time,
peak height and peak shape calculates Mn and Mw as well as other molecular weight
averages such as the peak molecular weight (Mp) and z-average molecular weight (Mz).

26

Figure 1.25 Schematic representation of the inner workings of a GPC.

However, GPC does have its limitations. As mentioned earlier the column separations
are actually based on size or hydrodynamic volume of the polymer chains as opposed to
molecular weights. The hydrodynamic volume is a property that is specific to the polymer
and is sensitive to solvent and temperature. Thus, two different polymers chains with the
same molecular weight might “swell” differently in a particular solvent and have
different hydrodynamic radii. This is a problem as the polymers used in the calibration
curves are often different than the one being analysed. Due to this, the same polymer
analysed with the same standards in different solvents could result in different molecular
weights being calculated. Hence the molecular weights obtained from GPC are usually
estimates rather than an absolute molecular weight. To obtain absolute molecular weights
of a polymer, different techniques can be employed for the different averages. For
example, osmotic pressure and vapour pressure measurements for Mn (MnOSM), and
ultracentrifuge methods and light scattering for Mw (MwLS).
It is important to note that in this thesis, that star polymers are being worked with while
the GPC standards are usually linear polymers. Due to Brownian motion, the shapes of
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molecules are constantly changing and thus the average size for a linear polymer is
expressed as the mean square average distance from the chain ends 𝑟̅ 2. For branched or
star polymers, the size is the average radius of gyration from the centre of gravity 𝑠̅2
(Figure 1.26). Hence the size of the same molecular weight linear polymer will be
different than the star counterpart and the GPC result will suggest that they are different.

Figure 1.26 Schematic representation of a molecular coil, r = end to end distance, s = radius of
gyration reproduced from reference.101

Okada et al. reported that GPC measurements of polystyrene stars (MnGPC and MwGPC)
were smaller than MnOSM and MwLS.29 The differences in size were independent of
molecular weights compared to linear polymers but dependent on the number of arms.
They also noted that the hydrodynamic radius measurements of polymer brushes and
stars were almost identical, differing only by <1 %. Tsiang et al. measured the molecular
weight of various polystyrene-b-polybutadiene stars ranging from 3 to 6 arms and also
found that they were all smaller than the “linear polystyrene equivalent” counterpart.102
They attributed this difference to using inappropriate standards for the calibration curve
as neither star polystyrene nor polybutadiene standards were available. Furthermore, they
found that the discrepancy can be corrected by multiplying by a correction factor Fx,
where F is the specific ratio between polystyrene and polybutadiene (0.560 in this case)
and x is the weight fraction of the polybutadiene. Using this correction factor they were
able to extrapolate the value to within 3 % accuracy for the three-armed polymers but
unfortunately, this error increases with the number of arms.
It is widely accepted that the most accurate method to measure the molecular weights for
star polymers is GPC equipped with a multi angle light scattering (MALS) detector. It
was reported that MnGPC-MALS and MwGPC-MALS were nearly identical with MnOSM and
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MwLS with an experimental error of <5 %.103 Unfortunately, such an instrument is not
available to us (in NZ) and so all measurements were done using standard detectors. The
error in measuring Mn this way is not huge (< 20%), and will allow for determination of
relative changes in MW as the stars grow.

1.7 Aim of Project
The aim, of the project is to develop a range of hydrogels made from biocompatible
monomers which could be used in various biomedical applications. The particular
interest is on star shaped block copolymers which consist of a hydrophilic core and a
thermoresponsive arm as shown in Figure 1.27. When heated above its LCST the
thermoresponsive block aggregates and forms a physical cross-linking which is
reversible upon cooling. There is only two other reports of a star-shaped,
thermoresponsive, physically cross-linked hydrogel in the literature and so there is much
to discover.104-105 Almost all other such gels involve simple block or grafted architectures.
Along the way, some important questions could potentially be answered includes:
•

Are star polymers more efficient at lower concentrations in forming gels?

•

Are the gels more rigid due to having more potential cross-linking density?

•

What is the effect of varying the number and lengths of arms?

In particular, the project will be focussing on gels that might be useful in tissue printing.
In these methods, cells are deposited in a gel or gel precursor, the gel cross-linked, usually
by UV, and placed in a growth media. Thermoresponsive gels seem ideally suited for
this, as the lack of permanent cross-links might allow for easier cell growth and UV light
can damage cells. A solution mixture of cells and polymer can be kept at a low
temperature, and extruded onto a warmed plate where it would set. However, such gels
have not been utilised in this way before, probably because as identified in this work they
quickly re-dissolve when placed in growth media. So a way of stabilising the gel against
re-dissolution will need to be found.
The intention is to start with a PEO-star as a core as it is commercially available in various
molecular weight and number of arms. The –OH groups at the ends of PEO chains can
be easily modified into various functional groups which would allow controlled chain
extension via RAFT, ATRP or NMP. This work will focus on ATRP as it is a more robust
and flexible polymerisation method. Various polymers will be utilised as the
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thermoresponsive block, which can tune the sol-gel transition temperature depending on
the intended purpose.

Figure 1.27 Schematic representation of thermoresponsive polymers in the thesis with its gelation
method.

Tsao et al. conducted simulation studies of the morphologies of various star copolymers
in a given solvent.106 In their studies, each arm of the star polymer comprises of a
solvophillic “A block” polymer and a solvophobic “B type polymer”; similar to our
design. The lengths of the A block were kept the same at 10 repeat units (LA=10) and the
effect of varying the length of the B block on the morphology of the polymer in a given
solvent was investigated. When the B-block length is 3three (LB = 3) the stars were freely
dispersed in the solvent (Figure 1.28a). As the length of the B block increased, the
polymers started to aggregate and to form a B-domain as this avoids contact with the
solvent (Figure 1.28b, Figure 1.28c). The size of the B domain increases with increasing
LB and when LB = 15, the B block started to form a segmented worm micelle structure,
where the B block from the same polymer core aggregated together which then
aggregated with other B blocks from other polymer cores (Figure 1.28d). When LB = 30,
the polymer forms a Janus-like conformation, where there is a clear separation between
the A and the B domains (Figure 1.28e). Thus, for our design, the size of the B block will
need to be within a “Goldilocks” zone where it is neither too long nor too short.
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Figure 1.28 Morphologies of multiple (AB)n type star-block copolymers in a selective solvent
with LA = 10 and (a) LB = 3 (free dispersed stars), (b) LB = 5 (connected-star aggregates), (c) LB = 10
(multicore micelles) (d) LB = 15 (segmented worm micelles), and (e) LB = 30 (core-lump micelles).
Reproduced from reference.106

Cheng et al. reported star block copolymers with PEO and PNIPAM similar to our
design.104 The PNIPAM were grafted from PEO stars using Ce4+/OH initiated free radical
polymerisation. This method had no control over the structure or molecular weight of the
synthesised polymer. In contrast, polymers in this thesis were made using a controlled
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polymerisation technique and thus their structures should be very well-defined.
Furthermore, the presence of the terminal halogen after an ATRP procedure provides
other advantages. It allows for chain extension, and modification of the end group. Both
of these are utilised in the thesis.
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Chapter 2: Room Temperature
Thermoreversible Hydrogels
2.1 Introduction
The subject of thermoresponsive hydrogels covers a vast range of biological
applications as briefly discussed in Chapter 1.3. For all of these applications, there is an
emphasis for a response at the physiological temperature of 37.5 °C.1-6 One initial aim
of the project was to develop thermoresponsive hydrogels for wound dressings. For this
external application, we require a hydrogel that sets at a lower temperature than 37.5
°C. This area has not been explored to any great extent in the literature. The challenge
is to find a biocompatible or bio-inert polymer which showed LCTS behaviour in water
at the desired temperature. Furthermore, the monomers ideally should be compatible
with ATRP for ease of star initiation.
Ayesev et al. reviewed a large number of non-ionic thermoresponsive polymers in
water.7 Ionic polymers are not ideal in hydrogels as they promote swelling in excess
water which is detrimental to its mechanical strength.8 After looking at this review, we
decided that our lead candidate for this goal was poly(N-acryloylpiperidine) (PAP),
which was previously reported to have an LCST of 4-6 °C and was completely
insoluble above 8 °C.9 We expected the resulting hydrogels to show the desired
behaviour of setting at room temperature or below.

2.2 PEO-star ATRP initiators

Figure 2.1 Synthesis of PEO star ATRP initiators.

The poly(ethylene oxide) (PEO) starting materials were purchased from JenKem
Technology and were used without further purification. Available at our disposal are 4arm 10k PEO star (PEO4-10k) and 8-arm 10k, 20k and 40k stars (PEO8-10k, PEO8-20k,
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PEO8-40k). Additionally, linear 2,000 molecular weight PEO methyl ether (mPEO-2k)
was used in initial testing to find the polymerisation condition. The end groups of these
star polymers were modified into an ATRP initiator using a similar method used in a
previously reported synthesis of 8 arm PEO macro cross-linker.10 In dry toluene, PEO
was deprotonated using NaH before the addition of 2-bromoisobutyryl bromide
(BiBBr). The solution was then allowed to react for 72 hrs at 50 °C. By using this much
harsher condition than used in a typical acyl halide reaction, we ensure complete
conversion of the –OH group. This was important as it is impossible to separate any
(partially) unreacted starting material. The degree of conversion is estimated from the
1

H NMR spectrum (Figure 2.2). The multiplet between 4.37 – 4.24 ppm from H-2 was

used as a reference and its integration is set to 2. The PEO peaks between 3.86 – 3.40
ppm were then integrated and the degree of conversion was estimated using the formula
𝑀𝑤
(
) ⁄44.04 × 4
𝑛𝑜 𝑜𝑓 𝑎𝑟𝑚𝑠
𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =
× 100 %
𝐼3.86
Under these conditions, the polymers typically reached > 95 % conversions.

Figure 2.2. 1H NMR of 8 arm ATRP initiator PEO8-20k-Br.
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2.3 Poly(ethylene

oxide)-b-poly(N-acryloylpiperidine)

star

copolymers
Due to its uniquely low LCST, poly(N-acryloylpiperidine) (PAP) has been mainly
studied for self-assembly behaviour, usually as a copolymer with other polymers such
as 4-acryloylmorpholine,11-12 or 4-vinlypyridine.13-14 The use of films containing PAP
in polymer blends as a thermal conductor has also been reported.15

Figure 2.3. Synthesis of N- acryloylpiperidine monomer

The monomer N-acryloylpiperidine (AP, 2-1) was synthesised according to the
literature without any modifications (Figure 2.3).11 Piperidine and acryloyl chloride
were mixed at a 2:1 ratio in DCM at 0 °C. The 1H NMR of the resulting monomer after
work-up typically indicated that they were clean, and so were used without further
purification.
The ATRP of N-acryloylpiperidine had not previously reported. In the past, ATRP of
acrylamides and methacrylamides, in general, was considered to be difficult. Brittain et
al. suggested that the complexation of the Cu salt with the amide group in the side
chain lead to the stabilisation of the radicals and spontaneous termination due to a high
concentration of radicals.16 Furthermore, they suggested a cyclisation reaction
involving the nucleophilic Br displacement by the penultimate amide nitrogen leading
to a cyclic onium intermediate which hydrolyses to give a hydroxyl-terminated
polymer. Fortunately, with the advancement of the ATRP technique, a method to
synthesise high molecular weight polyacrylamides with low molecular weight
distributions has been discovered. In almost all cases, the procedure involved the use of
water as a reaction solvent.17 While solvent effects on radical reactions are usually quite
small, the ATRP process is ultimately controlled by the ATRP equilibrium constant
(KATRP). The addition of water increased KATRP by four orders of magnitude to enable
polymerisation of previously difficult monomers.18 Important to note, however, if
KATRP is too high, it can lead to a high concentration of radicals and thus termination of
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the polymerisation. Another reason that water may be important is that it can hydrogenbond to the amide nitrogens, decreasing their nucleophilicity to the terminal halide.
Polymerisation attempts towards poly(N-acryloylpiperidine) with PEO ATRP initiators
were summarised in Table 2.1. The catalyst ratio was relative to the number of end
group on the PEO-star initiator used. The conversions were estimated from the 1H
NMR of the crude product before any purification. The dd peaks at 5.64 ppm from the
residual monomer peak were used as a reference and its integration were set to be 1.
The broad peak between 1.90-1.29 ppm (I1.58) was assumed to contain 6 protons from
the monomer and 2 from the polymer backbone and thus conversion was then
calculated from the integration of the using the formula:
% 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =

𝐼1.58 − 8
× 100%
𝐼1.58

Gel permeation chromatography (GPC) were done using DMF at 35 °C as eluent at a
rate of 1 mL/min. PEO/PEG standards were used as calibrations.
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Table 2.1 Selected ATRP attempts of poly(N-acryloylpiperidine) with PEO initiator.

Initiator

P2-1

P2-2

P2-3

P2-4

P2-5i

P2-5ii

P2-5iii

P2-5iv

Solvent

mPEO-

DMF/H2O

2k

(1:1)

PEO8-

DMF/H2O

10k

(1:1)

EBiB

IPA/H2O
(1:1)

Temp Time
(° C)

(hr)

30

3

30

5

0

PEO8-

IPA/H2O

0-

10k

(1:1)

RT

PEO8-

IPA/H2O

0-

20k

(1:1)

RT

PEO8-

IPA/H2O

20k

(1:1)

PEO8-

IPA/H2O

20k

(1:1)

PEO8-

IPA/H2O

20k

(1:1)

0

0

0

1

24

24

1

Catalyst
Complexa
CuCl/CuCl2/Me6TREN
(1:1:2)
CuCl/CuCl2/Me6TREN
(1:1:2)
CuCl/CuCl2/Me6TREN
(1:1:2)
CuCl/CuCl2/Me6TREN
(1:1:2)
CuCl/CuCl2/Me6TREN
(1:1:2)
CuCl /Me6TREN
(1:1)

15

CuCl/CuCl2/Cu/Me6TREN

mins

(1:1:0.5:2)

24

CuCl/CuCl2/Me6TREN
(1:1:2)

GPCe

NMR

Target
MW

Conversion

Mw

Mp

Mn

Mw

(Da)b

(%)c

(Da)d

(Da)

(Da)

(Da)

4,400

95

4,200

1,800

1,700

2,300

1.36

65,600
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3,400

14,400

15,700

34,600

2.20

237e

261e

292e

1.11e

1,989f

2,221f

2,426f

1.09f

Ð

4,200

99

4,200

51,700

99

51,300

11,000

11,400

25,400

2.23

110,350

64

77,800

17,000

17,300

33,400

1.93

99,900

98

98,300

16,700

16,400

32,600

1.98

19,300 22,300 47,600

2.13

99,900

53,300

Cross-linked

95

51,700

a) ratio relative to the number of end groups. b) initial monomer concentration assuming complete conversion including MW of the initiator. c) from to crude 1H NMR. d) from the
degree of conversion including MW of the initiator. e) relative to PEO standards in DMF, rounded to the nearest hundred Da. f)relative to polystyrene standards in DMF.

Our initial attempts were based on the conditions previously reported to polymerise
NIPAM;

using

1:1

DMF/H2O

mixture

as

the

reaction

solvent

and

CuCl/CuCl2/Me6TREN as the catalyst complex.17 Using a linear mPEO-2k initiator
(P2-1), the polymerisation appeared to be successful, with 1H NMR showing 95 %
conversion. When the same condition was used on PEO8-10k (P2-2) the conversion
dropped significantly to only 44 %. Incomplete polymerisation in ATRP reactions can
occur due to several reasons related to KATRP. KATRP could be too low; leading to less
radical species, very slow propagation and poor growth, or KATRP could be too high;
leading to a very high concentration of radicals and termination. Since we were using
DMF/H2O, a fast solvent system, the latter is more likely.19 It is also possible that the
increased bulk of the star initiator leads to a slower propagation of the monomer, and
thus a slower system is required to keep the radicals from terminating.
In order to achieve controlled polymerisation, 2-propanol (IPA) was used instead of
DMF in the next polymerisation. The KATRP of CuBr/HMTETA complex in IPA was
found to be two orders of magnitude lower than that in DMF.19 Furthermore, the initial
temperature was dropped from 30 °C to 0 °C as it was reported that the ATRP of
NIPAM in various organic solvent/water mixture proceeded better in colder
temperature.20 PAP homopolymer (P2-3) was first synthesised using a simple initiator
ethylene 2-bromoisobutyrate (EBiB) to test the viability of 1:1 IPA/H2O mixture for
ATRP of PAP. The 1H NMR suggested nearly complete conversion after 1 hour at
0 °C.
This procedure was then applied onto an 8 arm PEO star (P2-4). The reaction was
started in an ice bath at 0 °C but was gradually allowed to reach room temperature.
Using this method, the polymerisation went to 99 % completion after 24 hrs according
to 1H NMR. However, only 64 % conversion was achieved using PEO8-20k initiator
(P2-5i).
Attempts to increase this conversion were mildly successful, removing CuCl2 (P2-5ii)
from the reaction mixture lead to a complete polymerisation in under 1 hour. However,
the reaction was too fast as suggested by the high dispersity from the GPC results. The
addition of Cu(0) powder into the reaction mixture (P2-5iii) at the start of the reaction
lead to a cross-linked polymer within 15 minutes of initiation.
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A more controlled polymerisation was achieved using the same solvent and catalyst
mixture as P2-5i but instead of an ice bath, a cryocool set up was used (Figure 2.4). A
cryocool immersion cooler unit, connected to an external temperature controller was
used to cool an ethanol bath in a Dewar flask. This set up allowed the temperature to
stay at 0 °C constantly over 24 hours. The polymerisation of P2-5iv proceeded to 95 %
completion according to 1H NMR. Kitetic analysis of the polymerisation also suggested
a first order kinetic

Figure 2.4 ATRP kinetic analysis of ATRP of P2-5iv.
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Figure 2.5. Experimental set up for overnight reaction at 0 °C.

While 1H NMR was used to monitor the progress of an ATRP polymerisation, 1H NMR
alone does not fully characterise the nature of the polymer. 1H NMR of a block
polymer, such as our star, only gave the ratio between two polymers but not the
uniformity of the individual chains. Gel permeation chromatography (GPC) is required
to do that. The difficulty of getting good molecular weight data on star polymers is well
documented.21 By nature, star polymers have smaller hydrodynamic radii compared to
its linear counterparts of the same molecular weight and thus conventional GPC
measurements will underestimate its true molecular weight. A Multi-Angle Light
Scattering (MALS) detector, often required to measure the true molecular weight of star
polymers, is not available to us in the University of Otago.
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Figure 2.6. Normalised GPC traces of PEO8-10k-PAP (P2-4 dashed red) and its initiator (solid red) and PEO820k-PAP (P2-5ii, dashed black) and its initiator (solid black) in DMF.

A normalised GPC trace of PEO8-10k-PAP (P2-4 dashed red) and its initiator (solid
red) and PEO8-20k-PAP (P2-5ii, dashed black) and its initiator (solid black) are shown
on Figure 2.5. The shape of trace for the PEO star initiators (solid lines) followed a
narrow normal distribution curve. The polymers various molecular weights were
calculated to be roughly 75 % smaller than the manufacturer claimed to be. However,
this is not surprising considering the star architecture of the polymers. After
polymerisation, the GPC trace of P2-4 showed a distinct peak with a shoulder in the
higher molecular weight region. The peak molecular weights, (Mp) have increased
slightly from 7,427 Da to 11,019 Da and number average molecular weights (Mn)
similarly have increased from 6,531 Da to 11,436 Da. However, the weighted average
molecular weights (Mw) have greatly increased from 7,793 Da to 25,463 Da. Similar
results were observed for the PEO8-20k-PAP. The GPC trace of P2-5ii was broad and
curiously, still appeared around the same retention time as the initiator. Mp and Mn
increased slightly from 14,137 Da and 11,967 Da of the initiator to 16,692 Da and
16,415 Da of P2-5ii; while Mw was vastly different from 14,670 Da to 32,596 Da.
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It is possible that DMF is not a compatible solvent for PAP. In the simulation study by
Tsao et al. (previously discussed in Chapter 1.7) for this type star polymer, the
solvophobic “B block” polymers would form an internal aggregate to minimise
exposure with the solvent.22 In the GPC this would be detected as only a marginal
change in hydrodynamic radius (Figure 2.6) and therefore molecular weights. If this
were the case, however, all three calculated molecular weights (Mp, Mn and Mw)
calculated from the GPC results would all change by a similar amount. The PAP
homopolymer P2-3 appeared to be soluble in DMF. However, GPC calculations
relative to both PEO and polystyrene standards suggested much lower molecular Mn
and Mw than expected. The dispersity does, however, suggest a controlled
polymerisation. Similar results were observed on the GPC of P2-1, synthesised using a
linear PEO initiator.
The GPC traces of the star polymers, however, were broad and irregular in shape. This
suggests that the arms on the resulting star block copolymers were of different lengths
despite the high degree of control that ATRP should have provided. One possible
explanation is the coupling of the arms from the same star initiator terminating the
growth on some, but not all of the arms in the star. Also possible is star-star coupling
between two different initiators (Figure 2.7). This problem is quite challenging to
overcome as we require fast KATRP for the monomers to polymerise but not too fast to
obtain the same results. It is also possible that the first arms to grow inhibited the other
arms through steric bulk, resulting in uneven and unpredictable growth.

Figure 2.7 Possible morphology of resulting star block copolymers in an unfavourable solvent that results in
no change of hydrodynamic radius.
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Figure 2.8. Possible product of uncontrolled ATRP polymerisation due to star-star coupling.

The gelation behaviour of PEO8-20k-PAP (P2-5iv) was tested. The polymer was made
into 20 % (w/w) solution with DI water and stirred for 4 hours in an ice bath until
complete dissolution. The material appeared to have solidified upon warming to room
temperature. However, as the GPC did not indicate the synthesis of a clean star
polymer, the material was not tested further. Instead, an improved synthesis route was
pursued.
Potential improvement for this polymerisation is difficult to forsee. It is possible that
the molecular weight measurement obtained using the simple RI detector available to
us. Matrix assisted laser desorption/ionisation time of flight (MALDI-TOF)
spectroscopy has been used to measure poly disperse polymers up to 2000 kDa.23
However, the instrument available at Otago University is only accurate up to 10 kDa,
well above the molecular weight of the polymers.

2.4 Post polymerisation modification towards poly(ethylene oxide)-bpoly(N-methacryloylpiperidine) star copolymers

With the difficulty of obtaining well-defined star polymers directly with PAP by ATRP,
the attention turned into a workaround towards the desired products. Postpolymerisation modification (PPM) are often employed to introduce functional groups
to the polymer that were difficult or unobtainable via direct polymerisation. Reactions
on polymers are often difficult due to their limited solubility and reactivity. These
reactions generally require harsher conditions than on small molecules which may
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potentially lead to a defect on the polymer backbone; even then they may not lead to a
complete conversion.24 The reactions employed are then usually limited to the highly
efficient reactions that come under the general umbrella of “click” chemistry. While not
generally considered a “click’ reaction an aminolysis of an activated ester group with
an anime is widely used in polymer chemistry. The first syntheses of these types of
polymers were first reported by Ringsdorf et al.in 1972.25 Methacrylates of Nhydroxysuccinimide, 1-hydroxybenzotriazole and 2,4,5-trichlorophenol were first
homo-polymerised under radical conditions. The activated ester pendant groups were
able to be substituted with cyclohexylamine with 100 % conversion.

Figure 2.9 Activated esters pendant groups of polymers reported by Ringsdorf et al. as precursors for
pharmacologically active polymers.25

This method is especially useful for ATRP as the polymerisation of acrylates or
methacrylates are considerably easier to control than acrylamides. During the initial
stages in the development of ATRP, the first triblock copolymers containing the
thermoresponsive

poly(N-isopropylmethacrylamide)

was

synthesised

via

post-

functionalisation of poly(N-hydroxysuccinimide methacrylate) due to the difficulty of
polymerizing acrylamides.26
The two polymers that we explored using this method were poly(p-nitrophenyl
methacrylate) (PNPMA) poly(N-hydroxysuccinimide methacrylate) (PMASI), both of
which had previously been synthesised by ATRP (Figure 2.9). Our design has now also
changed slightly. Instead of an 8 arm PEO initiator, we are now using a 4 arm PEO
initiator. Intuitively, this should have resulted in a decrease of modulus due to a
decrease in possible cross-linking domains. However, increasing the number of arms
also means that the length of each arm is smaller, so this may be concentrationdependent. Indeed, Cheng et al. reported a higher G’ of 4 arm gels compared to 8 arm
gels.
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Poly(N-methacryloylpiperidine) were previously reported to be impossible to
synthesise via radical polymerisations27 and anionic polymerisation was difficult due to
its small ring strain.28 The LCST behaviour of poly(N-methacryloylpiperidine) was not
previously reported due to the difficulty of synthesis. However, in the literature, the
methacrylate and the acrylate versions of a polymer with the same pendant group
generally showed similar LCST behaviour with the Tcp of the methacrylate analogue
slightly higher than that of the acrylate.7

Figure 2.10. Synthetic scheme towards room temperature thermoreversible hydrogel.

2.4.1

Poly(p-nitrophenyl methacrylate) (PNPMA).

The monomer p-nitrophenyl methacrylate (NPMA) was synthesised in accordance with
the original literature by Reichmann et al. (Figure 2.10).29After recrystallisation from
ethanol, the 1H NMR (of the product showed a mixture of products which were not
described by Reichmann et al.. A search in the literature suggested the formation of a
methacryloyl chloride dimer.30 The dimerisation process happens slowly over time but
it is accelerated with an increase in temperature. Comparison of the methacrylate
singlet at 5.84 ppm and the dimer multiplet between 2.39 – 2.49 ppm estimated 37 %
dimer in the product mixture. After further recrystallisation from 1:2 EtOAc/hexane
solution, the amount of dimer present was estimated to be less than 9 %.
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Figure 2.11 Synthesis of p-nitrophenyl methacrylate (NPMA) monomer.

Figure 2.12 1H NMR of the synthesis of p-nitrophenyl methacrylate after recrystallisation from EtOH (blue)
and after recrystallisation from 1:2 EtOAc/hexane solution.

As we were slightly concerned with the presence of 9 % dimer in the monomer, free
radical polymerisation was first attempted. Initial attempts in DMF yielded no
polymeric material according to the 1H NMR. Some polymeric materials were observed
when the solvent was changed to dioxane and the amount of initiator was increased
fivefold. GPC analysis of the product (P2-6) suggested Mn = 2,600 Da and Mw = 2,800
Da relative to polystyrene standards in DMF. As the monomer peaks are still detected
in the reaction mixture, the reaction did not proceed to completion and perhaps the
presence of the dimer is quenching the free radicals.. The monomer would need to be
purified further, perhaps by column chromatography or the starting acid chloride
redistilled. However as some success was achieved with PMASI, this was not pursued.
2.4.2 Poly(N-hydroxysuccinimide methacrylate) (PMASI)
N-hydroxysuccinimide methacrylate (NHSMA) monomer was synthesised according to
reference with slight modification (Figure 2.13).31 Methyacryloyl chloride was added
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dropwise to an ice-cold solution of N-hydroxysuccinimide and triethylamine in
anhydrous DCM. The reaction was left to stir overnight and after workup, the monomer
was recrystallised from 1:2 CHCl3/hexane mixture. The pure monomer was generally
obtained at 60-65 % yield after multiple recrystallisations. No methacryloyl chloride
dimer peaks were observed in the 1H NMR.

Figure 2.13. Synthesis of N-hydroxysuccinimide methacrylate monomer.

The ATRP of NSHMA with PEO4-10k-Br initiator was done in ethylene carbonate
using CuBr/2,2’-bipy as the catalyst at 90 °C as per reference (P2-7).32 Similar to our
PAP design, we aim to achieve 1:1 molar ratio between PEO and PNHSMA. 1H NMR
suggested only a 47 % conversion of total monomers. In contrast to P2-4 and P2-5ii,
the GPC trace of P2-7 (Figure 2.14) still showed a narrow regular-shaped peak. The
peak position has shifted to higher retention time and the calculated molecular weights
were 15,000 Da (Mp), 10,700 Da (Mn) and 15,200 (Mw) (Ð = 1.41). This indicated a
uniform growth and thus a well-defined block star polymer was synthesised.
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Figure 2.14. GPC trace of PEO4-10k-PNSHMA (P2-7, dashed) and its initiator (solid).

The aminolysis reaction is typically done in DMF in presence of an excess amine. The
excess amine acts both as a nucleophile and a proton mop. The substitution of P2-7 was
done in DMF at 60 °C with a 4-fold excess of piperidine. 1H NMR (Figure 2.15)
indicated that the substitution was complete after just 1 hr under these conditions and
the product (PEO4-10k-PMAP, P2-8) was successfully synthesised. The succinimide
peak at 2.79 ppm has disappeared and in its place, piperidine peaks at 3.36 and 1.46
ppm.
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Figure 2.15 1H NMR of P2-7 in DMSO-d6 and P2-8 in CDCl3.

The GPC trace of P2-8 in DMF however, was a flat line with no distinguishable peak
detected by the RI detector at concentrations as high as 10 mg/mL. Furthermore, the
resulting polymer was not water-soluble after stirring in an ice bath for several hours
and allowing to equilibrate in the refrigerator overnight.
The lack of solubility in water was unexpected. It could be that the methacrylate
polymer, unlike the known acrylate version, is too hydrophobic. However, due to the
success of the ethylene glycol polymers below, which was done concurrently with this
work, it was decided to concentrate on the latter rather than attempt an acrylate version
of the star. Further direction for this project could possibly includes reducing the degree
of polymerisation of PNSHMA component to improve the water solubility.
Additionally, the GPC could be ran in a different solvent, such as THF or chloroform.
This could potentially give a peak in the RI detector as the RI of the polymer is
different in different solvents. Alternatively, 1H diffusion-ordered NMR spectroscopy
(DOSY) has been shown to be able to calculate molecular weight of polymers.33
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2.5 Poly(ethylene

oxide)-b-poly(diethylene

glycol

diethyl

ether

acrylate) star copolymers
While PEO is widely known to be a water-soluble polymer, the ethylene glycol repeat
unit itself is relatively hydrophobic. The hydrophilicity increases with chain length and
thus the LCST or cloud point temperature (Tcp) can be tuned by increasing chain length
(Figure 2.16).34 The next polymer in our attempts towards the room temperature
hydrogels was poly(diethylene glycol ethyl ether acrylate) (PDEGA, Figure 2.17). It
was previously reported to have a Tcp of ~13 °C and hence should be very suitable for
our room temperature gel application.35

Figure 2.16 Cloudpoint temperatures (Tcp) of various short-chain ethylene glycol-based acrylates. Reproduced
from reference.34

Figure 2.17 Structure of poly(diethylene glycol ethyl ether acrylate) (PDEGA)

2.5.1 Synthesis
The ATRP of DEGA had only been reported a handful of times, with RAFT appeared
to be the preferred method of polymerisation.36-39 Attempts to find an optimal condition
for the ATRP of DEGA with PEO star initiators are summarised in Table 2.2. Initial
attempt of ATRP was done in DMF as it is a common solvent for the RAFT
polymerisation of DEGA. However, attempts using CuBr/bipy (P2-9i) and
CuCl/PMDETA (P2-9ii) both yielded low conversions. Anisole is a solvent commonly
used for the ATRP of the methacrylate analogue of DEGA.40 Using this reaction
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condition, the polymerisation P2-9iii proceeded to almost 40 % conversion.
Interestingly, when the initiator to polymer ratio was doubled from 1:300 to 1:600, the
conversion also halved, suggesting that the chain length of P2-9iv remained the same.
A similar trend was observed when the ratio of 1:150 was used (P2-9v). This result
from the 1H NMR was confirmed by GPC which suggest all 3 polymers: P2-9iii, P29iv and P2-9v are of similar size.
More attempts for optimisation were done on PEO8-20k initiator. The 1:600 monomer
ratios on these attempts should be compared to 1:300 ratios on the PEO4-10k initiator.
The polymerisation of P2-10 was done in EtOH/H2O, the same condition reported to
graft similar polymers into a chitosan backbone.41 The 1H NMR initially showed much
higher conversion than P2-9i up to 65 %. The GPC results, however, showed multiple
peaks, some outside the calibration range of the instruments. Suplemental activation
reducing agent (SARA ATRP) was then used to synthesise P2-11.42 This is the most
common method to synthesise PDEGA in recent years.43-45 Using this method,
conversion as high as 85 % was observed on the NMR. However, just like P2-10, GPC
trace showed multiple peaks and sometimes the polymers were unable to be redissolved after purifications. This appears to be similar to the behaviour observed with
PAP. The KATRP was too high which seemed to lead to early termination and star-star
coupling. This problem appears to be exclusive to star polymers, as linear polymer P211 and homopolymers of PDEGA were able to be synthesised using this method to give
both high conversion and low dispersity.
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Table 2.2 Summary of polymerisation attempts of PDEGA

GPCc
Entry

Initiator

Solvent

Temp

Catalyst

Monomer

Conversion

Theoretical

(° C)

Complexa

Ratio

(%)

MW (Da)

P2-9i

PEO4-10k

DMF

90

P2-9ii

PEO4-10k

DMF-

90

P2-9iii

PEO4-10k

Anisole

90

P2-9iv

PEO4-10k

Anisole

90

P2-9v

PEO4-10k

Anisole

90

P2-10

PEO8-20k

EtOH/H2O
(1:1)

40

CuBr/bipy
(1:2)
CuCl/PMDETA
(1:1)
CuBr/Me6TREN
(1:1)
CuBr/Me6TREN
(1:1)
CuBr/Me6TREN
(1:1)
CuBr/PMDETA
(1:1)

PEO8-20k

DMSO

60

CuBr2/Me6TREN
(1:1)

Mn

Mw

(Da)

(Da)

(Da)

Ð

300

15

18,500

8,900

7,700

9,100

1.16

300

20

21,300

13,000

10,800

14,500

1.34

300

38

31,500

20,100

16,200

24,200

1.48

600

22

34,800

18,600

15,200

22,800

1.49

150

65

28,400

18,900

16,200

20,900

1.29

600

65

93,400

600

84

11,500

Cu Wire +
P2-11

Mp

Multiple Peaks

Multiple Peaks or insoluble after
purification

A series of star polymers were synthesised using anisole and CuBr/Me6TREN catalyst
mixture as per P2-9iii, P2-iv and P2-9v; except for P2-12 which was synthesised using
SARA ATRP. Table 2.3 summarises the molecular weights and GPC of the synthesised
polymers. The molecular weight of the PDGEA chain was calculated from the 1H NMR
of the purified polymer by the formula
𝑀𝑛𝑃𝐷𝐸𝐺𝐴 =

where 𝑀𝑛𝑃𝐷𝐸𝐺𝐴

𝑀𝑤𝐼𝑛𝑖𝑡𝑖𝑎𝑡𝑜𝑟
1
×
× 188.2
(𝐼3.51 − 8)/4
44.05

is the molecular weight of the PDEGA chain 𝑀𝑤𝐼𝑛𝑖𝑡𝑖𝑎𝑡𝑜𝑟 is the molecular

weight of the PEO initiator and 𝐼3.51 is the integration of the peaks between 3.38–3.62
ppm assuming the integration of the broad peak at 4.11 ppm is 2.
The target degree of polymerisation for PDEGA was the same number as the number of
PEO repeat unit for PEO4-10k (P2-13) PEO8-10k (P2-14) and PEO8-20k (P2-15).
PEO8-40k (P2-16) was added later to the series and the target molecular weight for this
polymer was 10,000 Da, the same as P2-13 and P2-15. The linear PEO2-8k initiator
(P2-12) was also added to complete the series and since the length of PEO per arm is
slightly lower than P2-16, the target molecular weight of PDEGA was adjusted to
compensate. The desired molecular weight of PDEGA was able to be synthesised in all
of the polymers. A PEO8-10k-PDEGA star polymer, with PDEGA segment aimed to be
~10,000 Da, similar length as the rest of the other polymers was synthesised. However,
the polymer was insoluble after dialysis and the gel behaviour could not be tested.
The GPC results of all the polymers showed polymers with low dispersity. Evidence of
star-star coupling was observed in the GPC of P2-16, however, this was minimal
relative to the main polymer peak.
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Table 2.3. Summary of various architectures of PEO-b-PDEGA star polymers. All molecular weights are rounded to the nearest hundred Da.

NMRa
Entry

Initiator

Mw of
PDEGA
(Da)

Total
Mwa

GPCb

No

Mw

Mw

of

PEO/

PDEGA/

arms

arm

armb

Mn

Mw

(Da)

(Da)

Rheometryc

Ð

DSC

G’ Max

G’’ Max

Tgel

(Pa)

(Pa)

(°C)

Tgel (°C)

P2-12

PEO2-8k

15,700

23,600

2

4,000

7,800

14,500

15,300

1.05

47,600

6,031

17.47

12.2

P2-13

PEO4-10k

41,700

51,700

4

2,500

10,400

20,600

23,900

1.16

1,076

677

22.2

13.6

P2-14

PEO8-10k

50,700

60,700

8

1,250

6,300

23,500

26,900

1.15

169

239

-

-

P2-15

PEO8-20k

72,700

92,700

8

2,500

9,000

27,000

29,600

1.09

23,620

3,966

23.18

12.6

P2-16

PEO8-40k

84,500

124,500

8

5,000

10,600

40,400

41,500

1.03

42,040

7,230

16.25

11.8

a) in DMSO-d6. b) in DMF relative to PEO/PEG standards. c) using a temperature step method, τ = 10 Pa, f =1 Hz.

2.5.2

Gel Studies

The polymer was made into a 30 wt% solution in DI water and was stirred in an ice
bath for 4 hours before equilibrating in the refrigerator overnight. Once the gels were
taken out of the refrigerator and it typically took 5 minutes at room temperature before
it solidified as determined by a vial inversion test. Polymer P2-13 (PEO4-10k-PDEGA)
and P2-14 (PEO8-10k-PDEGA) did not pass this test and formed a very viscous fluid
instead. Polymers P2-15 (PEO8-20k-PDEGA) formed a very soft gel with a consistency
similar to that of petroleum jelly. Polymers P2-12 (PEO2-8k-PDEGA) and P2-16
(PEO8-40k-PDEGA) (Figure 2.18) both formed soft gels which feel stronger than P215. Upon deformation, P2-15 flowed back into its original shape overnight, while P212 (PEO2-8k-PDEGA) and P2-16 (PEO8-40k-PDEGA) were permanently deformed.
The main mechanism for gelation of these type of polymers is the increase of solution
viscosity due to the thickening effect of associating polymers.46 For linear triblock
ABA polymers (A = water-soluble block and B = thermoresponsive block) the gelation
concentration and temperature depend on the molecular weight.47 Higher molecular
weight polymers gel at a lower concentration and lower temperature. Low
concentration BAB type triblock has been made with PNIPAM with concentration as
low as 1%.48 For this, molecular weight as high as 500 kDa was required.

Figure 2.18 30% gel of PEO8-40k-PDEGA P2-20.
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The gels were then taken out and soaked in DI water at room temperature to observe
their swelling and degradation behaviour. Gels made from P2-15 (PEO8-20k-PDEGA)
completely dissolved within 3 hours, while P2-12 (PEO2-8k-PDEGA) and P2-16
(PEO8-40k-PDEGA) hydrogels stayed in shape after 5 hours but dissolved overnight.
To measure the behaviour of the gels at 30% concentration with increasing
temperatures, rheological measurements were done using an oscillatory temperature
step program. The gels were subjected to a temperature increase of 0.5 °C, allowed to
equilibrate for 180 seconds then measurements were taken at oscillatory stress of 10 Pa
and frequency of 1 Hz. As opposed to a simple temperature ramp, this allows the gel
some time to equilibrate at the temperature measured and should give a more accurate
sol-gel transition temperature. Storage (G’, red) and Loss (G”, blue) modulus of the
gels between 5 – 30 °C are shown in Figure 2.19 and included in Table 2.4.
In general, all of the rheology results showed similar trends: both the loss G’ and G”
were initially very low in value, with the G” value higher than the G’, as expected for a
liquid. As the gel was heated, these values increase steadily, eventually G’ becomes
higher than the G” and it reaches a plateau. Interestingly, P2-14 (PEO8-10k-PDEGA) at
30 % concentration did not appear to have gelled according to the rheological data. This
matches our visual observation as the gel appears to be a viscous liquid during the vial
inversion test. We suspect that for this molecular weight the polymer is not of sufficient
concentration to gel. Similar behaviour was reported in linear BAB triblock polymer
where the molecular weight of the A block was not sufficient for gelation.49
In general, the higher molecular weight polymers per arm gave higher plateau moduli.
Despite P2-13 (PEO4-10k-PDEGA), P2-14 (PEO8-10k-PDEGA) and P2-15 (PEO820k-PDEGA) being a higher molecular weight than P2-12 (PEO2-8k-PDEGA), the
molecular weight per arm or end-to-end distance of these star polymers are
significantly lower than P2-12. Additionally, P2-16 (PEO8-40k-PDEGA) which has a
larger molecular weight per arm showed slightly lower modulus than P2-12, which
suggests that stars produce weaker gels than linear polymers. However, the advantage
of star polymers is the lower critical gelation concentration.50 This was also observed
here as only P2-16 formed a gel at 20 % concentration.
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The maximum shear moduli (both G’ and G’’) of P2-15 (PEO8-20k-PDEGA) is
roughly 20 times the modulus of P2-13 (PEO4-10k-PDEGA). This suggests that for star
polymers with the same molecular weight per arm, the number of arms greatly
increases the mechanical strength. However, one limitation of this experiment is the
inability to find the optimal concentration for maximum strength for all star polymers.
Chen et al. previously reported that the sol-gel transition temperatures for various PEOb-PNIPAM star polymers are 2-3 °C lower than the LCST of PNIPAM.51 In this case,
the sol-gel transition temperatures of PEO-b-PDEGA star polymers were observed to
be 5-10 °C higher than the reported LCST of PDEGA. This trend was also observed by
Lutz et al. with similar star oligo ethylene glycol acrylates.50 Amongst the PEO-bPDEGA star polymers, the gelation temperature decreased with increasing molecular
weight per arm, following a similar trend as the shear moduli.
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Figure 2.19 Rheometry graphs of hydrogels made from PEO2-8k-PDEGA (P2-16, a); PEO4-10k-PDEGA (P217, b); PEO8-20k-PDEGA (P2-19, c); PEO8-40k-PDEGA (P2-20, d); PEO8-10k-PDEGA (P2-18, e). All
hydrogels are 30 % w/w concentration. Red line represents the storage modulus (G’), blue line represents the
loss modulus (G”).

The DSC scans of all the polymers showed broad endothermic transitions upon heating.
The peak temperature (Tpeak) for the isotherm ranges between 12-13 °C, 3-4 °C higher
than the reported LCST for the homopolymer of PDEGA.35 This temperature is
different than the rheometry data, however upon closer observation of the rheometry
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curve, the sol-gel transition started around this temperature. 12-13 °C is when both the
G’ and G” started to curve upwards. This suggests that the Tpeak from the DSC scans is
not the best indicator for Tsol-gel as the gels need some time to equilibrate and arrange
themselves, as suggested by the visual inspection.

Figure 2.20 DSC scan of PEO8-20k-PDEGA (P2-19)

Cell culture studies on these polymers are reported in Chapter 4.

2.6 Conclusions
The aim for this chapter is to synthesise a series of thermoreversible hydrogels based on
PEO stars which set at room temperature. Initial results using poly(N-acryloyl
piperidine) (PAP) as the thermoresponsive block resulted in a low temperature setting
gel as intended. However, the GPC results suggest uncontrolled polymerisation.
Attempts were made to rectify this but were not successful.
Alternative pathway via post polymerisation modification of N-hydroxysuccinimide
methacrylate (NSHMA) was also unsuccessful. NSHMA was successfully polymerised
with ATRP, however, the subsequent modification into the desired poly(N65

methacryloyl piperidine) were unsuccessful. The substitution appeared to have been
successful as evidence by NMR and IR. However, the GPC failed to detect any
polymeric peaks using the RI detector. Furthermore, the resulting polymer was not
soluble in water.
A series of thermoresponsive PEO-star based polymers have been synthesised using
poly(diethylene glycol ethyl ether acrylate) (PDEGA) as the thermoresponsive block.
Various molecular weights and number of armed star polymers were synthesised and
the physical properties of the resulting gels were characterised by rheometry. In
general, it was found that molecular weight per arm has the greatest effect on increasing
toughness. When comparing gels of similar molecular weights per arm, then increasing
the number of arms increases the toughness by a significant margin.

2.7 Experimentals
All chemicals from commercial sources were used as received without further
purification. Cu wire was activated by soaking in conc. HCl for 10 mins then rinsed
with water and acetone, dabbed dry and placed under argon in the polymerisation flask.
1

H NMR and

13

C NMR spectra were recorded on a 400 MHz Varian spectrometer in

DMSO-d6. Chemical shifts were reported relative to the residual CDCl3 (1H, 7.26 ppm
and

13

C, 77.16 ppm) (DMSO-d6 (1H, 2.50 ppm and

13

C, 39.52 ppm) solvent peaks

according to the δ scale. Chemical shifts were rounded to the nearest 0.01 ppm and
coupling constants rounded to the nearest 0.1 Hz. Infrared (IR) spectra were recorded
on a Brucker Alpha-P ATR-IR spectrometer
GPC analysis was carried out using a PL-GPC 50 (A Varian, Inc. Company) integrated
GPC system equipped with a refractive index (RI) detected, two PLgel 5µm MIXED-C
(300 x 7.5 mm) columns and PLgel 5µm Guard (50 x 7.5mm) column. DMF was used
as eluent with a flow of 1.0 ml min-1 at a constant temperature of 35 °C. The samples
were dissolved at a concentration of 10 mg/mL in DMF and were filtered through a
0.25 µm PTFE syringe filter. 100 μL of the sample was injected for each run. The data
were analysed with Cirrus GPC software version 3.2 using PEO-PEG calibration
standard in the range of 615 to 1,378,000 g/mol.
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The DSC analyses were performed on a Thermal Advantage Q2000-1687 apparatus
between 0 – 60 °C at a heating rate of 2 °C/min.
Rheological measurements were performed using the Haake RS1 rheometer (Thermo
Electron) with titanium cone-plate geometry (20 mm/1° cone). The samples were
loaded onto the lower stationary thermostated rheometer plate at 5 °C and the upper
plate was adjusted to a predefined gap size (0.052 mm gap). Silicon oil was applied
around the detector to prevent water evaporation during the experiment. Samples were
subjected to an oscillatory stress force of 10 Pa at a frequency of 1 Hz, which was
previously determined to be within the linear viscoelastic region (LVR) of the material
across the temperature range. The temperature sweeps were measured at an increment
of 0.5 °C with 180 seconds delay between measurements.
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2.7.1 Synthesis of PEO-star ATRP initiator

To a solution of PEO star polymer (5.0 g, 0.25 mmol) in dry toluene (50 mL) was
added NaH (0.31 g, 1.25 mmol) at 0 °C. The mixture was allowed to stir for 1 hr to
generate the anion. 2-bromoisobutyryl bromide (0.5 mL, 0.62 mmol) was added
dropwise and the reaction was stirred at 50 °C for 72 hours. Excess NaH was quenched
by the addition of MeOH until no further effervescence was observed. The mixture was
then filtered through celite and the solvent evaporated. The polymer was precipitated
twice into cold diethyl ether (150 mL). The product was then collected via vacuum
filtration. 4.8 g of product was collected as a white powder (96 % yield).
1

H NMR (400 MHz, CDCl3) δ 4.37 – 4.24 (m, H-2), 3.86 – 3.40 (m, H-3, H-4, H-5),

1.93 (s, H-1).
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2.7.2

Synthesis of N-acryloylpiperidine

A solution of acryloyl chloride (2 mL, 25 mmol) in DCM (50 mL) was added dropwise
to a solution of piperidine (5 mL, 50 mmol) in DCM (70 mL) in an ice bath. The
solution was allowed to stir overnight. The resulting white precipitate was filtered out
and half of the organic layer was evaporated. The organic layer was then washed with
0.1 M HCl (60 mL) then washed with water (2 x 60 mL) and brine (60 mL). The
organic layer was then dried with MgSO4 and evaporated to give 3.2 g of product as a
yellow oil (93 % yield).
1

H NMR (400 MHz, CDCl3) δ 6.53 (dd, J = 16.8, 10.6 Hz, 1H, H-2), 6.19 (dd, J = 16.8,

2.0 Hz, 1H, H-1), 5.60 (dd, J = 10.6, 2.0 Hz, 1H, H-1), 1.74 – 1.34 (m, 6H, H-4 H-8).
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2.7.3 Synthesis of PEO-b-PAP star block polymers

The ATRP of N-acryloylpiperidine (AP) was carried out in 1:1 (v/v) IPA/H2O mixture
as a reaction solvent. In a sealed flask, CuCl (15.6 mg, 0.16 mmol), and Me6TREN (0.4
mL, 0.16 mmol )was dissolved in the reaction solvent (3 mL) and was degassed with
argon for 15 minutes in an ethanol bath cooled by a cryocool immersion unit. In a
separate flask, a solution of PEO star initiator (0.19 g, 0.02 mmol)

and N-

acryloylpiperidine (0.66 g, 4.8 mmol) in the reaction solvent (3 mL) was degassed with
argon for 15 mins. The initiator/monomer solution mixture was then injected into the
Cu complex solution using an argon-filled syringe. The reaction was stirred at 0 °C
overnight. The solvent was removed by rotary evaporation and then was azeotropically
distilled with toluene (2 x 50 mL). The polymer was then dissolved in a minimum
amount of DCM and precipitated into ice-cold diethyl ether (200 mL). 0.22 g of
polymer was recovered as a solid.
1

H NMR (400 MHz, Chloroform-d) δ 3.69 – 3.56 (br, H-1), 3.55 – 3.13 (br, H-3 H-7),

2.76 – 2.43 (br, H-2), 1.97 – 1.08 (br H-4 H-5 H-6).
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2.7.4

Synthesis of p-nitrophenol methacrylate

In an ice bath, methacryloyl chloride (4 mL, 40 mmol) was added to a solution
N-hydroxysuccinimide (6.31 g, 48 mmol) and triethylamine (6.4 mL, 48 mmol) in
anhydrous THF (100 mL) and left to stir overnight. The reaction solvent was then
evaporated and the product was dissolved in diethyl ether (50 mL). The solution was
then washed with water (2 x 50 mL), 1M NaOH solution (2 x 50 mL), water again (50
ml) and lastly brine (50 mL). All the washings, except for the brine, resulted in yellow
coloured aqueous solutions. The organic solvent was then dried with MgSO4 and
evaporated. 8 g of crude product was obtained as a white solid. The solution was then
recrystallised in 1:2 EtOAc/hexane solution. 5.6 g of product was obtained as a white
needle-like solid.
1

H NMR (400 MHz, Chloroform-d) δ 8.28 (d, J = 9.1 Hz, 2H, H-7 H-9), 7.32 (d, J =

9.1 Hz, 2H, H-6 H-10), 6.39 (s, 1H, H-1), 5.84 (s, 1H, H-1), 2.07 (s, 3H, H-3).
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2.7.5 Synthesis of poly(p-nitrophenol methacrylate)

Using DMF as solvent
1,1′-Azobis(cyclohexanecarbonitrile) (ACHN) (5.2 mg, 0.21 mmol) and p-nitrophenol
methacrylate (0.3031 g, 1.45 mmol) was dissolved in DMF (1.2 mL). The reaction
solution was deoxygenated by three rounds of freeze/thaw cycle. The reaction was then
heated to 90 °C and stirred for 20 hours. 1H NMR indicated no polymerisation and was
not purified further
Using Dioxane as solvent
1,1′-Azobis(cyclohexanecarbonitrile) (ACHN) (25.7 mg, 1.01 mmol) and p-nitrophenol
methacrylate (0.3034 g, 1.45 mmol) was dissolved in dioxane (1.2 mL). The reaction
solution was deoxygenated by three rounds of freeze/thaw cycle. The reaction was then
heated to 90 °C and stirred for 20 hours. The reaction solvent was then evaporated and
0.27 g of product was obtained as a solid. This product was injected into the GPC
without further purification.
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2.7.6

Synthesis of N-hydroxysuccinimide methacrylate

In an ice bath, methacryloyl chloride (2 mL, 20 mmol) was added to a solution
N-hydroxysuccinimide (2.1g, 18 mmol) and triethylamine (3.1 mL, 22 mmol) in
anhydrous DCM (30 mL) and left to stir overnight. The solution was then washed with
water (3 x 50 mL) then brine (30 mL). The organic layer was then dried with MgSO4
and evaporated. 2.1 g of product was obtained after multiple recrystallisation from 1:2
CHCl3/hexane (62 % yield).
1

H NMR (400 MHz, CDCl3) δ 6.42 (s, 1H, H-1), 5.89 (s, 1H, H-1), 2.86 (s, 4H, H-6, H-

7), 2.06 (s, 3H, H-3)
.13C NMR (101 MHz, CDCl3) δ 169.35 (C-5, C-8), 162.29 (C-3), 132.01 (C-2), 130.62
(C-1), 25.77 (C-6, C-7), 18.40 (C-3).
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2.7.7 Synthesis of PEO-PMASI

In a sealed flask, ethylene carbonate (0.4 g), CuBr (10.2 mg, 0.07 mmol) and 2,2-Bipy
(22.2 mg 0.14 mmol)was heated to 80 °C and bubbled through with Ar for 15 minutes.
In a separate flask, PEO star initiator (0.12 g, 0.01 mmol), N-hydroxysuccinimide
methacrylate (0.438 g, 2.4 mmol) and ethylene carbonate (1 g) was heated to 80 °C
until the ethylene carbonate has melted and the solution was degassed with argon for 15
minutes. This solution was added to the Cu complex solution via a glass syringe and
was left to stir for 16 hours. The solution was then cooled and diluted with DMF (3
mL) before being precipitated into cold methanol (50 mL). 0.23 g of polymer was
obtained.
1

H NMR (400 MHz, DMSO-d6) δ 3.64 – 3.44 (br, H-1), 2.95 – 2.63 (br H-4), 1.66 –

1.17 (br, H-2) 1.17-0.93 (br, H-3).
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2.7.8

Synthesis of PEO-PMAP

[PEO-b-PMASI]4 (0.21 g)was dissolved in anhydrous DMF (1 mL) with heating at
60 °C. Piperidine ( 0.1 mL) was added and the reaction was stirred overnight. DMF was
removed by rotary evaporation and the polymer was dissolved in DCM and precipitated
into ice-cold 1:1 diethyl ether/ hexane mixture (50 mL). The precipitated solid stuck to
the bottom of the flask after 30 minutes of stirring. The organic solvent was then
decanted and 0.1 g of product was obtained as a sticky solid.
1

H NMR (400 MHz, DMSO-d6) δ 3.84 – 3.02 (br,H-1 H-4 H-8), 1.66 – 1.28 (br, H-2

H-5 H-6 H-7), 1.13 – 0.76 (br, H-3).
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2.7.9 Synthesis of PEO-PDEGA

In a sealed flask, CuBr (17 mg, 0.12 mmol), CuBr2 (8.9 mg, 0.04 mmol) and Me6TREN
(0.4 mL, 0.16 mmol) was dissolved in anisole (1 mL) and was degassed with argon for
15 minutes. In a separate flask, a solution of PEO star initiator ( 0.4 g, 0.02 mmol) and
di(ethylene glycol) ethyl ether acrylate (DEGA) (2.25 g, 12 mmol) in anisole (1mL)
was degassed with argon for 15 mins. This solution was then injected into the Cu
complex solution using an argon-filled syringe. The reaction was then heated to 90 °C
and stirred for 4 hours. The solution was then diluted with ethanol and dialysed against
DMF for 1 day then against DI water in the refrigerator for 2 days. 1.1g of polymer was
obtained as a solid.
1

H NMR (500 MHz, DMSO-d6) δ 4.17 – 4.01 (br,H-4), 3.62 – 3.48 (br, H-1 H-5 H-6

H-7), 3.43 – 3.38 (br, H-8), 2.36 – 2.17 (br, H-3), 1.84 – 1.37 (br, H-2), 1.13 – 1.00 (br,
H-9).
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Chapter 3: Dual Stimuli-Responsive Hydrogels
3.1 Introduction
In our investigations of the room temperature hydrogels, it was noticed that they
dissolved within hours after placing in pure water. This is a problem for an intended
application as a bio-ink, as after printing the gels would need to be stably incubated in a
growth media solution for up to 7 days. Keeping with the theme of reversible,
physically cross-linked hydrogels, we devised a new strategy to delay dissolution in
water but still allow thermo-gelling during initial printing. In this chapter, we described
the synthesis of star copolymers that consists of three components: a hydrophilic block
(black), a thermoresponsive block (red) and an additional reversible cross-linking block
(blue) (Figure 3.1).
In this chapter, poly(N-isopropylacrylamide) (PNIPAM) will be used as the
thermoresponsive block. Hydrogels containing PNIPAM are the most widely studied
thermoresponsive gels for biological purposes.1-2 They are particularly attractive
because they exhibit a sharp LCST transition at ~32 °C, which is close to the human
physiological temperature of 37.5 °C.3 As part of a hydrogel, they have been used in
virtually every biological applications discussed in Chapter 1.3. Polymers containing
PNIPAM are also used in structures such as micelles,4-5 and polymeric beads.6-7 They
have also been grafted onto silica and gelatin to introduce a thermal responsive property
to the material.8-9
While theoretically, the blue block can be any stimuli sensitive polymer, this work will
focus on using Ca2+ ions as a semi-permanent cross-linking agent. Hydrogels
containing this type of cross-linking are widely used in biomedical applications, mostly
based on natural polymers such as alginates.10 However, this chemistry should be
applicable to any polyanionic polymer such as poly(acrylic acid) (PAA) or
poly(methacrylic acid) (PMAA). These are some of the most widely used synthetic
polymers for pH stimuli-responsive hydrogels.11 Combinations of PNIPAM with PAA
or PMAA are common in dual pH and temperature-responsive hydrogels.12-14 However,
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in this work, they are chosen due to their anionic nature and their compatibility with
ATRP.
Two architectures were attempted in this chapter; the first with the polyacid chain
branching off between the first and second block (Figure 3.1a, [A-(B)-C]4 type star
polymer), or as a triblock copolymer (Figure 3.1b, [A-B-C]8 type star polymer). Both
architectures have their advantages and disadvantages as far as synthetic accessibility
and probable properties, and so both were attempted in order to determine the best type.

Figure 3.1 Schematic representation of the design of star polymers in this chapter. a) [A-(B)-C]4 type star
polymer. b) [A-B-C]8 type star polymer.

3.2

[A-(B)-C]4 type star polymer

The synthetic strategy employed for the synthesis of this star copolymer is similar to
that of previously reported mikto-arm star copolymers.15-16 The end groups of PEO
stars were modified into containing both an azide group and an ATRP initiator. The
thermoresponsive block would then be grafted onto the star core via ATRP and the
Ca2+ responsive block would be added using “click” chemistry.
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For this polymer architecture, 10K 4-arm PEO stars (PEO4-10k) were used despite
previous results suggested 8-arm PEO star resulted in stronger hydrogels. As the
modifications of the end groups on the PEO star involved more steps than the previous
design, it was felt that functionalising 4 arms would be easier than 8 arms, and
successful modifications on a 4 arm star PEO have been previously reported.17
Furthermore, as the azide group will be located in the middle of the molecule, there will
be less steric hindrance on the 4 arm star which would increase the chance of a
successful “click” reaction.
3.2.1

Synthesis of ATRP initiators

3.2.1.1 PEO-azide ATRP initiator

Figure 3.2 Synthetic scheme towards the PEO star initiator

The PEO star ATRP- azide initiator (P3-3) was synthesised in 3 steps (Figure 3.2).
Initial attempts at this synthesis were done using the procedure reported by Seiffert et
al. which reported similar structures on a 4 arm PEO star.17 The modification of the end
group started with the generation of an oxyanion by stirring with NaH in THF for 3
days. Excess epichlorohydrin was subsequently added and the reaction was allowed to
stir for further 24 hours. This method led to ~80 % conversion of the end groups
according to 1H NMR.
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The next step was the ring-opening of the epoxide by NaN3. The reaction was carried
out in DMF in the presence of NH4Cl as a buffer. After 2 days at 60 °C, complete
conversion was achieved according to 1H NMR. The final step on the synthesis was the
reaction between the terminal –OH group and 2-bromoisobutyryl bromide (BiBBr).
The reaction was done in dry DCM with TEA at 0 °C. This reaction proceeded without
to 100 % conversion (based on OH groups) according to the 1H NMR (Figure 3.3).
In an attempt to improve the synthesis, a method described by Cheng et al. was
attempted.18 This reported modification was only done on a linear 9k molecular weight
PEO, however, the reaction should be possible on our PEO star. The PEO4-10k star was
dissolved in excess epichlorohydrin and KOH pellets were added and the reaction was
allowed to stir at room temperature for 2 days at room temperature. Using this method,
however, the reaction only proceeded to ~50 % conversion according to 1H NMR.
Using a slightly elevated temperature of 50 °C the polymer was 80 % converted.
Complete conversion was achieved by grinding the KOH pellets into a powder and
reacting at 50 °C for 2 days. The next two steps followed the same procedure as Seiffert
et al.. The ring-opening of the epoxide with NaN3 andNH4Cl proceeded to 100 %
conversion. However, the modification of the OH group with BiBBr was unsuccessful.
Reaction with dry DCM with TEA at 0 °C led to just recovery of starting material. This
type of modification is very common and should have proceeded without a problem.
Other variations of the conditions included using THF at 40 °C or using NaH in toluene
as per Chapter 2 were also attempted. Unfortunately, all attempts proved futile.
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Figure 3.3 1H NMR of [PEO-(N3)-Br]4 (P3-3) initiator and its precursors P3-2 and P3-1.

3.2.1.2 Propargyl 2-bromoisobutyrate

Figure 3.4 Synthesis of propargyl 2-bromoisobutyrate (PBiB).

The alkyne ATRP initiator, propargyl 2-bromoisobutyrate (PBiB) was synthesised by a
conventional method already reported in the literature (Figure 3.4). BiBBr was added
dropwise to a solution of propargyl alcohol and triethylamine in DCM. After the
workup, the 1H NMR of the product was consistent with the literature and it suggests
that the product was good enough to use without further purification. Theoretically, the
alkyne group could react with the radical during polymerisation process, inserting itself
among the monomers and the forming a crosslink. However, a wealth of literature
precedence suggests that this does happen during the ATRP process.19-22
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3.2.2 ATRP of NIPAM
As previously discussed in Chapter 2.3, during the initial development of ATRP,
acrylamides and methacrylamides were difficult to polymerise due to the complexation
with the Cu catalyst and possibly the nucleophilic attack of the penultimate amide
nitrogen on the terminal bromine to obtain a cyclic onium intermediate.23 Fortunately as
PNIPAM is probably the most widely studied thermoresponsive polymer, reproducible
conditions for the ATRP polymerisation of NIPAM have been developed.24-27

Figure 3.5 Synthesis of [PEO-(N3)-PNIPAM]4 (P3-4).

The synthesis of [PEO-(N3)-PNIPAM]4 (P3-4) was carried out using the modified
version of the procedure by Stover et al. (Figure 3.5).26 This modified procedure was
developed within our group specifically for star-shaped initiators. In our method, CuCl2
was used in addition to CuCl at a 1:1 ratio to further control the reaction. The degree of
conversion of PNIPAM was estimated from the ratio of the integration of the 1H NMR
between the multiplet at 4.13 ppm which belongs to the isopropyl group of NIPAM
monomer and its polymeric counterpart, the broad peak at 3.97 ppm. The
polymerisation was done in 1:1 mixture of DMF/H2O using a CuCl/CuCl2/Me6TREN
catalyst complex at a ratio of 1:1:2. After 3 hours at 35 °C, the reaction generally
proceeded to > 99 % completion as determined by 1H NMR. After the polymerisation
was quenched, the polymer was dialysed against DI water for 3 days to remove the
copper impurities. It is important to remove all of the excess copper at this time as it
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might cause complications with the “click” reaction. The IR spectrum of the resulting
polymer showed a very small azide peak at 2110 cm-1 which was monitored to gauge
the success of the subsequent “click” reaction (Figure 3.6).

Figure 3.6 IR spectrum of [PEO-(N3)-PNIPAM]4 (P3-4, red) and [PEO-(N3)-OH]4.(P3-2, black).

3.2.3

Addition of PMAA

Up to until recently, the ATRP of methacrylic acid has been very difficult. The acidic
nature of the monomer means that it can deactivate the catalyst complex in various
ways such as forming a salt with the basic ligand, and then forming a complex with the
Cu catalyst by displacement of the halide from the Cu(II) deactivator complex.28-29
Furthermore, the polymerisation can be terminated by a nucleophilic attack of the
terminal bromine group by the penultimate carboxylate anion in the growing chain,
forming a lactone (Figure 3.7).30
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Figure 3.7 Proposed mechanism for the termination of ATRP via the formation of lactone. 30

Thus methacrylic acids are usually only polymerised by ATRP in conjunction with
other monomers up to a maximum of 25 mol%.31 Direct ATRP of sodium methacrylate
has been reported under very high temperature (90 °C) and long reaction time of 21
hours.32 Most commonly, synthesis of PMAA via ATRP involves the ATRP of a
precursor which is subsequently hydrolysed to give PMAA. Precursor polymers such as
poly(methyoxymethyl

methacrylate),33

poly(1-ethoxyethyl

methacrylate),34

and

especially poly(tert-butyl methacrylate) (PtBMA) are commonly used (Figure 3.8).35

Figure 3.8 Examples of hydrolysis of precursors to poly(methacrylic acid).

Initial attempts of ATRP of “clickable” PtBMA was done in 7:3 MEK/IPA as
previously reported (P3-5).36 Alkyne functionalised initiator PBiB was used as an
initiator and CuCl/PMDETA complex as used as the catalyst. After 4 hours of
polymerisation at 60 °C, 1H NMR suggested ~85 % conversion and virtually complete
monomer conversion after 24 hours. 1H NMR spectrum of the purified P3-5 was
consistent with the literature. GPC spectrum of the resulting polymer suggested the Mn
= 9,600 Da, PDI = 1.09 relative to polystyrene standards in DMF.
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Figure 3.9 Synthetic scheme towards “clickable” poly(methacrylic acid).

IR spectrum of P3-5 showed no presence of the C≡C, usually around 2200 cm-1 nor the
terminal C-H stretch around 3300 cm-1. However, this was not unusual as the terminal
propargyl group was in low concentration and thus the absence of these stretches on the
IR spectrum was not concerning at this stage. The initiator peaks were also not
observed in the NMR of the polymer.
The hydrolysis of PtBMA into PMAA, should not be done at this stage prior to the
“click” chemistry step. The acidic nature of the PMAA could potentially complicate the
“click” chemistry in various ways. If the reaction is done in organic solvents, it can
form a salt with the ligands such as PMDETA used in the “click” reaction. This
prevents the solubilisation of the CuI complex required for the reaction and desolubilise the PMAA polymer.
The “click” reaction between the [PEO-(N3)-PNIPAM]4 (P3-4) and propargyl-PtBMA
(P3-5) was conducted in DMF with CuCl/PMDETA as the catalyst, conditions often
used for this type of coupling between polymers.15-16, 37 IR spectrum of the resulting
polymer (P3-6i) showed the disappearance of the azide peak at 2100 cm-1 on all of our
attempts on this reaction (Figure 3.10). However, GPC measurements suggested no
change in the molecular weights. Both components for the “click” reaction were
resynthesised for another “click” attempt (P3-6ii) but it did not yield successful results
either.
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Figure 3.10 IR spectra of attempted “click” coupling between [PEO-(N3)-PNIPAM]4 (P3-4) and propargylPtBMA (P3-5).

Later in this study, it was discovered that tBMA self-polymerised in a MEK/IPA (7:3)
solution. Thus, the propargyl-PtBMA (P3-5) potentially does not contain any propargyl
group which fits with the NMR and IR results. More details about this will be discussed
in Section 3.3.1.

Figure 3.11 Synthesis of propargyl-PtBMA (P3-7)

The next procedure attempted for the synthesis of propargyl-PtBMA was similar to that
used by Genzer et al.to graft tBMA on a surface.38 It was thought that this procedure
had the best chance for success as heterogeneous reactions, such as this one, are usually
more difficult than homogeneous reactions. The synthesis of P3-7 was done in DMSO
90

as solvent using CuBr/PMDETA complex as the catalyst. After reacting for 1 hour at
40 °C, a solid white precipitate was formed and the solution solidified. 1H NMR of the
precipitate showed polymeric peaks with no sign of monomer. The polymer was then
dissolved in THF and precipitated into ice-cold 1:1 MeOH/H2O solution. This time, the
1

H NMR of the purified polymer showed the CH2 peak from the initiator at 4.61 ppm.

The integration of this peak was set to 2 and the broad peak between 1.17 – 0.86 ppm
was used to calculate the degree of polymerisation using the formula 𝐷𝑃 =

𝐼1.05⁄
3.

Based on this, the DP of P3-7 was estimated to be 55 (Target DP = 50).
Unfortunately, the resulting polymer was not soluble in DMF at a concentration
required for GPC measurements thus molecular weight data was not available.
Considering the hydrophobic structure of PtBMA, this solubility behaviour was not
considered to be unusual. This behaviour also suggested that the propargyl-PtBMA
synthesised in MEK/IPA solution (P3-5) previously were of low molecular weight.
Other commonly used solvents for GPC (THF or chloroform) could have potentially
been used instead of DMF. However, these solvents were found to cause problems
when performing GPC measurements of PNIPAM, thus complicating the measurement
of the desired block polymer. Thus, the GPC of P3-7 was not measured. This will be
discussed further in Section 3.3.3.
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Figure 3.12 Synthesis of [PEO-(PtBMA)-PNIPAM]4 (P3-8).

This insolubility in DMF was a slight problem as many “click” chemistry on polymers
are done in DMF with CuBr/PMDETA complex as catalyst. The “click” reaction of
[PEO-(N3)-PNIPAM]4 (P3-4) and P3-7 was carried out in DMF at 85 °C. As the
solubility of P3-7 in DMF is poor, the reaction solution was not completely
homogenous, but a cloudy dispersion. 1H NMR of P3-8 before and after the “click”
reaction was consistent with each other, indicating no loss of material. Multiple
overlapping peaks were observed in the GPC spectrum of the product in DMF Figure
3.13, suggesting incomplete “click” reaction resulting in a variety of products with
different length linked arms. It is also possible the polymer is aggregating, giving the
apparent higher molecular weight peaks. The disappearance of the starting star peak
strongly suggests that the coupling is at least partially working.
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Figure 3.13 GPC trace of [PEO-(N3)-PNIPAM]4 (P3-4, black) and the “click” product [PEO-(PtBMA)PNIPAM]4 (P3-8) in DMF.

Due to then synthetic difficulties of the synthetic route; the insolubility of the PtBMA
component and mostly time constraints, this part of the project did not proceed any
further and the second architecture was continued instead.
It would be interesting to see the effect of adding on the PtBMA section via “click”
reaction prior to the polymerisation of the thermo-responsive block. This was not done
with PNIPAM as PtBMA was too hydrophobic. It is insoluble in a DMSO or IPA
solution with 5 % water. But this route would be possible if the thermoresponsive block
does not require water to synthesise eg. PDEGA. Excess propagyl-PtBMA could be
removed from the click process using an azide-functionalised Merrifield resin.39

3.3

[A-B-C]8 type star polymer

In this type of star polymers, the secondary, water-soluble, cross-linking polymer unit is
located at the end of the star polymer, with the thermally responsive unit between it and
the water-soluble core. This way, once the thermosensitive polymer has cross-linked
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the system into a gel, the secondary unit will be in close proximity with each other,
allowing for further ionic cross-linking. As there is no longer a need for multi-step
modification of the starting PEO star initiators, so the 8-arm 20k PEO star (PEO8-20kbr) was used as the core and was modified as per Chapter 2.
The design of this polymer involves the chain extension of the secondary cross-linking
block off from the thermoresponsive block. This design does not involve a post
polymerisation modification between two very small groups amongst large polymer
chains so is more likely to reach a good conversion.
As previously discussed in Chapter 1.4, reversible-deactivation radical polymerisations
(RDRP) such as ATRP relies on the equilibrium between a dormant and an active
species to control the rate of reaction. Thus one of the main features of RDRP is the
ability to reinitiate polymerisation with new monomers after the initial polymerisation
has been stopped. For ATRP, it is paramount that terminus halogen is still present after
the initial polymerisation. While termination is inevitable in a radical process, a wealth
of literature has suggested that chain extension is possible following an ATRP
process.40-43
One of the most important condition to form well-defined block copolymers by ATRP
is that the rate of initiation must be greater than the rate of propagation (kATRPinitiatorki >
kATRPmonomerkp) where ki and kp are the rate constants of reinitiation (cross-propagation)
and propagation rate constant. When growing a tertiary alkyl halide (eg. methacrylates)
monomer from a secondary alkyl halide (acrylate) macroinitiator there is a mismatch in
reactivity at the terminal junction (kATRPinitiatorki << kATRPmonomerkp) and hence the more
reactive methacrylate will propagate quickly and more likely to terminate. In this case,
to achieve a controlled polymerisation, the more reactive Br at the terminus is likely
needed to be exchanged with the less reactive Cl. This process is called a halogen
exchange. 44-45
3.3.1 Model study with linear polymer
As chain extension from PNIPAM by ATRP has never been previously reported we felt
it would be best if it a model reaction was attempted before moving on to star polymers
(especially as this exact chain extension was previously pursued within the group
without success for another project). In this section, we synthesised PNIPAM using the
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alkyne initiator PBiB as done in Section 3.2.2. The advantage of this initiator is that if a
method for chain extension from PNIPAM was found, it opens another synthetic route
towards the desired [A-B-C]8 type triblock copolymer (Figure 3.14) via “click”
chemistry.

Figure 3.14 Alternative synthetic route towards [A-B-C]8 type triblock copolymer via “click” chemistry.

The ATRP of PNIPAM with the PBiB was carried out in a similar manner as Section
3.2.2; except that the polymerisation was stopped after 90 minutes to reduce the chance
of any termination (Figure 3.15).
Table 3.1 summarised the synthesis of PNIPAM using the alkyne initiator (P3-9). The
degree of conversion was estimated based on the ratio between the peaks of the
unreacted monomer and the polymer peak from the 1H NMR. This was then used to
estimate Mn by multiplying with the molecular weight of NIPAM. In both cases, the
polymers were below 80 % conversion which suggests the preservation of the terminal
halogen group. The ratio of the initiator peak at 4.64 ppm and the polymeric peak at
3.96 ppm was used to estimate the degree of conversion. They are within a reasonable
agreement with each other. However, GPC analysis showed vastly different molecular
weight than expected. We attribute this to the use of polystyrene standard in a poor
solvent (DMF). This measurement will only be used as an indication of polymer growth
for the next step and will not be taken as absolute.
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Figure 3.15 Synthesis of propargyl-terminated PNIPAM (P3-9)
Table 3.1 Summary of synthesis of PNIPAM with propargyl 2-bromoisobutyrate (PBiB) (P3-9).
Initiator:monomer ratio = 1:50 (target Mw = 5600 Da)

GPCa

NMR
Entry

Conversion

Theoretical

End

Mw

Group

(Da)b

Mw (Da)c

(%)b

Mn

Mw

(Da)

(Da)

PDI

P3-9i

75

3,900

4,400

22,500

23,400

1.03

P3-9ii

62

3,500

3,200

17,100

17,800

1.04

a) In DMF 35 °C relative to polystyrene standards; rounded to the nearest hundred.
monomer:polymer ratio immediately after polymerisation. c) Based on integration on

1H

b) From
NMR of

initiator:polymer after purification.

Chain extension of P3-9 with tBMA was attempted using the same procedure initially
tried with the alkyne initiator. After reaction in 7:3 MEK/IPA solution for 24 hours, 1H
NMR suggested complete conversion of the monomer (Figure 3.16, red). The resulting
polymer (P3-10) was then precipitated into hexane and was collected by vacuum
filtration. The 1H NMR of the precipitated P3-10a (Figure 3.16, blue), however,
showed no sign of PtBMA. The hexane solution after precipitation was then evaporated
and analysed. 1H NMR of the recovered solid (P3-11) appears to be showing peaks
similar to PtBMA (Figure 3.16, green). GPC analysis of P3-11 in DMF, unfortunately,
showed no peaks, perhaps due to solubility issues.
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Figure 3.16 1H NMR of various fractions of polymerisation attempt of tBMA in 7:3 MEK/IPA solution using
PNIPAM macroinitiator.

This result suggested that tBMA had in fact polymerised without growing from the
ATRP initiator. To investigate this matter further, another study was conducted with
tBMA and PBiB. Initially, it was thought that the monomer self-polymerised due to
high reaction temperature. P3-12 was synthesised at room temperature with DMAc as
the reaction solvent, polymerisation proceeded to ~30 % conversion after 24 hours
(Figure 3.17, green). ATRP in MEK/IPA was once again attempted at room
temperature (P3-13) and this time, despite the absence of vinyl peaks at 5.3 and 5.9
ppm, the polymeric peaks appeared to be sharp which is an indication of oligomers
(Figure 3.17 cyan). The self-polymerisation hypothesis was further supported when
tBMA and CuBr/Me6TREN complex was stirred in 7:3 MEK/IPA solutions at 60 °C
(P3-14). The product appeared to be a polymeric material and minimal vinyl monomer
peaks were observed (Figure 3.17, purple).
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Figure 3.17 1H NMR in CDCl3 of various polymerisation attempts of tBMA. All NMR’s were taken directly
after polymerisation after evaporation of reaction solvent without further purification

3.3.2 Synthesis of [PEO-b-PNIPAM]8
The ATRP of PNIPAM with the 8 arm PEO initiator (PEO8-20k-Br) was carried out in
a

similar

manner

as

Section

3.2.1,

in

1:1

DMF/H2O

solution

with

CuCl/CuCl2/Me6TREN catalyst for 90 minutes. The polymer was then purified by
dialysis against DI water for 3 days. During the dialysis process, the blue copper
coloured solution turned colourless. These two adjustments, shorter reaction time and
purification by dialysis were key improvements over previous work by our group.
Under these conditions, the polymerisation typically reached ~76 % conversion
according to 1H NMR. Chain extension from star polymers synthesised using this
method has typically been successful in this study. The GPC measurements of polymers
P3-15 generally showed a narrow PDI.
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Table 3.2 Selected results of polymerisation of NIPAM (P3-15) with PEO8-20k initiator. All reactions were
carried out in 1:1 H2O/DMF solution at 35 °C for 90 minutes. All molecular weights are rounded to the
nearest hundred Da

Entry

Conversion

Mw

(%)a

PEO initiator

GPCb

Theoretical
Mp

Mn

Mw

PDI

13,600

13,000

13,500

1.03

(Da)a
-

P3-15i

59

60,000

31,100* 30,600* 32,600*

1.07*

P3-15ii

85

77,600

42,500* 42,300* 47,700*

1.12*

P3-15iii

73

69,500

53,200

50,600

56,400

1.11

P3-15iv

87

78,900

62,200

59,200

63,100

1.07

P3-15v

76

71,500

56,000

50,400

53,900

1.07

P3-15vi

76

71,500

54,100

51,800

53,500

1.03

P3-15vii

75

70,800

58,000

56,700

58,700

1.04

a) Determined by 1H NMR. b) Using DMF as eluent, relative to PEO/PEG standards. c) measured using a
different GPC set up.

3.3.3

Synthesis of [PEO-b-PNIPAM-b-PtBMA]8

As there are a large number of variables which can be altered to fine-tune the properties
of the resulting hydrogels, this work will initially focus on altering the length of the
terminal polymer chains. In this design, the thermoresponsive PNIPAM block is the
primary physical cross-linker while the PMAA chain is to reinforce the cross-linking.
The length of the PMAA block probably shouldn’t be too long, otherwise, it could
impede intermolecular cross-linking of the PNIPAM and promote internal aggregation
instead.
Other than the chain extension from PNIPAM as previously attempted, other synthetic
strategies towards the triblock star polymers were also explored. One popular strategy
attempted is to substitute the terminal halogen with an azide group, followed by
grafting the second polymer chain via “click” chemistry (Figure 3.18). The [PEO-bPNIPAM-N3]8 (P3-16) was synthesised using literature precedents.17 [PEO-b-PNIPAMBr]8 (P3-15) was dissolved in DMF and NaN3 was added to the solution as a powder.
The solution was heated to 60 °C and allowed to react overnight. 1H NMR of P3-16
suggested no change in the polymer structure and GPC confirms the preservation of the
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molecular weight. The IR spectrum also showed a strong absorbance peak at 2035 cm-1,
from the azide group.
An initial attempt of a “click” reaction using P3-16 did not yield a successful chain
extension according to GPC. This is probably because the PtBMA used did not contain
any propargyl functional group as it was synthesised in 7:3 MEK/IPA solutions (P3-5),
as discussed above. The reaction was then repeated using the propargyl-PtBMA
synthesised in DMSO (P3-7), The target [PEO-b-PNIPAM-b-PtBMA]8 (P3-17) was
successfully synthesised as indicated by an increase in molecular weight according to
GPC measurements. The GPC traces are shown in Figure 3.19

Figure 3.18 Alternative synthetic strategies towards [A-B-C]8 type star polymer

At the same time, the chain extension of tBMA from [PEO-b-PNIPAM]8 initiators (P315) was attempted. Initial synthesis attempts of [PEO-b-PNIPAM-b-PtBMA]8 by chain
extension (P3-18) were carried out in DMSO with CuBr/PMDETA catalyst complex as
per Section 3.2.3. Table 3.3 summarised the results of the initial synthetic attempts.
Reactions at room temperature proved to be unsuccessful as indicated by 1H NMR (P3100

18i). Successful polymerisation was achieved by increasing the reaction temperature to
40 °C as 1H NMR indicated 43 % monomer conversion after 20 hours (P3-18ii). This
was improved to 75 % by increasing the reaction temperature to 60°C (P3-18iii). By
increasing the monomer: initiator ratio, a similar degree of conversion was able to be
achieved in much shorter reaction time (P3-18iv). Interestingly, this reaction was not
able to be initiated by SET LRP, using Cu wire to activate the reduction of CuCl2 (P318v and P3-18vi). This method was found to be successful with other monomers in this
thesis, such as DEGA and MAA. The reason for this is unknown to us, however, a
literature search showed SET LRP of PtBMA using Cu wire has never previously been
reported.
Purification of the P3-18 was initially found to be challenging. Typically, the unreacted
tBMA monomer would be removed by precipitation into a polar solvent such as wateralcohol mixture or acetone. However, the presence of PEO and PNIPAM in the
polymer proved to be enough to solubilise the triblock polymers. Conversely, PEO or
PNIPAM are typically precipitated into non-polar solvents such as diethyl ether or
hexane but in these solvents, the polymer formed a cloudy emulsion, due to the nonpolar PtBMA, which were not able to be collected via vacuum filtration. The polymers
were finally able to be purified by using a two-step dialysis method. Normal dialysis
against DI water left behind small amounts of tBMA monomer. To completely remove
the leftover monomer, the product needed to be dialysed against THF for 24 hours to
remove leftover monomer followed by dialysis against DI water for a further 48 hours
to remove the THF and the Cu catalyst. Using this method, all of the unreacted
monomer and Cu are completely removed.
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Table 3.3 Summary of initial synthesis attempts of [PEO-b-PNIPAM-b-PtBMA]8 (P3-18) star polymers. All
reactions were done in 2 mL of DMSO using [PEO-b-PNIPAM]8 (P3-15) as initiators.

Entry

Monomer
ratio

Catalyst

Temperature

Time

Conversion

(°C)

(hr)

(%) a

P3-18i

300

CuBr/PMDETA

RT

20

0

P3-18ii

300

CuBr/PMDETA

40

20

43

P3-18iii

300

CuBr/PMDETA

60

20

75

P3-18iv

600

CuBr/PMDETA

60

3

66

P3-18v

300

RT

24

0

P3-18vi

300

60

24

0

a)

CuBr2/PMDETA/
Cu Wire
CuBr2/PMDETA/
Cu Wire

determined by 1H NMR in CDCl3

While both methods appeared to show the successful synthesis of the desired [PEO-bPNIPAM-b-PtBMA]8 star polymers, we decided that the direct chain extension method
is the better method as the GPC trace (Figure 3.19) suggested a cleaner product was
obtained. Excess propargyl-PtBMA would need to be removed by reaction with azidefunctionalised Merrifield-resin as previously reported.36 Furthermore, the synthesis of
P3-18 by chain extension required fewer steps to achieve.
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Figure 3.19 GPC trace in DMF of early synthesis of [PEO-b-PNIPAM-b-PtBMA]8 star polymers: P3-18ii (red)
synthesised by chain extension and P3-17 (blue) synthesised by “click” chemistry and their [PEO-bPNIPAM]8 parent polymer (P3-15i, black).

The molecular weights of the triblock polymers were calculated from the 1H NMR of
the purified polymer by the integration of the peaks at 4.00 ppm for PNIPAM, 3.64
ppm for PEO and 1.02 ppm for PtBMA. As the PEO were obtained from commercial
sources, and it is the first block in the polymer chain, the molecular weights of other
polymers should be calculated relative to the PEO. The integration of the PEO peaks
was then set to 4 and the ratio of the other polymers was calculated using the following
formulae:
𝑃𝑁𝐼𝑃𝐴𝑀 𝑀𝑛 = 𝐼 4.00 ×

𝑃𝑡𝐵𝑀𝐴 𝑀𝑛 =

𝑀𝑛 𝑃𝐸𝑂
× 113.16
44.04

𝐼 1.02 𝑀𝑛 𝑃𝐸𝑂
×
× 142.16
3
44.04
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Table 3.5 summarised some of the [PEO-b-PNIPAM-b-PtBMA]8 star polymers
synthesised in this work. The GPC measurements of P3-17 and P3-18ii in Table 3.5
showed interesting results. Despite 1H NMR suggesting the P3-18ii is larger by a
significant margin, GPC calculations appeared to be on the contrary. P3-18iii, which
has an even larger PtBMA component while still having comparable PNIPAM
component, was found to be completely insoluble in DMF. As previously discussed at
length in Chapter 1, GPC does not measure the molecular weight of its samples, but
rather the hydrodynamic radius and compared it to the hydrodynamic radius of a
polymer standard of known molecular weight. The hydrodynamic radius of each
polymer in a given solvent and temperature and hence GPC is not an accurate method
to determine the molecular weight of multifunctional polymers such as ours.
Based on these results, we suspect that with the increase of the hydrophobic PtBMA
component, the hydrodynamic radius of the star polymer DMF decreases as the
polymer folds and shrinks to shield its hydrophobic part from the polar solvent until it
no longer becomes soluble. This finding is surprising as the polymerisation was carried
out in a similarly polar solvent, DMSO, and the polymer did not precipitate out of
solution.
Attempts were made to find a suitable eluent to obtain the molecular weights of the
synthesised polymers. However, it appeared to be very difficult to obtain molecular
weights of PNIPAM by GPC as we only have access to a simple GPC system with a
single RI (+UV) detector. A large list of running conditions was attempted to obtain
GPC calculations. The list included using tetrabutylammonium bromide (TBAB) in
THF, as previously reported in the literature,46 and trimethylamine (TEA) as additives
to THF, as recommended by Agilent. However in all cases, except for DMF, the RI
detector was not able to detect any peaks after injecting the [PEO-b-PNIPAM]8 star
initiator (P3-15). Methanol was also recommended for SEC of PNIPAM, however, it is
not suitable for the [PEO-b-PNIPAM-b-PtBMA]8 star polymers (P3-18). Thus, without
light scattering measurements, we cannot confidently measure the molecular weights at
the moment. Even with LS instruments, block polymers may suffer from differing
dn/dc values for each block, greatly complicating any analysis.
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Table 3.4 List of GPC running conditions attempted in the analyses of [PEO-b-PNIPAM]8 star polymers (P315).*

Temperature

Eluent

Additives

DMF

-

35

THF

-

30

THF

-

50

THF

0.5 % TBAB

40

THF

1 % TBAB

40

THF

5 % TEA

40

CHCl3

-

30

1:3 DMF/THF

-

30

1:1 DMF/THF

-

30

4:1 DMF/CHCl3

-

30

(°C)

*TBAB = tetrabutylammonium bromide; TEA = triethylamine.

Table 3.5 also lists selected synthesis of some [PEO-b-PNIPAM-b-PtBMA]8 star
polymers (P3-18). While the GPC measurements are not useful for confirmation, 1H
NMR of the polymers suggested that a reliable method to synthesise P3-18 of various
molecular weights have been found. These materials appear to be true block stars of
PtBMA, rather than a mixture of homopolymer and initiator star due to their solubility
characteristics.
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Table 3.5 Selected examples of [PEO-b-PNIPAM-b-PtBMA]8 star polymers. All syntheses were carried out in DMSO with CuBr/PMDETA as catalysts at 60 °C, except for P3-18ii
which were synthesised at 40 °C. All molecular weights are rounded to the nearest hundred.

Entrya

Initiator

Monomer
ratio

Reaction
Time

NMRb,c
GPCd

Conversion

(hr)

(%)a

“click” reaction

PNIPAM Mw

PtBMA Mw

Total Mw

(Da)

(Da)

(Da)

Mn

Mw

PDI

45,700

5,900

71,700

39,000

47,000

1.21

34,000

37,000

1.09

P3-17

P3-16

P3-18ii

P3-15i

300

20*

43

44,200

8,300

72,500

P3-18iii

P3-15iii

300

20

75

47,200

16,000

83,300

Insoluble in DMF

P3-18vii

P3-15ii

300

1

23

54,900

9,900

84,900

Not Measured

P3-18viii

P3-15v

300

20

71

57,000

12,700

89,700

Not Measured

P3-18xi

P3-15v

600

20

90

57,000

55,800

132,800

Not Measured

P3-18iv

P3-15vi

600

3

66

53,900

42,200

73,900

Not Measured

P3-18x

P3-15vii

600

1

46

58,600

29,900

78,600

Not Measured

a) According to monomer:polymer ratio directly after polymerisation. b) PEO Mw = 20,000 Da. c) Calculated after purification as described on page 99 d) Relative to PEO/PEG
standards in DMF.
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3.3.4

Synthesis of [PEO-b-PNIPAM-b-PMAA]8

3.3.4.1 Hydrolysis of [PEO-b-PNIPAM-b-PtBMA]8
Hydrolysis of PtBMA is the most popular synthetic route towards PMAA via ATRP
methods. It is commonly done under an acidic condition with trifluoroacetic acid (TFA)
as a catalyst in DCM. Polymer [PEO-b-PNIPAM-b-PtBMA]8 (P3-18ii) was initially
dissolved in by stirring DCM (10 mL) for 1 hour then large excess of TFA (0.6 mL)
was added. After reaction at room temperature overnight, a brown gel-like substance
was found in the reaction flask. This product was able to be dissolved in ethanol. The
ethanol was then evaporated and the polymer was dissolved in water (30 mL). The
solubility in water in this acidic environment was unexpected due to the known
physical aggregation of PMAA and PEO described earlier. The solution was then
adjusted to basic pH by addition of NaOH solution, and a white flaky precipitate was
formed which disappeared after 3 days of dialysis. The resulting [PEO-b-PNIPAM-bPtBMA]8 star polymer (P3-19) was no longer soluble in CDCl3 and the 1H NMR in
DMSO showed minimal sign of PtBMA (Figure 3.20). This polymer was able to form
thermoresponsive gels and its behaviour is described in Section 3.3.5.
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Figure 3.20 1H NMR of [PEO-b-PNIPAM-b-PtBMA]8 (P3-18) in CDCl3 and [PEO-b-PNIPAM-b-PMAA]8 (P319) in DMSO.

Repeated syntheses proved highly inconsistent and the products often showed different
behaviours. After several repeats the followings were observed, sometimes a
combination of one or more:
•

The polymers after overnight reaction in TFA are sometimes still soluble in
DCM but the reaction solutions are always brown in colour.

•

The crude polymers after hydrolysis were not always soluble in water after the
removal of DCM and TFA sometimes white cloudy emulsions were formed and
sometimes were completely insoluble.

•

The white precipitate formed after the addition of NaOH did not always
solubilise after 3 days of dialysis.

•

The resulting polymer was not completely soluble in DMSO; cloudy emulsions
are sometimes formed.

•

Resulting polymers were soluble in water at dilute concentrations, but not at the
high concentration required to form a gel.
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Initially, these behaviours were thought to be due to incompletely hydrolysis of the
PtBMA forming as a small sign of PtBMA were still observed in the 1H NMR and IR
spectra of the product. This was surprising as this hydrolysis is well known and
established in the literature. Increasing the reaction time to 2 days did not yield
successful results as the 1H NMR showed no change between 1 and 2 days and the
results were still inconsistent. This led us to believe the problem is in the purification
and not the hydrolysis.
A more deliberate approach was undertaken to solve this problem. It was thought that
the insolubility of the final polymer was due to incomplete conversion of the waterinsoluble acid form of PMAA into the water-soluble sodium salt. Thus, after
hydrolysis, the solvent was evaporated and the product was dissolved in ethanol
followed by addition of NaOH solution until pH = 14 to convert the acid into the
sodium salt. Ensuring complete dissolution of the polymer gives the best chance of
complete conversion into the sodium salt. White precipitates were formed after basic
pH was reached. Initially, this was thought to be due to the sodium tert-butoxide or
sodium trifluoroacetate salts which were insoluble in EtOH. These products should be
removed by dialysis. However, after dialysis for 3 days white solids were still observed
in the dialysis bag. The pH paper indicated a neutral solution suggested complete
removal of water-soluble non-polymeric materials. Fortunately, the white solids were
able to be removed by filtration through a 5 µm membrane filter. The filtrate was a
clear colourless solution which was then lyophilised to give the pure desired product.
Using this improved purification method, the resulting star polymers [PEO-b-PNIPAMb-PMAA]8 (P3-19) were able to consistently dissolve in water to give a clear colourless
solution.
GPC of [PEO-b-PNIPAM-b-PMAA]8 (P3-19) star polymers were attempted using
0.1M PBS buffer as eluent at 25 °C. The low temperature was taken as a precaution as
PNIPAM was known to show a LCST at 32 °C. However, these were unsuccessful. The
GPC trace of ATRP initiator PEO8-20k-Br (Figure 3.21, blue) showed a regular peak
on the RI detector. The calculated molecular weights were Mp = 18,400 Da, Mn=
17,200 Da, Mw =18,300 Da. The GPC trace of [PEO-b-PNIPAM]8 (P3-15) (Figure
3.21, red) showed an inverse peak on the RI detector above the calibration range.
Furthermore, the trace of [PEO-b-PNIPAM-b-PMAA]8 star polymer (P3-19) (Figure
3.21, black) showed a nearly flat line, except for the residual solvent peak at 40 min.
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This is the limitations of GPC as a technique for our polymers. In the GPC column, the
polymers are separated based on hydrodynamic radius and then compared to known
linear PEO/PEG standards. In this case, P3-19 is a star polymer with three different
block polymers, each with their own swelling behaviour in solution. Furthermore, each
of these polymers has its own refractive indexes in solution, which could be negative or
positive. Other detectors, such as viscosity or light-scattering, may be required to
measure the molecular weights of complicated block polymers such as the triblock star
polymers [PEO-b-PNIPAM-b-PtBMA]8 (P3-18) and [PEO-b-PNIPAM-b-PMAA]8 (P319). However, this is not available at the University of Otago.

Figure 3.21 GPC trace of commercial PEO8-20k-Br (ATRP initiator, blue), [PEO-b-PNIPAM-]8 (P3-15, red)
[PEO-b-PNIPAM-b-PMAA]8 (P3-19, black) in 0.1 M PBS solution. All injections were done at a concentration
of 5 mg/mL.

3.3.4.2 Direct polymerisation of PMAA
The first direct homopolymerisation of methacrylic acid via ATRP was reported by
Matyjaszewski et al. in 2016. The key to this discovery is the use of acidic aqueous
solvent polymerisation as in its protonated state; PMAA is less likely to undergo
lactonisation. Furthermore, tris(2-pyridylmethyl)amine (TPMA) was used as a ligand as
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it is less basic than typical amines used in ATRP and less likely to be removed from the
Cu complex by protonation. The reaction was able to be initiated via the reduction of
the CuII by electrochemical (eATRP) or Cu wire (SARA ATRP) to give PMAA with
high conversion and low PDI.

Figure 3.22 Synthetic scheme of direct ATRP of methacrylic acid

In this thesis, this method was attempted using 2-bromopropanoic acid (BrPA) as the
initiator in acidic aqueous solution (pH = 1) using TPMA as per Matyjaszewski’s
method. After 2 hours of reaction at room temperature, 1H NMR indicated >97 %
conversion. And a clean homopolymer of poly(methacrylic acid) (P3-20) was obtained
However, this exact method was found to be incompatible with [PEO-b-PNIPAM]8
stars (P3-15) as it was not soluble in aqueous solution at low pH (P3-21).
The polymer was found to be soluble in 1:1 H2O DMSO solution at pH = 1. Thus the
ATRP of MAA in this solution using BrPA was conducted. In this solution, the reaction
proceeded slower than in pure water. This is likely due to a faster rate of
disproportionation of the CuI complex in H2O. The synthesis of P3-22 was able to reach
~50 % conversion after 2 hours and 95 % conversion after 4 hours at room temperature.
This method was also successfully employed on PEO8-20k initiator, with the
polymerisation reaching 85 % conversion after 4 hours (P3-23).
This solution, however, is still not suitable for P3-15 initiators. While the polymer was
soluble in the reaction solvent, it formed a precipitate upon the addition of the
methacrylic acid monomer. Increasing the DMSO content of the solution yielded the
same result, precipitation after the addition of MAA monomer. While being watersoluble independently, it is well known that PEO and PMAA mixtures are insoluble in
water.47-48 The carboxylic acid groups in PMAA and the oxygen atom in PEO forms a
strong hydrogen bonding complex removing the ability of each polymer to form
hydrogen bonding with water. However, this phenomenon should have been mitigated
with the addition of DMSO. Furthermore, this phenomenon should only happen with
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PMAA polymer and not the methacrylic acid monomer. It is suspected that, while being
soluble in H2O/DMSO solution, [PEO-b-PNIPAM]8 stars (P3-15) are not soluble in
H2O/DMSO/MAA solution.
Table 3.6 summarises the findings of direct polymerisation attempts of methacrylic
acid. Due to time constraint and success using the hydrolysis method this route was
pursued any further.
Table 3.6 Summary of attempted direct polymerisation of methacrylic acid. Initiator:monomer ratio = 1:100;
initiator:CuCl2:TMPA ratio = 1:0.1:0.4; 5 cm Cu wire was used as activator.

Solvent (mL)
Entry

Initiator

Time

Conversion

H2O

DMSO

HCl

MAA

(hr)

(%)a

2

97

P3-20

BrPA

4.5

0

0.5

1

P3-21

[PEO-PNIPAM]8

4.5

0

0.5

1

P3-22

BrPA

2

2.5

0.5

1

4

95

P3-23

PEO star

2

2.5

0.5

1

4

85

P3-24

[PEO-PNIPAM]8

2

2.5

0.5

1

Insoluble

P3-25

[PEO-PNIPAM]8

0.5

4

0.5

1

Insoluble

Insoluble

a) Determined by 1H NMR.

3.3.5 Gel Characterisation
The star polymer [PEO-b-PNIPAM-b-PMAA]8 (P3-19) was dissolved to make a 20 %
solution in DI water and allowed to equilibrate for 24 hours. The solution was initially
free-flowing but it turned into a solid white hydrogel when heated in a water bath at 40
°C (Figure 3.23). The solution was then drawn into a syringe which was then heated
using a heat gun. The resulting hydrogels were pushed into a 1 % CaCl solution
preheated to 38 °C and their behaviour observed. The gels retained its shape after 7
days of incubating in the solution with minimal change in volume (Figure 3.24).
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Figure 3.23 20% hydrogel solution of [PEO-b-PNIPAM-b-PtBMA]8 (P3-19).

Figure 3.24 Degradation study of [PEO-b-PNIPAM-b-PtBMA]8 (P3-19) hydrogel in 1 % CaCl2 solution at 38
°C.

Unfortunately, it is difficult to measure the gels rheological characteristics. The
rheometry used in chapter 2 is not available as there is no way to introduce both the
Ca2+ ions and the heat required for the gel formation. Introducing the Ca2+ ions in the
solution prior to heating is not possible as the polymer was not soluble in Ca2+ solution.
Rheometry measurements without the Ca2+ ions were not done as the polymer was only
designed to be used in the presence of these ions, but the system gelled to fast to be
practical to measure.
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3.4 Conclusions
In the previous chapter, it was discovered that a thermoresponsive hydrogel that
consists of PEO star and a thermoresponsive polymer (PDEGA) dissolved within hours
of submerging in a large excess of water. This chapter described the synthesis attempts
of star polymers that consist of poly(ethylene oxide) (PEO), poly(N-isopropyl
acrylamide) (PNIPAM) and poly(methacrylic acid) (PMAA) for thermoresponsive
hydrogels. The addition of a third polymer (PMAA) was hoped to improve the
hydrogel’s degradability in water as it is able to add a second physical cross-linking
after exposure to Ca2+ ions.
Section 3.2 described the synthesis attempt of a [A-(B)-C]4 type star polymers, where
the PNIPAM and PMAA blocks are branching off the arms of a PEO star. The
synthesis began with a conversion of the OH group at the ends of a PEO4-10k star into
an epoxide using epichlorohydrin. This epoxide was subsequently ring-opened with
NaN3 and the resulting OH group was reacted with 2-bromoisobutyryl bromide. These
steps afforded [PEO-(N3)-Br]4 star initiator (P3-3) which are available for both ATRP
and “click” chemistry. PNIPAM was grafted onto this star initiator by ATRP (P3-4).
The initial synthesis of propargyl terminated PtBMA were unsuccessful as tBMA
appeared to have polymerised without growing from the ATRP initiator in the reaction
solvent used (7:3 MEK/IPA mixture). However, the propargyl-PtBMA (P3-7) was able
to be synthesised in DMSO. The “click” reaction between P3-4 and P3-7 showed a
mixture of products with different linked arms. This is probably due to the poor
solubility of P3-7 in the reaction solvent, DMF.
Section 3.3 described the synthesis of [A-B-C]8 type star polymer where the arms of the
star polymer consist of PEO, PNIPAM and PMAA blocks. The end groups of
commercial PEO stars were modified into ATRP initiators with 2-bromoisobutyryl
bromide followed by ATRP of PNIPAM. Chain extension of PtBMA on the [PEO-bPNIPAM]8 stars (P3-15) was eventually successful and [PEO-b-PNIPAM-b-PtBMA]8
star polymers (P3-18) with various lengths of PtBMA were able to be synthesised.
However, molecular weights by GPC were not able to be obtained as finding a solvent
suitable for the combination of all three polymers proved to be difficult. Hydrolysis of
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P3-18 was successful and the desired [PEO-b-PNIPAM-b-PMAA]8 star (P3-19) were
obtained after overcoming struggles with purification. Direct polymerisation of PMAA
onto P3-15 was not possible due to the poor solubility of P3-15 in the reaction mixture.
The resulting polymers were able to form a gel at 20 % concentration when heated
above the LCST of NIPAM. A preliminary study suggested that the hydrogels retained
its shape up to seven days of submerging into 1 % CaCl solution. Physical
measurements of the final gels were difficult as no instruments were capable of
introducing both heat and the Ca2+ ions are available at our disposal. However, it is
clear that the original concept works, and could be the basis of stable, printed bio-inks.
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3.5 Experimental
3.5.1 Synthesis of [PEO-epoxide]4 star polymer

KOH method
PEO4-10k star (2.0 g, 0.2 mmol) was stirred in epichlorohydrin (15 mL) at room
temperature for 1 hour until complete dissolution. Powdered KOH (0.5 g, 8.9 mmol)
was added and the reaction was heated to 50 °C and stirred for 2 days as a
heterogeneous solution. The solid was filtered off and the organic solvent was
evaporated. The polymer was then dissolved in DCM (10 mL) and precipitated into icecold diethyl ether (150 mL). 1.52 g of product was collected as a white solid.
NaH method
PEO4-10k star (2.0 g, 0.2 mmol) was pre-dried by heating to 70 °C in vacuum for 3
hours prior to reaction. Under Ar atmosphere, the polymer was dissolved in dry THF
(50 mL) at room temperature. NaH was then added and the reaction stirred for 3 days.
Epichlorohydrin (1 mL) was added and the reaction stirred for a further 24 hour. The
reaction was then quenched with MeOH until no further effervescence was observed.
The reaction solvent was then filtered through celite. The polymer was re-dissolved in
DCM (10 mL) and precipitated into ice-cold diethyl ether (150 mL). 1.18 g of product
was collected via vacuum filtrated as a white solid.
1

H NMR (400 MHz, Chloroform-d) δ 3.87 – 3.35 (m, H-3, H-4), 3.18 – 3.09 (m, H-2),

2.82 – 2.72 (m, H-1), 2.66 – 2.53 (m, H-1).
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3.5.2

Synthesis of [PEO-(N3)-OH]4 star polymer

PEO4-10k-epoxide (1.18 g, 0.12 mmol) was stirred in DMF (20 mL) for 30 minutes
until complete dissolution. NaN3 (0.35 g, 5.4 mmol) and NH4Cl (0.64 g, 11.9 mmol)
were then added and the heterogeneous mixture was stirred at 60 °C for 48 hours. The
solution was allowed to cool and diluted with distilled water until all the solids
dissolved. The polymer was then purified by dialysis against distilled water for 3 days.
Lyophilisation of the dialysed solution resulted in 0.45 g of product as a white solid.
1

H NMR (400 MHz, Chloroform-d) δ 4.00 – 3.90 (m, H-2), 3.84 – 3.76 (m, H-4), 3.71

– 3.33 (m, H-1, H-3, H-5).
ATR-IR (ν cm-1): 2889 (C-H), 2100 (N3), 1643(C=O), 1096 (C-O).
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3.5.3 Synthesis of [PEO-(N3)-Br]4 star polymer ATRP initiator

A solution of [PEO4-(N3)-Br]4 star polymer (0.45 g) and TEA (0.1 mL, 0.8 mmol) in
dry DCM was cooled to 0 °C in an ice bath. 2-bromoisobutyryl bromide (0.1 mL, 0.8
mmol) was added dropwise and the solution was stirred for 24 hours, allowing warming
to room temperature. Excess BiBBr was quenched with MeOH (2 mL) and the reaction
solvent was evaporated. The product was stirred in THF (15 mL) for 1 hr and the solids
were filtered out. The polymer was then dissolved in DCM (10 mL) and precipitated
into ice-cold diethyl ether (150 mL). 0.37 g of product was obtained as a white solid.
1

H NMR (400 MHz, Chloroform-d) δ 5.18 – 5.05 (m, H-2), 3.87 – 3.79 (m, H-3), 3.77

– 3.43 (m, H-4), 1.94 (d, J = 2.5 Hz, H-1).
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3.5.4

Synthesis of [PEO-(N3)-PNIPAM]4 star polymer

In a sealed flask, CuCl (16 mg, 0.16 mmol), CuCl2 (22 mg, 0.16 mmol) and Me6TREN
(0.1 mL 0.32 mmol) was dissolved in the reaction solvent (1 mL, 1:1 v/v DMF/H2O)
and was degassed with argon for 15 minutes. In a separate flask, a solution of PEO star
initiator (0.2 g, 0.02 mmol) and N-isopropylacrylamide (1.36 g, 12 mmol) in the same
solvent mixture (4 mL) was degassed with argon for 15 mins. This solution was then
injected into the Cu complex solution using an argon-filled syringe. The reaction was
then heated to 35 °C and stirred for 3 hours. The reaction was then quenched by the
addition of distilled water and was dialysed for 3 days against distilled water.
1

H NMR (400 MHz, Chloroform-d) δ 7.20 – 5.87 (br, H-3), 4.09 – 3.84 (br, H-2), 3.79

– 3.45 (br, H-5), 2.27 – 1.28 (br, H-4), 1.22 – 1.02 (br, H-1).
ATR-IR (ν cm-1): 3301 (N-H), 2966 (C-H), 2110 (N3), 1643(C=O), 1096 (C-O).
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3.5.5 Synthesis of propargyl 2-bromoisobutyrate

2-Bromoisobutyryl bromide (2 mL, 16 mmol) was added dropwise to a solution of
propargyl alcohol (1.2 mL, 19 mmol) and pyridine (1.3 mL, 16 mmol) in anhydrous
chloroform (20 mL) at 0 °C. After stirring for 1 hour the reaction was washed with
acidified with HCl (5 mL, 1M) and the organic layer was washed with water (2 x 40
mL) and brine (40 mL). The organic layer was evaporated to give the pure product as a
yellow oil (3.1 g 94 % yield).
1

H NMR (400 MHz, Chloroform-d) δ 4.76 (dd, J = 2.5, 0.4 Hz, 2H, H-2), 2.50 (td, J =

2.5, 0.4 Hz, 1H, H-2), 1.95 (d, J = 0.4 Hz, 6H, H-1).
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3.5.6

Synthesis of propargyl-poly(tert-butyl methacrylate)

MEK/IPA Solvent
In a sealed flask, CuCl (32 mg, 0.32 mmol), and PMDETA (0.1 mL 0.32 mmol) was
dissolved in the reaction solvent (2 mL, 7:3 v/v MEK/IPA mixture) and was degassed
with argon for 15 minutes. In a separate flask, a solution of propargyl 2bromoisobutyrate (50 µL, 0.32 mmol) and tert-butyl methacrylate (2.24 g, 16 mmol) in
the same solvent mixture (3 mL) was degassed with argon for 15 mins. This solution
was then injected into the Cu complex solution using an argon-filled syringe. The
reaction was then heated to 60 °C and stirred for 24 hours. The polymer was then
precipitated into a cold solution of 1:1MeOH/H2O (100 mL). 1.94 g of product was
collected via vacuum filtration as a white solid.
DMSO Solvent
In a sealed flask, CuCl (16 mg, 0.16 mmol), and PMDETA (0.1 mL 0.16 mmol) was
dissolved in DMSO (1 mL) and was degassed with argon for 15 minutes. In a separate
flask, a solution of propargyl 2-bromoisobutyrate (25 µL, 0.16 mmol) and tert-butyl
methacrylate (1.2 g, 16 mmol) in DMSO (2 mL) was degassed with argon for 15 mins.
This solution was then injected into the Cu complex solution using an argon-filled
syringe. White crystalline precipitate was observed after stirring for 1 hour at room
temperature. The product was then dissolved in EtOH (20 mL) then precipitated into a
cold solution of 1:1MeOH/H2O (100 mL). 1.0 g of product was collected via vacuum
filtration as a white solid.
1

H NMR (400 MHz, Chloroform-d) δ 2.15 – 1.51 (br, H-3), 1.50 – 1.27 (br, H-1), 1.17

– 0.86 (br, H-2).
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3.5.7 Synthesis of [PEO-(PtBMA)-PNIPAM]8 star polymer

[PEO-(N3)-PNIPAM]8 star polymer (0.25 g), propargyl-PtBMA (0.12 g) and CuBr (8
mg, 0.9 mmol) was dissolved in anhydrous DMF (2 mL) and was degassed by bubbling
with Ar gas for 15 minutes. PMDETA (0.1 mL, 0.9 mmol) was added and the reaction
was heated to 85 °C and stirred overnight. DMF was evaporated and the polymer was
not purified further due to incomplete coupling.
1

H NMR (400 MHz, Chloroform-d) δ 7.17 – 5.78 (br, H-3), 4.10 – 3.86 (br, H-2), 3.69

– 3.50 (br, H-5), 2.82 – 1.53 (br, H-4, H-6), 1.52 – 1.32 (br, H-8), 1.21 – 1.08 (br, H-1),
1.04 – 0.90 (br, H-7).
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3.5.8

Synthesis of propargyl-PNIPAM

In a sealed flask, CuCl (32 mg, 0.32 mmol), CuCl2 (44 mg, 0.32 mmol) and Me6TREN
(0.2 mL 0.64 mmol) was dissolved in reaction solvent (1 mL, 1:1 v/v DMF/H2O) and
was degassed with argon for 15 minutes at 0 °C. In a separate flask, a solution of
propargyl 2-bromoisobutyrate (50 µL, 0.32 mmol) and N-isopropylacrylamide (2.01 g,
16 mmol) in the reaction solvent (4 mL) was degassed with argon for 15 mins. This
solution was then injected into the Cu complex solution using an argon-filled syringe.
The reaction stirred for 2 hours at 0 °C. The reaction solvent was then evaporated via
azeotropic distillation with toluene. The polymer was then dissolved in DCM (10 mL)
and precipitated into ice-cold diethyl ether (100 mL) 0.86 g of polymer was obtained
after 2 rounds of precipitation.
1

H NMR (400 MHz, Chloroform-d) δ 7.20 – 5.87 (br, H-3), 4.09 – 3.84 (br, H-2), 3.79

– 3.45 (br, H-5), 2.27 – 1.28 (br, H-4), 1.22 – 1.02 (br, H-1).
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3.5.9 Attempted synthesis of propargyl terminated PNIPAM-b-PtBMA

In a sealed flask, CuCl (3.5 mg, 0.03 mmol), and PMDETA (50 µL 0.03 mmol) was
dissolved in the reaction solvent (0.2 mL, 7:3 v/v MEK/IPA solution) and was degassed
with argon for 15 minutes. In a separate flask, a solution of the propargyl-PNIPAM
macroinitiator (0.12 g) and tert-butyl methacrylate (0.98 g, 6.9 mmol) in the reaction
solvent (1 mL) was degassed with argon for 15 mins. This solution was then injected
into the Cu complex solution using an argon-filled syringe. The reaction was then
heated to 60 °C and stirred for 24 hours. The polymer was then precipitated into a cold
hexane solution (100 mL). 1H NMR showed no sign of PtBMA extension.
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3.5.10 Synthesis of [PEO]8 star initiator

PEO star initiators were synthesised using the same method in Chapter 2. To a solution
of PEO star polymer (5.0 g) in dry toluene (50 mL) was added NaH (5 equivalence per
OH group) at 0 °C. The mixture was allowed to stir for 1 hr to generate the anion. 2Bromoisobutryl bromide (2 equivalents per OH group) was added dropwise and the
reaction was stirred at 50 °C for 72 hours. Excess NaH was quenched by the addition of
MeOH until no further effervescence was observed. The mixture was then filtered
through celite and the solvent evaporated. The polymer was precipitated twice into cold
diethyl ether (150 mL). The product was then collected via vacuum filtration. 4.8 g of
product was collected as a white powder (96 % yield).
1

H NMR (400 MHz, CDCl3) δ 4.37 – 4.24 (m, H-2), 3.86 – 3.40 (m, H-3, H-4, H-5),

1.93 (s, H-1).
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3.5.11 Synthesis of PEO-b-PNIPAM star block copolymers

In a sealed flask, CuCl (16 mg, 0.16 mmol), CuCl2 (22 mg, 0.16 mmol) and Me6TREN
(0.1 mL 0.32 mmol) was dissolved in the reaction solvent (2 mL, 1:1 v/v DMF/H2O
solution) and was degassed with argon for 15 minutes. In a separate flask, a solution of
[PEO]8 star initiator (0.4 g, 0.02 mmol) and N-isopropylacrylamide (1.36 g, 12 mmol)
in the reaction solvent (4 mL) was degassed with argon for 15 mins. This solution was
then injected into the Cu complex solution using an argon-filled syringe. The reaction
was then heated to 35 °C and stirred for 90 minutes. The reaction was then quenched by
the addition of distilled water and was dialysed for 3 days against distilled water.
1

H NMR (400 MHz, Chloroform-d) δ 7.20 – 5.87 (br, H-3), 4.09 – 3.84 (br, H-2), 3.79

– 3.45 (br, H-5), 2.27 – 1.28 (br, H-4), 1.22 – 1.02 (br, H-1).
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3.5.12 Synthesis of [PEO-b-PNIPAM-N3]8 star polymer

[PEO-b-PNIPAM]8 star polymer (0.5728 g) was dissolved in anhydrous DMF (20 mL)
and a NaN3 (0.308 g, 0.58 mmol) was added to the solution. The reaction was heated to
80 °C and stirred for 3 days. The solution was then diluted with water (20 mL) and
dialysed against DI water in a 3.5 k MWCO dialysis bag. 0.35 g of product was
obtained as a white solid after lyophilisation
1

H NMR (400 MHz, Chloroform-d) δ 7.20 – 5.87 (br, H-3), 4.09 – 3.84 (br, H-2), 3.79

– 3.45 (br, H-5), 2.27 – 1.28 (br, H-4), 1.22 – 1.02 (br, H-1).
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3.5.13 Synthesis of [PEO-b-PNIPAM-b-PtBMA]8 star block copolymers

“Click” method
[PEO-PNIPAM-N3]8 star polymer (0.25 g), propargyl-PtBMA (0.24 g) and CuBr (8 mg,
0.9 mmol) was dissolved in anhydrous DMF (2 mL) and was degassed by bubbling
with Ar gas for 15 minutes. PMDETA (0.1 mL, 0.9 mmol) was added and the reaction
was heated to 85 °C and stirred overnight. DMF was evaporated and the polymer
precipitated into diethyl ether to give a sticky blue solid.
ATRP method
In a sealed flask, CuCl (16 mg, 0.03 mmol), and PMDETA (20 µL 0.3 mmol) was
dissolved in DMSO (1 mL) and was degassed with argon for 15 minutes. In a separate
flask, a solution of [PEO-PNIPAM-N3]8 star polymer (0.20 g) and tert-butyl
methacrylate (0.31 g, 2 mmol) in DMSO (2 mL) was degassed with argon for 15 mins.
This solution was then injected into the Cu complex solution using an argon-filled
syringe. The reaction was heated to 60 °C and stirred for 1 hour. The polymer was then
diluted with THF (10 mL) and dialysed against THF for 1 day followed by DI water for
2 days in a 12k MWCO dialysis bag. After lyophilisation, 0.2 g of product was
obtained as a white solid.
1

H NMR (400 MHz, Chloroform-d) δ 7.17 – 5.78 (br, H-6), 4.10 – 3.86 (br, H-5), 3.69

– 3.50 (br, H-8), 2.82 – 1.53 (br, H-3, H-7), 1.52 – 1.32 (br, H-1), 1.21 – 1.08 (br, H41),
1.04 – 0.90 (br, H-2).
ATR-IR (ν cm-1): 3306 (N-H), 2975 (C-H), 1721 (C=O, ester), 1643(C=O, amide),
1096 (C-O).
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3.5.14 Synthesis of [PEO-b-PNIPAM-b-PMAA]8 star block copolymers

[PEO-b-PNIPAM-b-PtBMA]8 star block copolymers (0.38 g) was dissolved in dry
DCM (10 mL) and trifluoroacetic acid (98 %, 1 mL) was added. The reaction was
allowed to stir overnight at room temperature. The reaction solvent was evaporated and
the polymer was dissolved in EtOH (5 mL). Aqueous NaOH solution (1 M) was added
dropwise until the solution was above pH 7. The solution was dialysed against distilled
water for 3 days and filtered using a 0.55 µm nylon membrane filter before
lyophilisation.
1

H NMR (400 MHz, Deuterium Oxide) δ 3.81 – 3.65 (br, H-4), 3.57 – 3.33 (br, H-7),

2.01 – 1.13 (br, H-2, H-6), 1.02 – 0.88 (br, H-3), 0.86 – 0.68 (br, H-1).
ATR-IR (ν cm-1): 3306 (N-H, OH), 2929 (C-H), 1643(C=O, amide), 1125 (C-O)
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3.5.15 Synthesis of poly(methacrylic acid)

A piece of Cu wire (5 cm length, 0.5 mm diameter) was activated by soaking in conc.
HCl for 5 minutes. The wire was then rinsed with water and acetone and dried in a
sealed flask under Ar atmosphere. 2-bromopropanoic acid (20 µL, 0.07 mmol),
methacrylic acid (1.01 g, 11.6 mmol), CuCl2 (1 mg, 0.007 mmol) and tris(2pyridylmethyl)amine (8.9 mg, 0.03 mmol) was dissolved in a solution of DMSO (2.5
mL), H2O (2 mL) and HCl (0.5 mL, 1 M). The solution was degassed with Ar for 30
minutes and injected into the flask containing the activated Cu wire via a degassed
syringe. The reaction was then stirred at room temperature for 4 hours. The
polymerisation mixture was then diluted with H2O and dialysed against DI water using
a 1 K MWCO dialysis bag. 0.58 g of product was obtained as a white solid after
lyophilisation.
1

H NMR (400 MHz, Deuterium Oxide) δ 2.18 – 1.47 (br, H-2), 1.24 – 0.73 (br, H-1).
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3.5.16 Synthesis of [PEO-b-PMAA]8 star polymer

A piece of Cu wire (5 cm length, 0.5 mm diameter) was activated by soaking in conc.
HCl for 5 minutes. The wire was then rinsed with water and acetone and dried in a
sealed flask under Ar atmosphere. [PEO-20k]8 ATRP initiator (0.11 g, 0.05 mmol),
methacrylic acid (1.01 g, 11.6 mmol), CuCl2 (1 mg, 0.007 mmol) and tris(2pyridylmethyl)amine (9.0 mg, 0.03 mmol) was dissolved in a solution of DMSO (2.5
mL), H2O (2 mL) and HCl (0.5 mL, 1 M). The solution was degassed with Ar for 30
minutes and injected into the flask containing the activated Cu wire via a degassed
syringe. The reaction was then stirred at room temperature for 4 hours. A white
precipitate was formed in the reaction mixture. The precipitate was then filtered using a
55 µm membrane filter and washed with H2O. 0.4 g of product was recovered as a
white solid.
1

H NMR (400 MHz, DMSO-d6) δ 3.57 – 3.45 (br, H-3), 1.78 – 1.56 (br, H-2), 1.14 –

0.73 (br, H-1).
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Chapter 4: Related Research
This chapter covers some closely related work that does not fit neatly into the previous
chapters.

4.1 RAFT polymerisation
In the initial stages of the project, the polymerisation methods to focus on were not yet
decided. With the difficulties encountered in the ATRP of poly(piperidine acrylamide)
(PAP, Chapter 2.2), reversible addition-fragmentation chain-transfer (RAFT)
polymerisation was briefly attempted. RAFT polymerisation is another popular RDRP
technique often used to synthesised hydrogels for biological applications. The success
of a RAFT polymerisation is largely governed by the chain transfer agent (CTA or
RAFT agent) used (Figure 4.1a). The CTA contained two groups (Z and R) both of
which play a role in the RAFT equilibrium (Figure 4.1b). The Z group (blue) controls
the rate of addition of the propagating radical (Pn•) to the CTA and the rate of
fragmentation of the radical intermediate (2 →1). The rate of addition can be adjusted
by serval orders of magnitude by modification of the Z group.1 The R group (green) is
only important in the very initial steps of the polymerisation.

Figure 4.1a) general structure of a RAFT chain transfer agent. b) RAFT main propagation
equilibrium.
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The RAFT of PAP using a PEO RAFT agent has been previously reported with CTA2
where R = phenyl (Figure 4.2).2 To test the viability of RAFT polymerisation, a linear
PEO RAFT agent was initially used. Two slightly different RAFT agents were
synthesised, CTA1 where R = CH3 was first synthesised while waiting for the chemical
to synthesise CTA2 to arrive. The slight difference in the R group between CTA1 and
CTA2 should only result in a minimal difference in the polymerisation reaction as both
R groups has been used to polymerise AP.2-3 The synthesis of both CTA followed the
same procedure from the literature. First, the Grignard reagent was generated under Ar
by the addition of bromobenzene into a suspension of excess Mg turnings in dry THF.
After 1 hour, CS2 was added and the reaction was heated to 40 °C to generate a dark
red solution. Lastly, a solution of the mPEO-2k-X in dry THF was added and the
reaction was stirred at 40 °C overnight. The CTA was purified by 2 rounds of
precipitation from DCM into excess diethyl ether. The 1H NMR of the CTA was clean
and was consistent with the literature except for residual solvent peaks (Figure 4.3).
The products were obtained in good yield as a red solid. The dark red colour is
important as it indicates the presence of the dithiobenzoate group required for RAFT
polymerisation.

Figure 4.2 Synthesis of PEO RAFT CTA.
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Figure 4.3 1H NMR of CTA1 and CTA2 in CDCl3.

The polymerisation attempts are summarised in Table 4.1 and illustrated in Figure 4.4.
GPC measurements of the PEO-CTA are also included. The conversions were
estimated from using the same method from Chapter 2.2, using the 1H NMR of the
crude product before any purification. The dd peaks at 5.64 ppm from the residual
monomer peak were used as a reference and its integration were set to be 1. The broad
peak between 1.90-1.29 ppm (I1.58) was assumed to contain 6 protons from the
piperidine ring of the monomer and 8 from the polymer (6 piperidine ring + 2
backbone) thus the monomer:polymer ratios are calculated using the formula:
𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 =

𝐼1.58 − 6
8

The degree of conversion was then calculated by
𝑑𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =

𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝑝𝑜𝑙𝑦𝑚𝑒𝑟
× 100 %
1 + 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝑝𝑜𝑙𝑦𝑚𝑒𝑟

Gel permeation chromatography (GPC) were done using DMF at 35 °C as eluent at a
rate of 1 mL/min. PEO/PEG standards were used as calibrations.
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Table 4.1 Summary of RAFT polymerisation attempts of PAP. All reactions were done at 90 °C for
2 days, ACHN was used as a radical initiator at a 1:10 initiator:CTA mol ratio, *except for P4-2ii
which were done at 1:5 ratio.

GPCd
Entry

CTA

Solventa

Conversion

Theoretical

(%)b

MW (Da)c

CTA1
P4-1i

CTA1

Dioxane

68

6,736

P4-1ii

CTA1

DMF

48

4,978

CTA2

Mp

Mn

Mw

(Da)

(Da)

(Da)

1,440

1,293

1,530

1.18

1,631

1,432

1,744

1.22

PDI

N/A
1,440

1,295

1,534

1.18

P4-2i

CTA2

Dioxane

37

4,589

1,663

1,404

1,714

1.22

P4-2ii*

CTA2

Dioxane

18

3,277

1,533

1,355

1,574

1.16

a) 4 mL of solvent was used. b) From the crude 1H NMR after polymerisation. c) Estimates
including the molecular weight of initiator. d) Relative to PEO/PEG standards in DMF.

Figure 4.4 Synthesis of PEO-PAP (P4-1 and P4-2) by RAFT polymerisation.

The polymerisation of P4-1i using CTA1 in dioxane was mildly successful. The 1H
NMR indicated 68 % monomer conversion after 2 days of polymerisation. In an
attempt to improve the polymerisation, P4-1ii was polymerised in DMF, another
common solvent for radical polymerisations. This polymerisation, however, showed
less conversion than P4-1i. Polymer P4-2ii was polymerised using CTA2 under the
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same condition as P4-1i. The polymerisation, however, only proceeded to 37 %
conversion. Increasing the radical initiator (P4-2ii) actually decreases the degree of
conversion, probably due to an increase in rates of termination due to an increase in
radical concentrations.
The GPC measurements of these polymerisations showed a similar trend with the
ATRP attempts. Only minimal increases from the macro CTA were measured by the
GPC and broadening of the peak was observed. Similar molecular weights were
obtained for P4-1, P4-3 and P4-4 despite 1H NMR suggesting vastly different
molecular weights. Unlike the ATRP attempts, however, the GPC spectra only showed
a single peak suggesting a controlled polymerisation (Figure 4.5).

Figure 4.5 GPC spectra of P4-1i and CTA1 and P4-2i, P4-2ii and CTA2. GPC measurements were
taken in DMF and detected using RI detector.

To eliminate the possibility of impurities, that was undetectable by 1H NMR, in the
CTA impeding the polymerisation the CTA was attempted to be purified further by
dialysis against DI water for 3 days. However, the 1H NMR of the dialysed product
showed degradation of the thioester group. While it is known that the dithioester are
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very susceptible to hydrolysis under aqueous conditions, the rates of hydrolysis
decreases with an increased molecular weight of the CTA.4 Dialysis attempts of CTA2
led to degradation of dithiobenzoate group as the product was recovered as a pink solid.
The degradation was estimated to be 50 % by 1H NMR.
Synthesis of a 4 armed star PEO CTA (CTA3) was attempted but was unsuccessful.
Using a similar method to synthesise CTA1 and CTA2, the 1H NMR did not show any
attachments of the dithiobenzoate to the end group of the PEO stars. Increasing the
reaction temperature and time also did not yield any successful end group conversion.
Due to the difficulties of synthesis of CTA3 and difficulties understanding the GPC
measurements, the project did not proceed any further.

Figure 4.6 Attempted synthesis of PEO star CTA (CTA3).

4.2 PEO Star UV Cross-linker
Earlier in this study, there was an interest in developing materials for bio-adhesives.
There are several PEO based adhesives currently in the market for medical/surgical
purposes, such as FocalSeal® (Genzyme BioSurgery), CoSeal® (Baxter) and
DuraSeal™ (Confluent Surgical). However, the major drawback for these hydrogels is
their high degree of swelling which significantly compromise their mechanical strength.
Thus, they are unsuitable for use in high-stress areas such as the spine.5-6
To potentially overcome these problems, a new design for a polymeric bio-adhesive
was devised (Figure 4.7). The key to this design is the use of a hydrophobic liquid bio140

degradable polymer, such as a polyester polyol, as the main component which will
minimise water absorption and swelling. This design also utilises a modified PEO star,
containing diazirine or azidoformate groups as cross-linker. These groups can
decompose into a high reactive nitrene or carbene upon irradiation with UV light which
then reacts and cross-link the surrounding liquid polymers, as well as adhering to
tissues.7

Figure 4.7 New design for polymeric bio-adhesive.

The azidoformate functionalised PEO star (P4-3) was synthesised with a modified
procedure from Patil et al. (Figure 4.8).8 The reference reported the facile conversion of
various alcohols into azidoformates using triphosgene and NaN3 at 0 °C in acetone.
However, the PEO4-10k stars are not soluble in acetone at lower temperatures and thus
the reaction was carried out at 45 °C. Furthermore, the reaction was carried out over 48
hours as opposed to the reported 24 hours to ensure a higher degree of conversion.
Using this modified procedure the degree of conversion was estimated to be 80 %
according to the 1H NMR.
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Figure 4.8 Synthesis of PEO4-10k—azidoformate (P4-3)

As a preliminary test for its efficacy, P4-3 was dissolved in DMC (0.25 g/5 mL) then
cast into a film in a 70 mm diameter petri dish. The solvent was allowed to evaporate
overnight. The films were then exposed to 254 nm UV light (6 Watt) using Spectroline
ENF-260/FE handheld UV lamp as a source. The material showed cross-linking after
20 minutes of exposure, as evidenced by its insolubility and swelling after the addition
of DCM (Figure 4.9). Unfortunately 254 nm UV light is not suitable for the intended
application as it is known to damage tissue and DNA/RNA.9 Attempts to cross-link
using less harsh 365 nm light were not successful, probably due to low extinction
coefficient of azidoformates at this wavelength.

Figure 4.9 Films of PEO8-20k-azidoformate (P4-3) after 20 minutes of irradiation with 254 nm UV
light. The swelling after addition of DCM indicates cross-linking.

An alternative functional group which could be used in this scenario is diazirine, which
is widely used in photo-affinity labelling (PAL) of proteins.10 Upon irradiation with 350
nm UV light, it decomposes into carbenes which then can undergo C-H insertion
(Figure 4.10). Exposure to UV light at this wavelength is not damaging to DNA or
proteins. This technology has also been used on a surface for wet adhesion to tissues.11
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Figure 4.10 Simplified mechanism of the decomposition of diazirine into a carbene.12

The first step towards a diazirine functionalised PEO crosslinker (P4-4) is the synthesis
of 4-diazirinepentanoic acid (4-2) (Figure 4.11). It was synthesised as per the reference
from Tschamer et al. from levulinic acid.13 Levulinic acid was converted into
diaziridine (4-1) using hydroxylamine-O-sulfonic acid and ammonia. As diaziridine (41) was found to be unstable, it was immediately converted into the diazirine (4-2) with
I2 and triethylamine. The final product was obtained at a relatively low 25 % yield from
levulinic acid, but 1H NMR suggested that it was pure enough to use for the next step.
Extra care must be taken as diazirine can thermally decompose above 100 °C.14 The
diazirine (4-2) was then attached into PEO4-10k star by DCC coupling, using the mild
procedure reported by Stupp et al..15 The polymer was purified by dialysis against DI
water and the water-insoluble dicyclohexyl urea by-product was filtered out. The 1H
NMR of the product indicates the complete conversion of the OH end group.
The polymer was then cast into a film as per P4-3. Irradiation using the same
Spectroline ENF-260/FE handheld UV lamp at 365 nm wavelength (6 W) did not yield
successful cross-linking after 1 hour. Initially, this was thought due to the low power of
the UV source. However, using the most powerful 365 nm UV source available at our
disposal, Blak-Ray® XX-40BLB UV bench lamp (40 W), also did not yield a
successful result after 1 hour of irradiation.
Upon review, it was noticed that the general yields of PAL with diazirines are low.10
This is probably due to decompositions of carbenes into various alkenes before
successful bonding with the target.16 This feature is an advantage for PAL in
biochemical labelling is it minimises unselective bindings. However, it is a
disadvantage for use in adhesives as it results in low cross-linking density and thus poor
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adhesion. The reported diazirine modified surface contained a much higher effective
concentration of diazirines than in our star cross-linker.11

Figure 4.11 Synthesis of PEO4-10k-diazirine crosslinker (P4-4).

The next step for the UV activated bio-adhesive would have been to try the efficacy of
aryl azides. These are known to decompose into nitrene on a larger range of wavelength
(254 – 400 nm) including 365 nm which are safe for proteins and DNA.17 However, at
this stage the project was not pursued further, as the focus was shifted into
thermoresponsive hydrogels.

4.3 Poly(diethylene

glycol

ethyl

ether

acrylate-co-N-isopropyl

acrylamide) (P(DEGA-co-NIPAM)) copolymer
We have achieved our objectives in obtaining a room temperature setting
thermoreversible hydrogels in Chapter 2. However, the hydrogels are difficult to handle
as they formed sticky materials if molecular weights are too low. They also showed
transitions at very low temperatures, which limited the instruments that are capable of
measuring their properties. They required a long time to prepare as the polymers often
needed refrigeration in water up to 2 days before they fully dissolved.
The basis of LCST behaviour is non-ionic polymers is the negative entropy of mixing
which arises as solvent molecules are forced into specific orientations to solvate the
polymer. Thus, the Tcp of a polymer can be tuned by the addition of a co-monomer in
the polymer chain. The addition of hydrophilic monomers such as acrylic acid (AA) or
2-hydroxyethyl methacrylate (HEA) has been reported to increase the LCST of
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PNIPAM based hydrogels by 10 – 12 °C depending on molecular weight and
composition.18-19 Conversely, the addition of a hydrophobic monomer decreases the
LCST of PNIPAM by up to 10 °C, depending on composition.20
We were then interested to study the thermal behaviour of copolymers of two
thermoresponsive polymers, PDEGA and PNIPAM. Successful copolymerisations
between two monomers are dependent on their reactivity ratios, which are specific to
the monomer pairs in the polymerisation mixture. If the reactivity ratios of these two
monomers are not favourable for propagation, copolymerisation will not be successful.
The copolymerisation of DEGA and NIPAM had not been previously reported. Free
radical polymerisations using these two monomers using several combinations of
initiator and reaction solvents were attempted but in all cases, no polymerisations were
observed (Table 4.2). The reason for this failure was not clear.
Table 4.2 Summary of free radical copolymerisation attempts of DEGA and NIPAM (P4-5).
DEGA:NIPAM ratio = 1:1. No polymeric peaks were detected in the 1H NMR in all attempts.

Temperature

Entry

Solvent

Initiator

P4-5i

DMF

ACHN

80

P4-5ii

Dioxane

ACHN

80

P4-5iii

Water

APS/TEMED

60

(°C)

The successful controlled polymerisation by ATRP of difficult monomers such as
methacrylic acid and DEGA was achieved throughout the course of this study. The
copolymerisation of DEGA and NIPAM was revisited using this method. Table 4.3
summarises the findings. The conversions were estimated from the 1H NMR of the
polymerisation mixture directly after the reaction was quenched. The multiplet around
4.19 ppm from the ester group of DEGA monomer was integrated to 2 and the
integration of the broad peak between 4.14 – 3.94 ppm from the isopropyl group of
NIPAM and the ester of DEGA were used in the formula:
𝐼4.04
3
% 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =
× 100 %
𝐼
1 + ( 4.04
)
3
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Figure 4.12 Synthesis of poly(N-isopropyl acrylamide- co- diethylene glycol diethyl ether acrylate)
(P(NIPAM-co-DEGA)).

The first attempt at SARA ATRP was done using 1:1 mol ratio of NIPAM and DEGA
(P4-6i) (Figure 4.12). The monomers along with initiator ethyl 2-bromoisoburtyrate
(EBiB), CuBr2 and Me6TREN were dissolved in DMSO and after deoxygenation with
Ar, the polymerisation was initiated with an activated Cu wire. After 2 hours of
reaction at 30 °C, the 1H NMR of the reaction mixture indicated a 30 % conversion.
However, upon comparison with subsequent polymerisation attempts, this value may
not be accurate. The crude NMR for this reaction was taken in CDCl3 and there are
overlaps between the monomer and polymer peaks in this solvent. 1H NMR to calculate
the degrees of conversion of subsequent samples were taken in DMSO-d6, where the
overlaps were minimal.
The polymers were then purified by dialysis against DMF for 1 day to remove the
water-insoluble DEGA monomer and against DI water for 2 days. 1H NMR of the
recovered polymer (P4-6i, Figure 4.13) showed multiple overlapping peaks that
belonged to both DEGA and NIPAM. Peak fitting analysis of the overlapping peaks
suggested that the recovered polymers consist of DEGA and NIPAM at a ratio of 1:1.
End group analysis could not be performed as the initiator peaks overlap with the
polymer peak (ca. 3.5 ppm). GPC analysis in DMF calculated Mn = 3,700 Da and Mw =
6,000 Da (PDI = 1.60) relative to PEO standards. The PDI of P4-6i is relatively high
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for a polymer synthesised by ATRP. However, this reaction proved that DEGA and
NIPAM can be copolymerised with ATRP, despite failures with simple free radical
polymerisations. Attempts to improve on this result by using SARA ATRP in DMSO,
and increasing the reaction temperature from 30 °C to 60 °C actually decreased the
degree of conversion. This is most likely due to an increase in termination due to higher
radical concentrations or other side reactions.

Figure 4.131H NMR of in CDCl3 P4-6i with peak fitting analysis of the overlapping peaks between
4.29 – 3.90 ppm and 1.28 – 1.02 ppm.

In this study, previous ATRP attempts with NIPAM have always required water as a
reaction solvent as it is very slow to polymerise otherwise. Attempts in 1:1 DMSO/H2O
mixture as a reaction solvent (P4-6iii) were unsuccessful as the DEGA monomer was
insoluble in the solvent. Reaction with 4:1 DMSO/H2O mixtures gave polymer with
lower conversion (P4-6iv). Regular ATRP in 4:1 DMSO/H2O mixtures with
CuBr/CuBr2/Me6TREN as catalyst complex (P4-6v) gave similar conversion as P4-6i
but the GPC measurement suggested that the polymers were half the molecular weights.
Another attempt using CuCl/Me6TREN as the catalyst complex (P4-6vi) gave a similar
degree of conversion and molecular weights as P4-6v which suggested that the degree
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of conversion calculated for P4-6i was incorrect. Using the slower CuCl better control
of the polymerisation was achieved as indicated by the lower PDI.
The effect of varying monomer composition on the polymerisation was also looked at.
It is important to note that these polymers are of different composition than previously
done in this chapter. Thus, the GPC measurements between polymers with different
compositions are not comparable with each other. At a 3:1 ratio of DEGA:NIPAM, P47 showed a higher degree of polymerisation compared to P4-6v. However, GPC
measurements showed a high PDI of 1.59, suggesting a low degree of control in the
polymerisation process. At a 1:3 ratio of DEGA:NIPAM using SARA ATRP with
CuCl2/PMDETA, P4-8i showed minimal conversions. The degree of conversion was
slightly improved when regular ATRP, with CuBr/Me6TREN (P4-8ii), was used.
However, at 22 % conversion, this reaction cannot be considered successful. In all
cases, the 1H NMR of the purified polymer suggested the same DEGA:NIPAM ratio as
the monomers added.
Due to time constraints, this project did not proceed any further. Based on these results
it might be possible to successfully control the copolymerisation of these two
monomers with ATRP, given enough attempts. Each monomer appeared to favour
different initiation techniques, with DEGA favouring SARA ATRP and NIPAM
favouring regular ATRP. Thus, completely different reaction conditions are probably
required for each different polymeric composition.
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Table 4.3 Summary of ATRP attempts of DEGA and NIPAM. All reactions were done using 20 µL ethyl 2-bromoisobutyrate as initiator.

GPC (Da)e
Entry

DEGA/NIPAM
ratioa

Solventb

Initiator Complexc

Temp

Time

Conversion

(°C)

(hr)

(%)d

Mp

Mn

Mw

(Da)

(Da)

(Da)

6,000

3,700

6,000

PDI

P4-6i

1:1

DMSO

CuBr2/Me6TREN c

30

2

31*

P4-6ii

1:1

DMSO

CuBr2/Me6TREN c

60

2

16

P4-6iii

1:1

1:1 DMSO/water

CuBr2/Me6TREN c

30

2

P4-6iv

1:1

4:1 DMSO/water

CuBr2/Me6TREN c

60

4

17

P4-6v

1:1

4:1 DMSO/water

CuBr/CuBr2/Me6TREN

30

1

30

2,300

1,700

2,600

1.55

P4-6vi

1:1

4:1 DMSO/water

CuCl/Me6TREN

60

3

28

1,700

1,500

2,000

1.31

P4-7

3:1

4:1 DMSO/water

CuBr2/Me6TREN c

60

1

30

1,600

1,600

2,600

1.59

P4-8i

1:3

4:1 DMSO/water

CuCl2/PMDETA c

60

1

11

P4-8ii

1:3

4:1 DMSO/water

CuBr/Me6TREN

60

3

22

1.61

N/A

Monomer

N/A

Insoluble

N/A

N/A
810

820

890

1.09

a) initiator:total monomer ratio = 1:50. b) total solvent used = 2 mL. c) Activated Cu wire (d = 0.1 mm; l =5 cm) was also used. d) according to 1H NMR in DMSO-d6
after polymerisation. e) in DMF at 35 °C relative to PEO standards; all figures rounded to 2 s.f. *taken in CDCl3
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4.4 Preliminary Cytotoxicity Studies on PEO
Upon review of the literature, it appears that there are no reports on the effect of high
concentrations of PEO on cell growth. This is important for this project as the
hydrogels used here are formed at relatively high (20-30 %) concentrations. While PEO
is considered very biocompatible, any material at high concentration can have adverse
osmotic effects on cells.

The effects of a high concentration of PEO on T0523 cells, an immortalized
mesenchymal stromal cell line were tested. Solid PEO was sterilised by soaking in
ethanol, which was then allowed to evaporate in a sterile fume hood for 2 days. A
known number of cells (1600), were cultured in Dulbecco's Modified Eagle Medium
(DMEM) with 5 % human platelet lysate, were placed into each well of a 96 well plate
along with 30, 15 or 7.5% (w/v) PEO stars. However, at this stage, it was noticed that
PEO was not soluble in the media, despite being soluble in up to 50 % (w/v) in water.
Plates were incubated at 37 °C in a tissue culture incubator with humidified 5 % CO2
atmosphere for 7 days. Medium and compounds were then removed and the cells fixed
using 4% paraformaldehyde at room temperature for 30 minutes. After a wash with
PBS, cell nuclei were stained with 1µg/ml Hoechst 33342 for 1 hour before
visualization and photography on an Olympus IX71 inverted fluorescence microscope.
Nuclei were counted from images and averages calculated from triplicate wells. The
cell counts are listed in Table 4.4 and visualised in Figure 4.14. Error bars were drawn
as one standard error of mean (the standard deviation divided by the square root of the
𝑆𝐷

number of samples (√𝑛)).
Table 4.4 Result of preliminary cytotoxicity studies with a high concentration of various molecular
weight of PEO stars.

Concentration
(w/v)

PEO-8k

PEO4-10k

30 %
15 %
7.5 %

6.3
43.0
147.0

10.7
9.7
68.0

Cell Count
PEO4-20k
PEO8-10k
30.0
51.3
48.7

150

6.7
30.0
369.0

PEO8-20k

Control

7.3
58.0
297.7

1,516

Figure 4.14 Result of preliminary cytotoxicity studies with a high concentration of various
molecular weight of PEO stars. Error bars are drawn from 1 standard error.

In all cases, it appears that PEO of any molecular weight hinders cell growth. High
concentrations of PEO appeared to inhibit growth more than the low concentrations as
would be expected. The results of PEO4-20k are inconclusive as the cell count on all
concentrations appeared to be within the margin of error of each other. Interestingly,
there was no obvious correlation with cytotoxicity and molecular weight, as one might
expect the larger polymers to have a lower osmotic pressure at the same weight
concentration. This may be confounded by solubility effects and so should not be taken
as definitive. However, it is clear that PEO concentrations above 7% are not conclusive
to good cell survival.
Preliminary experiment with thermoresponsive gel PEO8-40k-PDEGA at 20 % w/v
concentration were performed in a similar manner except that 50µl of the gel was
aliquoted to the 96 well plates on ice, and solidified by incubating at 37 °C before cells
were added. However, after 7 days of incubation, the cells did not adhere to the gels
and form a spheroid which precluded counting.
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These early results suggested that thermoresponsive polymers at high concentrations
are not suitable for cell growth. However, the alarmingly low survival rate could
perhaps suggest a methodology problem. Residual ethanol from the sterilisation step
could be present which is known to be cytotoxic. This sterilisation method was chosen
as filter sterilisation was not possible as the PEO solution in water is too viscous at the
required concentration. Irradiating the PEO with UV light is another possible technique
to sterilise it prior to the experiment. It would be interesting to improve on the
methodology and then look at the effect of adding a cell adherent protein, such as RGD,
to the gel polymer.
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4.5 Experimentals
4.5.1

Synthesis of mPEO-Br

mPEO-2k (5.0 g, 2.5 mmol) and triethylamine (0.4 mL, 3 mmol) were dissolved in
anhydrous DCM (50 mL). The reaction was cooled in an ice bath and 2-bromo
propionyl bromide (0.4 mL. 0.3 mmol) was added dropwise. The solution was stirred
overnight and the reaction was quenched with EtOH (2 mL). DCM was evaporated then
the polymer was stirred in THF (50 mL) for 1 hour. The undissolved solid was filtered
out and THF was evaporated. The polymer was then dissolved in DCM (15 mL) and
precipitated into ice-cold diethyl ether (150 mL). 4.5 g of product was collected via
vacuum filtration as a white solid.
H NMR (400 MHz, Chloroform-d) δ 4.42 – 4.35 (m, H-3), 4.31 (t, J = 4.9 Hz, H-4),
3.85 – 3.42 (br, H-2), 3.36 (s, H-1), 1.81 (d, J = 4.9 Hz, H-5).
1
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4.5.2 Synthesis of PEO RAFT CTA1

Mg turnings (0.154 g, 6mmol) were dried in the oven at 130 °C for 2 hours and then
allowed to cool under Ar atmosphere. A solution of bromobenzene (0.4 mL, 4mmol) in
dry THF (5 mL) was then added and the reaction was refluxed for 1 hour. The reaction
was then allowed to cool to 40 °C. CS2 (1.2 mL) was then added and the reaction
turned bright red in colour. After 30 minutes, this solution was transferred into a
solution of PEO-Br (2.0 g, 1mmol) in dry THF (5 mL) via a syringe. The reaction was
then refluxed overnight. The salts were filtered and the THF was evaporated. The final
product was recovered after 2 rounds of precipitation into diethyl ether as a red solid
(1.48 g).
H NMR (400 MHz, Chloroform-d) δ 7.97 (dd, J = 8.2, 1.4 Hz, H-6), 7.57 – 7.50 (m, 1
H-8), 7.37 (t, J = 7.8 Hz, H-7), 4.75 (q, J = 7.4 Hz, H-4), 4.35 – 4.21 (m, H-3), 3.85 –
3.52 (br, H-2), 3.36 (s, H-1), 1.67 (d, J = 7.4 Hz, H-5).
1
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4.5.3

RAFT polymerisation procedure

mPEO-CTA (0.25 g, 0.12 mmol), N-acryloyl piperidine (0.87 g, 6.25 mmol) and
azobis(cyclohexanecarbonitrile) (2.5 mg, 0.001 mmol) was dissolved in dioxane (4
mL). The solution was degassed via 5 rounds of freeze-thaw cycle. The solution was
heated to 90 °C for 2 days. The polymer was then precipitated into ice-cold diethyl
ether (100 mL). 0.55 g of polymer was collected via vacuum filtration.
H NMR (400 MHz, Chloroform-d) δ 3.68 – 3.59 (br, H-2), 3.89 – 2.98 (br, H-5), 3.37
(s, H-1), 2.72 – 2.30 (br, H-4), 1.81 – 1.01 (br, H-3, H-6, H-7).
1

155

4.5.4 Synthesis of PEO-azidoformate

PEO4-10k (2.5 g, 0.25 mmol) was first dissolved in HPLC grade acetone (45 mL) at
45 °C. Triethylamine (0.2 mL, 1.5 mmol) and NaN3 (0.18 g, 2.0 mmol) was added to
the acetone solution. A solution of triphosgene (0.15 g, 0.5 mmol) in acetone (10 mL)
was added and the reaction was stirred for 48 hours. The reaction was cooled to room
temperature and excess triphosgene was quenched with isopropanol (5 mL). The
unreacted solids were filtered out and the reaction solvent was evaporated. The polymer
was then dissolved in DCM and precipitated into ice-cold diethyl ether. 2.2g of the
product was obtained as a white solid.
1

H NMR (400 MHz, Chloroform-d) δ 4.40 – 4.27 (m, H-2), 3.81 – 3.47 (br, H-1).

ATR-IR (ν cm-1): 2882 (C-H), 2188 (N3), 1729(C=O), 1099 (C-O).
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4.5.5

Synthesis of diazirine

Levulinic acid (4.0 g, 35 mmol) was stirred in a solution of NH3 in MeOH (7 N, 35 mL)
at 0 °C for 3 hours. A solution of hydroxylamine-O-sulfonic acid (4.5 g, 40 mmol) in
MeOH (30 mL) was added and the reaction was stirred overnight, allowing warming to
room temperature. The undissolved solid was filtered out and MeOH was evaporated.
The diaziridine was obtained as a yellow oil.
The diazirine was then dissolved in MeOH (20 mL) in a RB flask covered with
aluminium foil to minimize light exposure. The reaction was then cooled in an ice bath
and triethylamine (7.5 mL, 5.5 mmol) was added and stirred for 5 minutes. I2 chips
(approx. 6 g) was added portion-wise until the dark brown colour persisted after 5
minutes of stirring. The reaction was then diluted with EtOAc (50 mL) and washed
with HCl (1 M, 25 mL) then saturated Na2S2O3 (3 x 25 mL) and brine (25 mL). The
organic layer was then dried with MgSO4 and evaporated. 1.3 g of product was obtained
as a yellow oil.
H NMR (400 MHz, Chloroform-d) δ, 2.24 (dd, J = 8.1, 7.2 Hz, 2H, H-1), 1.73 (dd, J =
8.1, 7.3 Hz, 2H, H-2), 1.05 (s, 3H, H-3).
1
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4.5.6 Synthesis of PEO-diazirine

Under Ar atmosphere, PEO4-10k star (1.0 g, 0.1 mmol), diazirine acid (0.2 g, 1.6
mmol) and 4-(dimethyl-amino)pyridinium 4-toluene-sulfonate (DPTS) ( 0.035 g, 0.08
mmol) was dissolved in anhydrous DCM (20 mL). A solution of N,N′dicyclohexylcarbodiimide (DCC) (0.33 g, 1.6 mmol) in DCM (5 mL) was added and
the reaction was stirred at room temperature for 3 days. DCM was evaporated to
complete dryness and the solution was stirred in H2O (20 mL) for 1 hour. The polymer
was then dialysed in 3.5k MWCO dialysis bag for 3 days. The solution was filtered
through a 55 µm membrane filter and the filtrate was lyophilised. 0.75 g of product was
obtained as a white solid.
H NMR (400 MHz, Chloroform-d) δ 4.28 – 4.18 (m, H-2), 3.82 – 3.40 (m, H-), 2.21
(dd, J = 8.2, 7.2 Hz, H-3), 1.70 (dd, J = 8.2, 7.2 Hz, H-4), 1.02 (s, H-5).
1
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4.5.7

Synthesis of P(DEGA-co-NIPAM)

Free radical
1,1′-Azobis(cyclohexanecarbonitrile) (ACHN) (20 mg, 0.08 mmol), di(ethylene glycol)
ethyl ether acrylate (DEGA) (0.55 g, 2.98 mmol), N-isopropyl acrylamide (NIPAM)
(0.33 g, 2.98 mmol) dissolved in dioxane (5 mL). The reaction solution was
deoxygenated by three rounds of freeze/thaw cycle. The reaction was then heated to 90
°C and stirred for 20 hours. A small aliquot (0.1 mL) was evaporated for 1H NMR
which indicated no polymerisation.
SET LRP
A piece of Cu wire (5 cm length, 0.5 mm diameter) was activated by soaking in conc.
HCl for 5 minutes. The wire was then rinsed with water and acetone and dried in a
sealed flask under Ar atmosphere. Ethyl 2-bromoisobutyrate (20 µL, 0.08 mmol),
DEGA (0.36 g, 1.94 mmol), NIPAM (0.22 g, 1.94 mmol), CuBr2 (18 mg, 0.08 mmol)
and tris(2-pyridylmethyl)amine (20 µL, 0.08 mmol) was dissolved in a solution of
DMSO (4 mL). The solution was degassed with Ar for 30 minutes and injected into the
flask containing the activated Cu wire via a degassed syringe. The reaction was then
stirred at 30 °C for 2 hours. The polymerisation mixture was then diluted with EtOH
and dialysed against DMF for 1 day and DI water for 2 days using a 1 K MWCO
dialysis bag. 0.12 g of product was obtained as an oil after lyophilisation.

Regular ATRP
In a sealed flask, CuBr (11 mg, 0.08 mmol) and Me6TREN (0.2 mL, 0.08 mmol) was
dissolved in 4:1 DMSO/H2O mixture (1 mL) and was degassed with argon for 15
minutes. In a separate flask, a solution of ethyl 2- bromoisobutyrate (20 µL, 0.08
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mmol), DEGA (0.36 g, 1.94 mmol), NIPAM (0.22 g, 1.94 mmol) in 4:1 DMSO/H2O
mixture (3 mL) was degassed with Ar for 15 minutes. This solution was then injected
into the Cu complex solution using an argon-filled syringe. The reaction was then
heated to 60 °C and stirred for 4 hours. The solution was then diluted with ethanol and
dialysed against DMF for 1 day then against DI water for 2 days. 0.09 g of polymer was
obtained as an oil after lyophilisation.
H NMR (400 MHz, Chloroform-d) δ 4.34 – 3.93 (br, H-3, H-6), 3.76 – 3.47 (br, H-7
H-8 H-9), 2.44– 1.39 (br, H-1 H-5), 1.27 – 0.98 (br, H-4 H-10).
1
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Chapter 5: Conclusions and Future Work
5.1 Summary of work
In this work, we have presented the synthesis of a number of thermoreversible
hydrogels based on polymeric stars. Commercial poly(ethylene oxide) (PEO) stars were
modified into ATRP initiators and various thermoresponsive polymers were grafted
onto the stars.
Chapter 2 described the synthesis of room temperature setting hydrogels. Initially,
poly(N-acryloyl piperidine) (PAP) was used as the thermoresponsive block. This
resulted in a room temperature setting hydrogel as intended. However, the
polymerisations were uncontrolled, and GPC measurements suggested the formation of
irregular-shaped star polymers. Unsuccessful attempts with RAFT polymerisation was
also described in Chapter 4.
Alternative

pathway

using

via

post-polymerisation

modification

of

N-

hydroxysuccinimide methacrylate (NSHMA) was also attempted. NSHMA was
polymerised with ATRP, and the GPC trace of the resulting polymer showed a
controlled polymerisation. However, the aminolysis with piperidine to transform
PNSHMA into the desired poly(N-methacryloyl piperidine) (PMAP) showed
confounding results. The substitution appeared to have been successful as evidenced by
NMR and IR. However, the GPC failed to detect any polymeric peaks using the RI
detector. Furthermore, the resulting polymer was not soluble in water. The water
insolubility could be due to the increased hydrophobicity of PMAP compared to PAP.
A series of thermoresponsive PEO-star based polymers were synthesised using
poly(diethylene glycol ethyl ether acrylate) (PDEGA) as the thermoresponsive block.
GPC measurements of the resulting stars suggested a controlled polymerisation,
however, some star-star coupling were detected in the GPC of the largest polymer. Five
PEO initiators, with varying molecular weights and number of arms (PEO2-8k, PEO410k, PEO8-10k, PEO8-20k and PEO8-40k) were used and similar sized PDEGA
(~10,000 Da) were grown onto each initiator. All polymers were able to form a gel at
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30 % (w/w) concentration, except for PEO8-10k-PDEGA which was able to gel due to
its low molecular weight.
Rheometry measurements suggested that the molecular weight per arm has the greatest
effect on their properties. When comparing gels of similar molecular weights per arm,
then increasing the number of arms increases the toughness by a significant margin.
These gels, however, dissolved within hours of submerging in a large excess of water.
This is not ideal for the intended purpose as a scaffold for 3D printing, as the gels
would be submerged in media throughout the incubation period (~7 days).
This problem was attempted to be rectified in Chapter 3, which described the synthesis
attempts of star polymers that consist of poly(ethylene oxide) (PEO) as the watersoluble

block,

along

with

poly(N-isopropyl

acrylamide)

(PNIPAM)

and

poly(methacrylic acid) (PMAA) as the stimuli-responsive blocks. PNIPAM was used as
the thermoresponsive block in this chapter as the synthesis with ATRP and
biocompatibility is well known. The addition of a third polymer (PMAA) was hoped to
improve the hydrogel’s degradability in water as it is able to add a second physical
cross-linking after exposure to Ca2+ ions. Two different architectures were attempted in
this chapter: [A-(B)-C]4 type star polymers, where the PNIPAM and PMAA blocks are
branching off the arms of a PEO star and [A-B-C]8 type star polymer where the arms of
the star polymer consist of PEO, PNIPAM and PMAA sequential blocks.
The synthesis of [A-(B)-C]4 type star polymers began with a conversion of the OH
group at the ends of a PEO4-10k star into an epoxide using epichlorohydrin. This
epoxide was subsequently ring-opened with NaN3 and the resulting OH group was
reacted with 2-bromoisobutyryl bromide. These steps afforded [PEO-(N3)-Br]4 star
initiator which are available for both ATRP and “click” chemistry. PNIPAM was
grafted onto this star initiator by ATRP. The initial synthesis of propargyl terminated
PtBMA were unsuccessful as tBMA appeared to have polymerised without growing
from the ATRP initiator in the reaction solvent used (7:3 MEK/IPA mixtures).
However, the desired propargyl-PtBMA was able to be synthesised in DMSO. The
“click” reaction between [PEO-(N3)-PNIPAM]4 star polymer and propargyl-PtBMA
showed a mixture of products with different linked arms. This is probably due to the
poor solubility of propargyl-PtBMA in the reaction solvent, DMF. This project was not
pursued further due to time constraints.
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For the synthesis of [A-B-C]8 type star polymer, the end groups of commercial PEO820k stars were modified into ATRP initiators with 2-bromoisobutyryl bromide followed
by ATRP of PNIPAM. Chain extension of PtBMA on the [PEO-b-PNIPAM]8 star
polymer was eventually successful and [PEO-b-PNIPAM-b-PtBMA]8 star polymers
with various lengths of PtBMA were able to be synthesised. However, molecular
weights by GPC were not able to be obtained as finding a solvent suitable for the
combination of all three polymers proved to be difficult. Hydrolysis of PEO-bPNIPAM-b-PtBMA]8 star polymers were successful and the desired [PEO-b-PNIPAMb-PMAA]8 star polymer was obtained after overcoming struggles with purification.
Similarly, GPC measurements of these star polymers in PBS solution were not
available. As the [PEO-b-PNIPAM-b-PMAA]8 star polymer consists of three different
polymers, each with their own solubility behaviour and refractive indice, it is difficult
to obtain molecular weight calculations with the simple GPC set up available to us.
Direct polymerisation of PMAA onto the [PEO-b-PNIPAM]8 star polymer was not
possible due to its poor solubility in the reaction mixture.
The resulting [PEO-b-PNIPAM-b-PMAA]8 star polymer was able to form a gel at 20 %
concentration when heated above the LCST of NIPAM. A preliminary study suggested
that the hydrogels retained its shape up to seven days of submerging into 1 % CaCl
solution. Physical measurements of the gels were difficult as no instruments were
capable to introduce both heat and the Ca2+ ions are available at our disposal.
Other smaller collections of work were described in Chapter 4. The attempts of RAFT
polymerisation of PAP with a linear PEO CTA were mildly successful. Similar to
ATRP,

1

H NMR showed a significant degree of polymerisation, while GPC

measurement contradicted this result. Attempts to attach dithiobenzoate group onto a
PEO4-10k star polymer were unsuccessful.
Also described in Chapter 4 were the initial attempts at a new design for UV crosslinked bio-adhesives. The design consists of a liquid polymer and a PEO star which
upon irradiation with UV light, would cross-link the liquid polymer. The initial design
of the UV cross-linker involved modifying the end groups of PEO4-10k stars into
azidoformates. Azidoformates decomposes into nitrenes, which were able to undergo
C-H insertions and cross-link the PEO stars with its surroundings. This modification
was successful and the cross-linker was able to gel upon irradiation with 256 nm UV
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light. However, this wavelength of light is toxic to biological cells and thus could not
be used as bio-adhesives.
The next design attempted for the UV cross-linker was the diazirine functional group,
which are popular in photo-affinity labelling of proteins. It decomposes into carbenes
upon irradiation with 350 nm UV light, a safe wavelength for DNA and proteins. The
ketone of levulinic acid was converted into diazirine in 2 steps. The diazirine-acid was
then attached to PEO4-10k stars via DCC coupling. However, unlike the azidoformate,
no cross-linking was observed. This is probably due to low cross-linking efficiency of
carbenes which can decompose into various alkenes. This project was not pursued
further as cross-linking under useful conditions was not acheived.
In an attempt to increase the gelation temperature of the hydrogels synthesised in
Chapter 2, a 1:1 copolymer of NIPAM and DEGA was attempted. Free radical
polymerisation of the two monomers resulted in no polymeric product. However, SETLRP in DMSO appeared to yield a small degree of conversion. Atempted optimization
conditions were pursued but were ultimately unsuccessful. Furthermore, attempts at
changing the PNIPAM:PDEGA ratio suggested that each monomer preferred different
methods of initiation. PDEGA appeared to favour SET-LRP with Cu wire as the
initiator while PNIPAM preferred regular ATRP with CuI at the beginning of the
reaction. Unfortunately, due to time constraints, this project was not pursued further.
A recurring problem throughout this thesis was the difficiulty in measuring the
molecular weights of di- and triblock polymers and stars, especially those with great
differences in solubility characteristics between the blocks. All methods of measuring
molecular weights will have difficulties, and even light scattering will struggle with
blocks of greatly different dn/dc values.

5.2 Future Work
In this present work, we have synthesised hydrogels with the intended use as a bio-ink
for biological 3D printer. The cytotoxicity of the hydrogels, however, was never
thoroughly studied. Preliminary results suggested that the PEO-b-PDEGA hydrogels
are too hydrophobic which prevented cell adhesion. However, this was only done by
culturing the cells on top of hydrogels. While no growth could be proven, apoptosis
was not observed, which suggests the material has promise. The use of RGD amino166

acid sequences in the polymer structure, which is widely used to promote cell adhesion
could be necessary.1
While there are difficulties of getting physical measurements of the triblock star
copolymers in Chapter 3, both the [A-(B)-C]4 type and the [A-B-C]8 type star polymers,
the idea of having two physical cross-linking is promising. In Chapter 3, a Ca2+
responsive hydrogel in PMAA was chosen. However, this could have been any stimuli
block including another thermoresponsive block. The use of two thermoresponsive
blocks such as PDEGA and PNIPAM could be explored, especially in the [A-(B)-C]4
architecture which did not proceed to completion due to time constraints.

Figure 5.1 Chemical structure of poly(N-acryloyl-L-proline methyl ester) and poly(diethylene glycol methyl
ether methacrylate).

As PEO-b-PDEGA stars solidified at lower than room temperatures, the material is
often difficult to handle. Processing them prior to cell studies was a slight challenge, as
all of the equipment was designed to handle liquids. In the test performed in this work,
the equipment was initially cooled with ice prior to use. Thus, there was a need to
develop a hydrogel that sets at a slightly higher temperature. The PDEGA-PNIPAM
copolymer described in Chapter 4 is one example of such material. The synthesis was
not fully understood due to time constraints. However, this could potentially be the
solution to this problem. Alternatively, other thermoresponsive polymers, such as
poly(N-acryloyl-L-proline methyl ester) (Tcp = 22 °C)2 or poly(diethylene glycol
methyl ether methacrylate) (Tcp = 26 °C)3 could be used instead. Poly(N-acryloyl-Lproline methyl ester) in particular could be ideal as it consists of proline sidechains, a
natural amino acid (Figure 5.1).
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Figure 5.2 Example synthesis of PNIPAM by ATRP initiator which allows for grating onto natural polymers.

As the rheometry measurements in Chapter 2 suggests, the size of the PEO core matters
greatly, with higher molecular weight PEO stars being able to form gels at lower
concentrations. However, the early cytotoxicity of PEO studied in Chapter 4 suggested
that the high concentration of PEO inhibited cell growth. Much higher molecular
weight polymers should gel at lower concentrations due to greater overlap, and also
have lower osmotic pressures. The simplest way to get high molecular weight
fuctionalizable polymers is to move to natural polymers, such as hyaluronic acid and
chitosan. Both have been used in cell culture studies.4-5 Thermoresponsive polymers
based on chitosan and NIPAM have been reported before.6-7 To move beyond this, a
second cross-linking block (such as acrylic acid) would be added as well as the
NIPAM, either as a separate chain, or at the end of the PNIPAM block. This could be
mediated by using an ATRP initiator containing an activated ester (eg. NHS) to allows
for simple attachment to the –OH or the –NH2 groups in the backbone of the natural
polymers (Figure 5.2).
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