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Abstract 

The thesis focuses on the synthesis of (multi)block copolyesters using combinations of the 

ring-opening copolymerization of anhydrides/epoxides and the ring-opening polymerization 

of lactones. All the new block copolyesters are fully characterized and in depth investigations 

of the materials’ properties include evaluations as thermoplastic elastomers, shape memory 

polymers and polymers for biomedicine. 

Chapter 2 describes the polymerization of ɛ-caprolactone, using a di-zinc catalyst and various 

diols. A mixture of two polymer chain architectures is observed when using diols featuring 

secondary hydroxyls: these comprise chains which are either chain extended or chain 

terminated by the diol. This observation highlights the importance of analyzing the polymer 

architecture, the analysis may be achieved using a combination of NMR spectroscopic 

techniques, in the ring-opening polymerization of ɛ-caprolactone and refutes the common 

assumption that a single chain extended structure is produced in all cases. 

Chapter 3 uses di-zinc catalysts to selectively polymerize mixtures of lactones, epoxides and 

cyclic anhydrides to form multiblock copolyesters. By controlling the chemistry of the Zn-OP 

(P represents polymer chain) it is possible to select for a particular polymerization route and 

thereby allow access to multiblock copolymers having both alternating polyester blocks and 

aliphatic polyester blocks. The switchable catalysis is established to be generally applicable 

to a range of lactone/epoxide/cyclic anhydride combinations. The unusual catalyst selectivity 

is proposed to arise due to both kinetic and thermodynamic factors.  

Chapter 4 applies the selective catalysis to make multiblock copolymers which are 

subsequently chain-extended by reactions with diisocyanates. This method allows the 

preparation of amorphous multiblock copolymers comprising hard blocks from the 

ring-opening copolymerization of phthalic anhydride (PA) and cyclohexene oxide (CHO) and 

soft blocks from the ring-opening polymerization of ε-decalactone (DL). The obtained 

multiblock polymers function as thermoplastic elastomers, and shape memory materials, 

which are fully characterized and various application areas are proposed. 

Chapter 5 reports the synthesis of amphiphilic block copolymers, featuring hydrophobic 

poly(ɛ-caprolactone) blocks and hydrophilic blocks produced by the alternating 

copolymerization of maleic anhydride and epoxides featuring ether chains. The block 

copolyesters are designed to be both biodegradable and biocompatible. Block copolymers 
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with different hydrophilic/hydrophobic ratios are processed to form self-assembled 

nanostructures in aqueous solutions, and show a range of different morphologies. The 

(bio)degradability, biocompatibility and drug release profiles are studies. 
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H NMR DOSY spectrum of the PA/vCHO/δ-VL 

block copolyester, in toluene-d8. (C) The corresponding 
13

C{
1
H} NMR 

spectrum of the PA/vCHO/δ-VL block copolyester, in CDCl3. 

Table 3.1: The Mn of various PCHPE samples. 

Table 3.2 The sequential addition synthesis of PCHPE-b-PCL using different monomer 

ratio. 
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Table 3.3 The synthesis of PCHPE-b-PCL from a mixed monomer feedstock of PA and 

ɛ-CL. 

Table 3.4 Preparation of PDL-b-PCHPE-b-PDL using the di-zinc acetate complex, 

[LZn2(OAc)2]. 

Table 3.5 The ROCOP of phthalic anhydride and cyclohexene oxide, using [LZn2(Ph)2] 

and cyclohexane diol. 

Table 3.6 The ROP of ɛ-decalactone, using [LZn2(Ph)2] and cyclohexanediol. 

Table 3.7 Sequence controlled block copolyester syntheses. 

Table 3.8 Ring-opening polymerization of ɛ-DL using [LZn2(OAc)2]. 

Table 3.9 Molecular weight of block copolyesters with different block numbers. 

Table 3.10 Block copolyesters prepared using other epoxides and cyclic esters: 

4-vinyl-1-cyclohexene 1,2-epoxide (vCHO), rac-lactide (rac-LA) and 

δ-valerolactone (δ-VL). 

Scheme 3.1 General idea of the chemoselective sequence controlled polymerization 

method and typical block copolyesters investigated in this chapter 

Scheme 3.2 (A) Diagram illustrating the chemoselective sequence controlled 

polymerization; (B) Reactions corresponding to the steps illustrated in (A). 

Scheme 3.3 Reactions proposed to occur during sequence-selective polymerizations. 
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Figure 4.1: Synthetic route of [PDLm-b-PCHPEn-b-PDLm]y multi-block copolyesters. 

Figure 4.2: SAXS profiles of PDL-b-PCHPE-b-PDL multiblock copolyesters. 

Figure 4.3: TEM images of PCHPE-b-PDL multi-block samples sectioned by 

ultramicrotome and stained with RuO4. 

Figure 4.4: (A) Stress-strain curves of the multi-block copolyesters (#1~4 in Table 4.1). 

(B) hysteresis study on the multi-block polyester with 26 wt% of PCHPE (6 

cycles from 0% to 200% strain at the velocity of 10 mm/min, showing 

excellent  elasticity. 

Figure 4.5: Strain stress curves and schematic illustration of the plastic-to-rubber 

transition observed in PCHPE-b-PDL 42 wt%, confirming the bicontinuous 

phase separation morphology. 

Figure 4.6: Thermal induced shape memory effect of PCHPE-b-PDL 59 wt% multiblock 

(#4 in Table 4.1). 
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Figure 4.7: DSC analysis of pre-stretched PCHPE-b-PDL multiblock with 59 wt% of 

PCHPE (#4 in Table 4.1). 

Figure 4.8: Images of the uniaxial reversible shape memory effect of PCHPE-b-PDL 59 

wt% multiblock (#4 in Table 4.1). 

Figure 4.9: SAXS profiles of PCHPE-b-PDL 59 wt% multi-block (#4 in Table 4.1) with 

different fixed strain value. 

Figure 4.10: TGA profile of the multiblocks with different PCHPE content. 

Figure 4.11: Overlay of the storage modulus E’, loss modulus E’’ and tan(δ) of the 

multi-block copolyesters with (A) 26 wt% of PCHPE, (B) 42 wt% of PCHPE, 

(C) 49 wt% of PCHPE and (D) 59 wt% of PCHPE 

Table 4.1: Characterization data for the block copolyester materials. 

Table 4.2 Mechanical properties of the multi-block copolyesters as a function of the 

different block compositions. 

Table 4.3 Mechanical properties of the multi-block copolyesters with different 

compositions, at ambient temperature (22 
o
C) measured via DMTA. 
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Figure 5.1 
1
H NMR data of the hydrophilic epoxide monomer, ME3MO. 

Figure 5.2 Typical 
1
H NMR spectrum of (A) PCL-OH macroinitiator (Table 5.1, entry 

1) and (B) PCL-b-P(SA-alt-ME3MO) (Table 5.1, entry 3). 

Figure 5.3 SEC traces of PCL-b-P(SA-alt-ME3MO), corresponding to polymers listed in 

Table 5.1. 

Figure 5.4 A representative 
1
H NMR DOSY spectrum of PCL-b-P(SA-alt-ME3MO) in 

toluene-d8. (Table 5.1, entry 5). 

Figure 5.5 (A) A typical 
31

P{
1
H} NMR spectrum in CDCl3 of (a) PCL-OH (Table 5.1, 

entry 1) and (b) PCL-b-P(SA-alt-ME3MO) (Table 5.1, entry 5) after being 

reacted with 2-chloro-4,4,5,5-tetramethyl dioxaphospholane (using bisphenol 

A as internal reference); (B) the enlarged 
31

P{
1
H} NMR spectrum 

corresponding to the highlighted area in (A). 

Figure 5.6 Dynamic light scattering analyses of PCL-b-P(SA-alt-ME3MO) 

self-assemblies. 

Figure 5.7 (A) Cumulant fit and (B) Correlation functions of DLS studies of the 

self-assemblies. 
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Figure 5.8 TEM images of representative block copolymer self-assemblies. 

Figure 5.9 Lipase catalyzed biodegradation of polyester vesicles monitored by DLS. 

Figure 5.10 SEC traces of the biodegradation products during block copolyester reacting 

with lipase. 

Figure 5.11 The fluorescence spectrum (A) and calibration curve (B) of DOX•HCl in 
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Figure 5.12 Cumulative drug release profiles of DOX-loaded copolyesters vesicles at 37 
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and HeLa, and normal cells, HDF and quantified by an MTT assay. 

Figure 5.14 Cytotoxicity tests quantified by the cell counting method, using HDF cells 
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Figure 5.15 Confocal microscopy images of the nuclear translocation process observed 

for Nf-kB in HDF cells treated with degradation products, micelles, and 

polymersomes, respectively for 48 hours. 

Table 5.1 Synthesis of the amphiphilic block copolyesters with different compositions.  

Table 5.2 DLS analysis of the self-assemblies of the block copolyesters, prepared as per 

Table 5.1. 

Table 5.3 Molecular weights and dispersities of the block copolyesters during 

biodegradation experiments. 

Table 5.4 Signal overlap values for the nucleus and Nf-kB in control cells and cells 

treated with degradation products, micelles, and polymersomes, respectively. 

Scheme 5.1 Schematic illustration of the proposed preparation of amphiphilic block 

copolyesters, PCL-b-P(SA-alt-ME3MO), and the self-assembly procedure. 

Scheme 5.2 Synthetic route of the hydrophilic epoxide monomer. 
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Figure 6.1 The structures of some typical metal-salen and metal-porphyrin complexes. 

Figure 6.2 Potential monomers which can be used to make block copolyesters via 
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Figure 6.3 Schematic illustration of the synthesis, post-polymerization modification and 

degradation of metabolite polymers. 
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Figure 6.4 Proposed post-polymerization modification routes to afford metabolite 

polymers with various functionalities. 

Figure 6.5 Proposed route to afford metabolite polymers with the neighbouring dual 

functionality. 

Scheme 6.1 Copolyesters with sequence controlled architecture for information coding. 
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Figure 7.9 Synthesis of PCHPE-b-PDL using a mixed monomer feedstock. 
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Scheme 7.1 Synthetic route of bimetallic zinc catalyst [L
1
Zn2(OAc)2]. 

  

Appendices 

 

 

Figure A1 SEC traces of PCHPE-b-PCL and PCHPE. 

Figure A2 Plots of differential refractive index against the concentration of the 

alternating polyester (PCHPE) in THF at 25 
o
C. 

Figure A3 
1
H NMR spectrum of PDL homopolymer (Table 3.6, entry 5) in CDCl3. 

Figure A4 Plots (Table 3.6, entry 2) of the differential refractive index against the 

concentration of the polyester, poly(decalactone) (PDL) in THF at 25 
o
C. 

Figure A5 The thermoresponsive behavior monitored by the change in zeta potential at 



 

xxii 

 

different temperature. 

Figure A6 The chemical structure of the di-zinc complex with acetate co-ligand. 

Figure A7 
1
H NMR spectrum of [LZn2(Ph)2] in TCE-d2 at 403 K. 

Figure A8 
13

C{
1
H} NMR spectrum of [LZn2(Ph)2] in TCE-d2 at 403 K. 

Figure A9 
1
H-

13
C HSQC spectrum of [LZn2(Ph)2] in TCE-d2 at 403 K. 

  

  

 

  



 

xxiii 

 

Table of contents 

Chapter 1 Introduction ............................................................................................................... 1 

1.1 Fossil Fuel Depletion ....................................................................................................... 2 

1.2 Sustainable Polymers ....................................................................................................... 2 

1.3 Biorenewable Oxygenated Polymers: Polyesters and Polycarbonates ............................ 4 

1.4 Catalysts development for Ring-Opening Copolymerization .......................................... 7 

1.4.1 Polymerization Pathway ........................................................................................... 7 

1.4.2 Early Catalyst Discoveries ........................................................................................ 8 

1.4.3 Well-Defined Metal Catalysts ................................................................................... 9 

1.4.4 Major classes of well-defined catalysts .................................................................... 9 

1.5 Using Catalysis Ring-opening (Co)polymerization to make block copolymers ........... 14 

1.5.1 ROCOP Terpolymerizations ................................................................................... 14 

1.5.2 Combining ROCOP and ROP: Switch Catalysis and Tandem Methods ................ 16 

1.6 ROCOP: Polyester Properties ........................................................................................ 17 

1.6.1 Thermal Properties .................................................................................................. 18 

1.6.2 Amphiphilic Polyesters ........................................................................................... 22 

1.6.3 Mechanical Properties ............................................................................................. 23 

1.7 Renewable Thermoplastic Elastomers ........................................................................... 24 

1.8 Potential Application as Biomedical Materials.............................................................. 30 

1.8.1 Polymeric Self-assemblies ...................................................................................... 30 

1.8.2 Preparation Methods ............................................................................................... 31 

1.8.3 Current Development of Polymer Vesicles ............................................................ 34 

1.8.4 Future Challenges in Developing Polymeric Self-assembled Structures ............... 35 

1.9 Outlook .......................................................................................................................... 36 

1.10 Aims and Objectives .................................................................................................... 37 

1.11 References .................................................................................................................... 41 

Chapter 2 The Influences of a Di-zinc Catalyst and Bifunctional Chain Transfer Agents on 

the Polymer Chain End in the Ring-Opening Polymerization of ɛ-Caprolactone ................... 51 

2.1 Background and Aims.................................................................................................... 52 

2.2 Results and Discussion .................................................................................................. 53 

2.2.1 General Mechanism of the Ring-Opening Polymerization Catalyzed by Di-zinc 

bis(acetate) Complex with the Presence of Chain Transfer Agents ................................ 54 

2.2.2 Ring-Opening Polymerization of ε-CL using Di-zinc bis(acetate) Complex with 

CHD as the Diol Chain Transfer Agent ........................................................................... 57 

2.2.3 Probing into the True Structure of the Obtained  PCL with Both Chain Ends 

Functionalized .................................................................................................................. 59 

2.2.4 Calculation of the Relative Content of Type I and Type II in Different PCL 

Samples ............................................................................................................................ 65 



 

xxiv 

 

2.2.5 Monitoring the Relative Quantities of Type I and Type II During the ROP of ε-CL

.......................................................................................................................................... 68 

2.2.6 Investigation of the PCL Structure Using Different Types of Diol Chain Transfer 

Agent ................................................................................................................................ 69 

2.2.7 How Kinetics Affect the Nature of the Polymer Chain End Groups ...................... 72 

2.3 Conclusions .................................................................................................................... 82 

2.4 References ...................................................................................................................... 83 

Chapter 3 Selective Polymerization Catalysis: Controlling the Metal Chain End Group to 

Prepare Block Copolyesters ..................................................................................................... 86 

3.1 Background and Aims.................................................................................................... 87 

3.2 Results and Discussion .................................................................................................. 88 

3.2.1 The ROCOP of Epoxide and Anhydride ................................................................ 88 

3.2.2 Synthesis of PCHPE-b-PCL ................................................................................... 93 

3.2.3 Synthesis of PCHPE-b-PDL Block Copolymers .................................................. 102 

3.3 Conclusions .................................................................................................................. 127 

3.4 References .................................................................................................................... 129 

Chapter 4 Renewable and Degradable Multiblock Polyesters with Tunable Elasticity or as 

Shape Memory Materials ....................................................................................................... 131 

4.1 Background and Aims.................................................................................................. 132 

4.2 Results and Discussion ................................................................................................ 134 

4.2.1 Chain Extension Reaction of PDL-b-PCHPE-b-PDL Triblock Copolyesters ...... 134 

4.2.2 Microphase Separation of the PDL-b-PCHPE-b-PDL Multiblocks ..................... 136 

4.2.3 Multiblocks Exhibiting Thermoplastic Elastomeric Properties ............................ 140 

4.2.4 Multiblocks Exhibiting Shape Memory Effects ................................................... 144 

4.2.5 Thermal Stability and Thermo Mechanical Properties of the Multiblocks ........... 150 

4.3 Conclusions .................................................................................................................. 153 

4.4 References .................................................................................................................... 155 

Chapter 5 Non-toxic and Degradable Amphiphilic Polyesters for Drug Delivery Applications

................................................................................................................................................ 158 

5.1 Background and Aims.................................................................................................. 159 

5.2 Results and Discussion ................................................................................................ 161 

5.2.1 Synthesis of the Hydrophilic Epoxide Monomer .................................................. 161 

5.2.2 Preparation of the Amphiphilic Block Copolyesters with Different Block Ratios

........................................................................................................................................ 162 

5.2.3 Characterization of the Block Copolymer Architecture ....................................... 166 

5.2.4 Investigation of the Self-assembly of the Amphiphilic Block Copolyesters ........ 169 

5.2.5 TEM Characterization of the Self-assembled Block Copolyesters ....................... 171 

5.2.6 Thermal Stability of the Vesicles .......................................................................... 173 



 

xxv 

 

5.2.7 In vitro Lipase Catalyzed Biodegradation of the Polyester Vesicles .................... 174 

5.2.8 Model Drug Release Experiments ........................................................................ 176 

5.2.9 Cytotoxicity Tests ................................................................................................. 178 

5.3 Conclusions .................................................................................................................. 184 

5.4 References .................................................................................................................... 185 

Chapter 6 Conclusions ........................................................................................................... 188 

6.1 Overviews .................................................................................................................... 189 

6.2 Conclusions .................................................................................................................. 190 

6.3 Future Outlook ............................................................................................................. 193 

6.4 References .................................................................................................................... 197 

Chapter 7 Experimental ........................................................... Error! Bookmark not defined. 

7.1 General Procedures ...................................................................................................... 199 

7.1.1 Materials ............................................................................................................... 199 

7.1.2 Syntheses of Polymers and Catalysts .................................................................... 200 

7.2 References .................................................................................................................... 222 

Chapter 8 Characterization Techniques ................................................................................. 223 

8.1 Techniques and methods .............................................................................................. 224 

8.2 References .................................................................................................................... 241 

Appendices ............................................................................................................................. 243 

Appendix A − Data ............................................................................................................ 244 

Appendix B − Permissions ................................................................................................ 252 

 



 

 

 

 

Chapter 1 

Introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 1 

2 

 

1.1 Fossil Fuel Depletion 

Fossil oil, including crude oil, coal and natural gas, is the foundation of both the economy 

and modern life.
1
 Besides being used as a fuel, it is also the major source of chemicals, both 

commodity and specialty.
2
 According to the peak oil theory, the extraction of petroleum will 

reach the maximum rate, followed by a terminal decline.
3
 Although many attempts have been 

made to predict the timing of the peak oil, it is still open to debate.
3
 However, it is accepted 

that fossil oil is not a infinite resource, considering that it requires millions years to form and 

it is likely to become depleted in the future.
4
 Moreover, its usage leads to problems of 

pollution. Therefore, it is of particular value to start developing alternative resources for 

preparing chemicals prior to the peak, to avoid serious economic and social consequences. 

1.2 Sustainable Polymers 

By definition, sustainability is ‘meeting the needs of the present without compromising the 

ability of future generations to meet their needs.’
5
 Therefore, a sustainable polymer should be 

able to meet the needs of the consumers and not harmful to the environment, economy and 

the health of human beings. The raw materials for sustainable polymers should be renewable, 

for example being sourced from plants. Compared to the production of non-sustainable 

polymers, the production of sustainable polymers should use less non-renewable energy and 

net water, with less emission of greenhouse gases and smaller carbon footprint.
6
 Moreover, 

the sustainable polymer should also be economically viable. It is noteworthy that the 

measurement of sustainability requires complete life cycle assessment which is out of the 

scope of this thesis. Therefore, only biorenewable polymers are discussed in this thesis, these 

can be defined as a resource which can be reproduced to overcome usage and consumption, 

through naturally recurring processes within in a short period of time; though the goal is to 

achieve sustainability.
5
 

Currently, the polymer industry relies heavily on fossil oil resources and so will suffer the 

effects of reduced supply and increased price of the fossil oil resources in the future. Modern 

life relies on polymers, from the materials in our clothing, houses, cars, and airplanes through 

to applications in medicine, diagnostics and electronics. Many polymers also contribute 

significantly to a better quality of life and environment, for example as materials enabling 

water purification or as improved fuel-economy polymer composites in aerospace.
7,8

 Even 

though only ~6% of worldwide oil production is used to produce polymers, there are 

environmental concerns associated with both the raw materials used to make them
9
 and 

end-of-life options.
10

 There are also economical concerns associated with the cost of 
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transportation. 
9
 Whilst there is no panacea to these complex environmental problems, one 

option is to develop more ‘sustainable’ polymers. Research activities have primarily focused 

on both replacement of fossil raw materials with renewable alternatives, the products being 

known as bioderived polymers, and on end-of-life options, including materials suitable for 

recycling or (bio)degradation. It is worth pointing out that bioderived polymers are not 

necessarily sustainable polymers because using renewable raw materials to make polymers 

only partly fits the definition of sustainable polymers. Also, it is important to note that simply 

because a material is bioderived does not guarantee its biodegradation, and that a few 

polymers derived from petrochemicals are biodegradable.
11

 The potential for sustainable 

polymers is stimulated by recent policy, legislation and international agreements, such as 

Paris COP21.
12

 Nonetheless, any commercial application of bioderived polymers may benefit 

from improved environmental performance (as well as supporting policy or legislation) but it 

will require favourable economics and equivalent or better material properties, including 

features such as thermal resistance, mechanical strength, processibility and compatibility. 

Taken together, these are tough criteria and may explain in part why there are currently rather 

few commercially successful biorenewable polymers. To quantify this, in 2014, for an annual 

polymer production of over 300 Mt, only 1.7 Mt of biorenewable polymers were produced, 

with the three major products, by volume, being polyethylene terephthalate (PET), 

polyethylene (PE) and polylactide (PLA).
13

 There are generally two approaches to preparing 

more ‘sustainable’ polymers: 1) to improve the environmental impacts of current monomer 

and polymer production, for example by using biomass to make known monomers/polymers, 

such as the PET or PE or 2) to prepare new ‘sustainable’ material structures, such as 

oxygenated polymers derived from renewable raw materials like PLA. Polyesters and 

polycarbonates are amongst the most widely applied oxygenated polymers.
14

 The majority of 

commercial materials are prepared by condensation polymerizations and include well-known 

polymers such as poly(ethylene terephthalate) (PET) and polycarbonate (PC) (from bisphenol 

A). These oxygenated polymers are important commodity materials with good thermal (e.g. 

Tg of PET is ca. 70 
o
C and Tg of PC is ca. 145 

o
C, for commercialized products), mechanical 

properties (e.g. the tensile strength and elongation at break value of PET are 55-75 MPa and 

50-150%, respectively;  the tensile strength and elongation at break value of PC are 55-75 

MPa and 80-150%, respectively)
15-17

 and have been widely applied in packaging, fibres, rigid 

plastics and engineering materials.
14

 Therefore, it is of great value to develop new renewable 

oxygenated polymers to replace the petrochemical derived analogues. It is noteworthy that 
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the development of renewable olefin monomers is also of great value due to huge demand of 

polyolefin (e.g. polyethylene: 88.1 million ton/year).
18

 However, it is out of the scope of this 

thesis. 

1.3 Biorenewable Oxygenated Polymers: Polyesters and Polycarbonates 

One interesting oxygenated polyester, produced on a several hundred thousand tonnes/annum 

scale, is poly(lactic acid) (PLA) (~$2.2/kg).
19

 It is attracting considerable attention as a 

renewable and degradable alternative polymer for packaging, fibres, medical sutures/stents 

and in controlled release of active compounds.
20-23

 Another promising class of polyesters are 

the poly(hydroxyl alkanoates) (PHAs), once again applied for both commodity and niche 

medical applications.
24-26

 

Alternating polyesters and polycarbonates prepared by the ring-opening copolymerization 

(ROCOP) of cyclic anhydrides, epoxides and carbon dioxide are also very attractive due to 

the fact that many cyclic anhydrides (e.g. succinic anhydride, maleic anhydride) and epoxides 

(e.g. limonene oxide, methane oxide) can be acquired from biorenewable resources,
27

 and 

commercialization ventures are reported to be operating at pilot scale.
28

 The recent focus and 

development of ring-opening copolymerization (ROCOP) catalysts is significant because the 

product polyesters and polycarbonates differ considerably in backbone structure and 

functionality compared to those accessible by ring-opening polymerization (ROP). Most 

importantly, simply by changing the combination of cyclic anhydride, epoxide and CO2, the 

properties of the resulting material can be easily controlled, including the thermal properties 

[e.g. glass transition temperature (Tg), melting temperature (Tm) and thermal decomposition 

temperature (Td)] as well as properties such as the lower critical solution temperature (LCST) 

and UV-stability.
26,29-32

 These materials are desirable as potential substitutes for conventional 

petrochemical polyols. Indeed, a recent detailed life cycle analysis shows that these materials 

consume ~20% less petrochemical raw materials and reduce carbon dioxide emissions by 

approximately 20% compared to the use of conventional petrochemicals.
33

 

Table 1.1 Comparison of mechanical properties of various bioderived oxygenated polymers. 

Bioderived 

oxygenated 

polymers 

Bio-based 

monomers 

Molecular 

weight (kDa) 

Ð Tg (
o
C)

 a
 E modulus 

(MPa) 

Elongati

on at 

break 

(%) 

PLA
34

 Lactic acids 50-500 1.8-2.6 60 2000-3000 2.4-5.2 

PHA
35

 Hydroxyalkan

oates 

100-10000 1.2-6.0 -50-4 Flexible 2-1000 



Chapter 1 

5 

 

PPC
36

 CO2 50-360 1.7-2.8 31-41 993-6900 3-5 

PET
37

 Bioethylene 

glycol 

20-30 2.0-5.0 69-115 2000-2700 180 

PLimC
38

 Limonene 

oxide & CO2 

25-109 1.1-1.2 130 950 15 

a)
 Tg: glass transition temperature. 

Another major focus in the field is the development of ‘controlled’ polymerizations, namely 

reactions where the molecular weights, molecular weight dispersities, compositions, 

architectures and end-group functionalities are predictable and tunable.
39-49

 Fundamentally, 

the interest in understanding and developing such routes started in academic study. However, 

such routes could be of significant value in the production of copolymers with sophisticated 

architectures (e.g. block, graft, stereochemistry controlled and monomer sequence controlled 

polymers).
40-49

 

There are several living/controlled polymerization methods to afford polyesters and 

polycarbonates. According to the IUPAC definition, living polymerization is a chain 

polymerization from which chain transfer and chain termination are absent and in many cases, 

the rate of chain initiation is fast compared with the rate of chain propagation, so that the 

number of kinetic-chain carriers is essentially constant throughout the polymerization.
50

 As a 

result, the growth rate of the polymer chains is more constant than that observed in the 

traditional chain growth polymerization, leading to very narrow molecular weight 

distribution.
50

 Different from the living polymerization, controlled polymerization is defined 

as polymerization in which chain termination is merely suppressed rather than eliminated.
51

 

An immortal polymerization also affords a polymer with a narrow molecular weight 

distribution and the number of polymer chains being higher than the number of initiator 

molecules.
52

 Instead of being an irreversible side reaction, a chain transfer reaction in an 

immortal polymerization is reversible and so happens faster than the chain growth, leading to 

narrow molecular weight distribution.
52

 Therefore, rapid exchange between the alkoxide 

complex and –OH is the key to immortal polymerization. The most commonly used two 

methods, in terms of making polyesters, are the ring-opening polymerization (ROP) of cyclic 

esters/carbonates
20-23,42,53-72

 and the ring-opening copolymerization (ROCOP) of epoxides, 

cyclic anhydrides and CO2 (Figure 1.1). It is the second method which is the primary target 

of this thesis, although ROP is also relevant. 
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Figure 1.1 Schematic illustration of the generic reactions occurring during ring-opening 

copolymerization (ROCOP) prepare alternating polyesters and polycarbonates. 

While the ROP is a well developed, controlled polymerization for many applications, it has 

some limitations, including the rather limited monomer pool.
73,74

 In contrast, ROCOP has 

received far less attention, yet has a much broader available range of monomers. Although 

most of the monomers for ROCOP are still derived from petrochemicals, some of them can 

be acquired from renewable resources.
27

 The most attractive aspect of ROCOP is that the 

properties of the polymers can be easily tailored to meet the requirements of different 

applications. Such tuning can be achieved by changing the monomer compositions: for 

example, the glass transition temperatures of such polyesters/polycarbonates can be 

manipulated over the range from -26 C to 123 C,
31,75

 which is similar to the polyesters 

prepared via the ring-opening polymerization, for instance, polylactide with different 

substituents.
76

 This facility to substitute different epoxides, using the same or similar catalysts 

and reaction conditions, stands in stark contrast to ROP methodologies, where changing the 

polymer repeat unit requires the preparation of new, functionalized lactones/cyclic 

carbonates.
54

 It is important to emphasize that synthesizing functionalized lactones or cyclic 

carbonates can be complex, in terms of the need to protect certain functionalities (e.g. 

hydroxyl) to prevent side reactions.
54,77

 Furthermore, the addition of substituents to 6- or 

7-membered rings reduces ring strain and thereby limits the thermodynamic driving force to 

polymerization.
54

 The addition of substituents might also cause steric effect during the 

polymerization.
78

 Another limitation of ROP is that polymers containing aromatic groups in 

the backbone are very hard to make.
79

 ROCOP can overcome these limitations and it 

represents an attractive means to prepare semi-aromatic polyesters/polycarbonates.
29,30,80-84

 

Addition of aromatic backbone is attractive as a means to thermal and mechanical 

performance: both are current limitations for aliphatic polyesters produced by ROP.
79,85
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1.4 Catalysts development for Ring-Opening Copolymerization 

Since ROCOP offers promise for the synthesis of oxygenated polymers (especially polyesters) 

with tuneable properties and functionalities, it is important to understand how the ROCOP 

reaction occurs. Most of the ROCOP processes are catalyzed by metal catalysts, with or 

without the addition of co-catalysts. The following section outlines the relationship between 

different catalyst systems for epoxide/anhydride polymerizations and evaluates their 

performances, in terms of the turnover frequencies (TOF), turnover number (TON), ether 

linkage content, polymer selectivity, co-catalysts, molecular weights of the final products. 

1.4.1 Polymerization Pathway 

Ring-opening copolymerization (ROCOP) requires the use of complexes which perform as 

both the catalysts and/or initiators. These complexes usually have the LMX structure, where 

L is the ligand, M is the metal centre at which catalysis occurs and X is the initiating group 

(Figure 1.2). 
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Figure 1.2 Illustration of the elementary steps occurring during epoxide/anhydride 

ring-opening copolymerization (ROCOP). 

Initiation involves the insertion of monomers into the MX bond to generate metal 

alkoxide/carboxylate intermediates. The initiating group is commonly a carboxylate, alkoxide 

or halide group and, during controlled polymerization, this group becomes one of the chain 

end groups. Propagation occurs as monomers are sequentially enchained, this involves 

sequential formation of metal-alkoxide and carboxylate intermediates. The metal alkoxide 

intermediate attacks the anhydride to generate the metal carboxylate intermediate. The metal 

carboxylate intermediate attacks and ring-opens the epoxide co-monomer to (re-)generate the 

meal alkoxide. For this class of polymerizations, it is also important to consider chain 

transfer reactions. These are reactions in which the growing polymer chain equilibrates with 

added protic compounds, for example alcohols. The chain transfer reactions are typically 

assumed to occur more rapidly than propagation reactions. Addition of protic compounds can 

be used to control the polymer molecular weight and to control dispersity. However, if the 

chain transfer reactions do not occur more rapidly than propagation, the molecular weight 

will be less controlled and the dispersity will be broad. Other side reactions that can occur 

include sequential epoxide enchainment, leading to ether linkages. The termination of 

polymerization is frequently achieved by manipulating the conditions (reducing temperature, 

monomer removal). 

1.4.2 Early Catalyst Discoveries 

The first reports of the alternating copolymerization of epoxides and anhydrides were in the 

1960s.
86

 A range of catalyst systems including inorganic salts, tertiary amines or metal-alkyl 

initiators were reported.
87-94

 However, these copolymerizations were hampered by poor 

performance characteristics including low levels of polymerization control, poor activity and 

low molecular weight products; additionally, in some cases, the catalysts exhibited poor 

selectivity resulting in significant quantities of ether linkages. In the mid-1960s, Inoue et al., 

investigated the preparation of polyesters using organometallic complexes.
88,89,92

 After that, 

several metal complexes, together with added alcohol or water, were applied. An important 

mechanistic proposal, for phthalic anhydride/cyclohexene oxide ROCOP initiated by dialkyl 

zinc, was that polymerization proceeded by sequential formation of zinc-carboxylate and 

-alkoxide species.
92

 By 1973, Heisch et al. investigated the terpolymerization of epoxides, 

oxiranes and anhydrides, initiated by tri(alkyl)aluminium complexes.
93

 The resulting 
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polymers consisted of alternating ABC blocks featuring ether-ester-ester linkages. In 1980, 

Kuran et al. reported maleic anhydride/propylene oxide copolymerization, using a series of 

organozinc catalysts of general formula RZnEt (R = alkoxide, aryloxide, carboxylate).
94

 

Polyesters containing only 53 mol% incorporation of propylene oxide (PO) and of low 

molecular weight (Mn < 2.0 kDa) were produced.  These early discoveries set the foundation 

for future designing organometallic complexes to catalyze ROCOP. 

1.4.3 Well-Defined Metal Catalysts 

The next generation catalysts applied well-defined metal complexes, either mononuclear or 

binuclear complexes. The mononuclear species usually need co-catalysts, such as organic 

salts (ammonium, phosphonium halides), or Lewis bases [N-methylimidazole, 

dimethylaminopyridine (DMAP)]. The true role of the co-catalyst remains complex, but it is 

generally proposed that either the Lewis base or the anion coordinates to the metal catalyst, 

resulting in the labilizing of the initiating group, X, or the propagating polymer chain and 

accelerating polymerization. In addition, bimetallic or dinuclear catalysts frequently show 

superior performance compared to mononuclear complexes even without any 

co-catalysts.
75,95-116

 This is proposed to be due to an improved facility to accommodate the 

monomers and lower barriers for metal carboxylate or carbonate attack on bound epoxide 

molecules. 

1.4.4 Major classes of well-defined catalysts 

1.4.4.1 Metalloporphyrins 

In 1985, Inoue et al., reported the combination of porphyrinato aluminium complexes (1a-b, 

Figure 1.3) with quaternary ammonium/phosphonium co-catalysts, as catalytic systems to 

afford perfectly alternating polyesters with narrow molecular weight distributions (PDI < 

1.1).
117,118

 These early works were very important contributions to the field because the 

catalyst undergoes living polymerization and almost no ether linkages were formed. It was 

also reported that the same metalloporphyrin complexes were active for both the ROCOP of 

epoxides/cyclic anhydrides and the ROP of cyclic esters.
118

 More recently, Duchateau et al. 

re-visited the porphyrinato catalysts and reported that chromium complex 1c, in the presence 

of DMAP or N-MeIm as co-catalysts, were effective for the copolymerization of cyclohexene 

oxide with different anhydrides.
82

 The catalyst system exhibited high activity (bulk: TOF = 

95 h
-1

 at 100 C) and selectivity (>99 % ester linkages). Concurrently, Chisholm and 
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co-workers successfully applied the same porphryrin complex (1c) in styrene oxide/cyclic 

anhydride copolymerization, using PPNCl as the co-catalyst.
119

 Other porphyrin complexes 

with different metal centres were also investigated by the same group, including Al(III), 

Cr(III), Co(III). For propylene oxide/anhydride  copolymerization,
120

 Cr(III) catalysts were 

significantly more active (TOF = 52 h
-1

) than the Co(III) and Al(III)  analogues (TOF = 19 

h
-1

 and 25 h
-1

, respectively).  In these porphyrin complexes, the high activity of Cr(III) 

complex was rationalized by the relative affinity to achieve six-coordination: Cr(III) > Al(III) 

~ Co(III). Metalloporphyrin complexes are excellent catalysts but to reach high TOF and low 

ether linkage contents, co-catalysts are needed. Furthermore, the ROP of cyclic esters 

catalyzed by metalloporphyrin complexes exhibited low TOF values.
118

 

 

Figure 1.3 Illustration of the structures of some typical metalloporphyrin complexes. 

1.4.4.2 β-Diiminate (BDI) Zinc Complexes 

In 2007, Coates and co-workers reported the use of β-diiminate zinc [(BDI)Zn] catalysts 

(2a-2e, Figure 1.4) for the ROCOP of cyclic anhydrides/epoxides.
29

 They were already 

known to be effective catalysts for a range of polymerizations, including CO2/epoxide 

copolymerization,
103-105,121

 cyclic ester
122-124

 and cyclic carbonate ring-opening 

polymerization. The ligands’ backbone and aryl substituents affected the stability and activity 

of the catalysts during polymerization.
121

 Complexes with R3 = CN (2b, 2d, 2e in Figure 1.4) 

were among the fastest and most tolerant.
29

 In addition, a wide range of epoxides/anhydrides 

were investigated, leading to a library of polyesters which showed some promising features, 

including relatively high degradation temperatures (~290 °C) and moderate glass transition 

temperatures (50-60 °C). Although studies using [(BDI)Zn] complexes to catalyze the ROP 

of cyclic esters have already been reported by Coates and co-workers,
122,124

 the most active 

[(BDI)Zn] catalyst (R3 = H) for ROP was the least effective catalyst for ROCOP of epoxides 
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and anhydrides.
29

 They hypothesized that the cyclic anhydride reacts with the BDI ligand at 

the carbon beside R3 and destroyed the complex.
125-127

 The electron withdrawing nature of the 

nitrile group also prevented the degradation of the ligand. 

 

Figure 1.4 The structures of some typical β-diiminate zinc catalysts. 

 

1.4.4.3 Metal Salen and Salan catalysts 

Metal(III) salen catalysts (Figure 1.5) have been widely applied in CO2/epoxide 

copolymerizations.
128

 Duchateau and co-workers reported the chromium salphen complex 

(3a)/DMAP system (Figure 1.5)  for cyclohexene oxide/anhydride copolymerizations.
82

 

The catalyst was ineffective without the addition of a co-catalyst. Coates and co-workers 

reported the successful use of cobalt and chromium salen complexes, 4a and 4b, for 

epoxides/maleic anhydride copolymerization and the catalysts were effective without any 

co-catalysts.
31

 Poly(propylene maleate) (PPM) of moderate molecular weight was produced 

(Mn = 5,000 g/mol; 17,000 g/mol, 4a and 4b, respectively). The PPM was then successfully 

converted to poly(propylene fumarate) PPF by controlled cis-trans isomerization in the 

presence of diethylamine. Darensbourg and co-workers found that 4b on its own was inactive 

for CHO/PA copolymerization.
129

 Duchateau and co-workers also reported an extensive 

study of metal salen/co-catalyst combinations for cyclohexene oxide/anhydride 

copolymerizations.
130

 Chromium complexes outperformed cobalt and aluminium analogues. 

They also reported the ROCOP of limonene oxide/phthalic anhydride catalyzed by metal 

salophen complexes (3a, 3b, 3c, 3e), to yield partially renewable polyesters.
30

 Coates and 

co-workers recently discovered that by tuning the Lewis acidity of the aluminium complex 

(3f),
131

 side reactions (e.g. transesterification, epimerization) can be eliminated during the 

ROCOP of epoxides and cyclic anhydrides. Using the best aluminium complex (3f), the 

amount of PPNCl co-catalyst could be reduced to a substoichiometric level. With excess of 

propylene oxide, the remaining species are likely to be an aluminium alkoxide and a [PPN]
+
 

alkoxide, in equilibrium with a hexacoordinate dialkoxide aluminate, after the full 
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consumption of the anhydride monomer. By increasing the Lewis acidity of the aluminium 

complex, the equilibrium can be pushed towards the hexacoordinate dialkoxide aluminate. 

This strategy results in a reduced concentration of [PPN]
+
 alkoxide which is proposed to be 

the highly reactive species causing the side reactions. Furthermore, aluminium salen catalysts 

have also shown an extensive history as catalysts for the ROP of cyclic esters.
132

 

 

Figure 1.5 The structures of some typical metal salen and salophen complexes. 

1.4.4.4 Dinuclear Catalysts 

For the ROCOP of epoxides/CO2, dinuclear catalysts frequently show superior performance 

to mononuclear analogues.
75,95-116

 This is proposed to be due to improvement in 

accommodating the monomers thereby reducing the barriers for metal carbonate bond attack 

on the coordinated epoxides. It is possible that an analogous rationale could be applied to the 

ROCOP of epoxides/cyclic anhydrides and therefore testing of dinuclear catalysts was the 

logical next step (Figure 1.6). Lu et al. found the dinuclear catalyst, 5, was much more active 

than its mononuclear analogues for the ROCOP of epoxides/melaic anhydride.
133

 Williams 

and co-workers also reported di-zinc and di-magnesium catalysts (6a and 6b) for 

CO2/epoxide copolymerizations,
75,95-102

 which were also effective for epoxide/anhydride 

copolymerization.
134

 The geometry of the complexes 6a and 6b is not conclusive and requires 

further investigation based on the previous research conducted by my colleagues.
99,101,102

 

Therefore, the complex geometry is not displayed in Figure 1.6. Di-zinc complex 7, with 

DMAP, as a co-catalyst was shown to selectively copolymerise cyclohexene oxide and 

maleic anhydride at 110 °C.
135

 Recently, Nozaki and co-workers reported a dinuclear 

metal-corrole complex 8 (Figure 1.6) for the ROCOP of epoxides/anhydrides or 

epoxides/CO2.
107

 In the presence of a co-catalyst, (PPN)OBzF5, 8 showed slow activity for 
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propylene oxide/glutaric anhydride copolymerization (TOF = 3 h
-1

, in bulk, at 30 °C), 

affording perfectly alternating polyesters. However, a poly(ester-co-ether) was formed in 

toluene, whereas no activity was observed in THF. Recently, a series of dinuclear zinc salen 

complexes were developed by Williams and co-workers, and applied in the ROCOP of 

epoxides, cyclic anhydrides and CO2. The best catalyst (9) shows higher activity (TOF = 44 

h
-1

) for CO2/CHO ROCOP than other dizinc salen catalyst and a better activity (TOF = 198 

h
-1

) for PA/CHO ROCOP than other reported catalysts. The dizinc catalysts, developed by 

Williams and co-workers, (6a) also exhibits good activity in catalyzing the ROP of cyclic 

esters,
136

 suggesting it might be a good candidate for the investigation of switchable catalysis. 

 

 

Figure 1.6 The structures of some typical dinuclear catalysts. 
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1.5 Using Catalysis Ring-opening (Co)polymerization to make block 

copolymers 

Besides developing catalysts for the synthesis well-defined alternating polyesters and 

polycarbonates, efforts have also been made to afford block copolymers and/or polymers 

with more complex architectures. There has been a particular focus on the development of 

so-called ‘one-pot’ methods, i.e. where all monomers are combined and copolymer selectivity 

results from catalysts control methods. 

1.5.1 ROCOP Terpolymerizations 

An early example of the terpolymerizations of PO, CO2 and MA was reported in 2006, 

leading to the formation of a poly(ester-carbonate).
137

 In 2008, Coates and co-workers 

reported that the terpolymerizations of diglycolic anhydride (DGA), CO2 and cyclohexene 

oxide (CHO) using catalyst 2b (X= OAc).
138

 Detailed in situ ATR-IR spectroscopic analysis 

revealed that epoxide/anhydride ROCOP occurred first, and, only once the anhydride was 

nearly completely consumed, did epoxide/CO2 ROCOP occur. This was surprising because 

when conducted independently the epoxide/CO2 copolymerization occured significantly 

faster than epoxide/anhydride copolymerization. It was proposed that the selectivity is due to 

a relative faster rate of anhydride insertion vs. CO2 insertion into the zinc alkoxide 

intermediate; both reactions are pre-rate determining steps in the catalytic cycles. Figure 1.7 

illustrates the combination of polymerization cycles which are proposed to be occurring. 

During initiation, the [(BDI)ZnOAc] complex reacts with an equivalent of epoxide to 

generate the zinc alkoxide species (A). At this stage, the reaction with anhydride (B) is 

proposed to occur faster than the reaction with CO2 (C), leading to the dominant intermediate 

in terpolymerizations being a zinc carboxylate species. This intermediate reacts with epoxide 

(D) to form a zinc-alkoxide and the polymerization cycle progresses around the ester cycle 

(steps B, D). Only when the anhydride is almost fully consumed, does the insertion of CO2 

into the zinc alkoxide intermediate (C) become competitive. Once this occurs, a zinc 

carbonate intermediate is formed, which ring opens an epoxide to re-generate an alkoxide (E). 

Therefore, in this polymerization the formation of the second block occurs faster than the first 

block because reaction E is faster than D.  
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Figure 1.7 Proposed mechanism for the formation of copoly(ester-b-carbonate), as reported 

by Coates and co-workers.
138

 

Subsequently, other catalysts have also been shown to exhibit the same selectivity and 

produce copoly(ester-b-carbonates).
80,82,129,134,137,139-141

 Duchateau and co-workers used 3a 

with DMAP as the co-catalyst for the terpolymerisation of CHO/anhydrides (SA/CPrA/CPA 

or PA) and CO2.
80,82

  By monitoring the reaction, they found that ~90 % of the anhydride is 

converted before any carbonate functionalities are formed. Darensbourg and co-workers also 

prepared block copolymers from CHO/PA/CO2, using a chromium salen catalyst 4b with 

PPNCl/N3 as the co-catalyst, in this case two glass transition temperatures were observed, 

indicating phase separation between blocks (Tg = 48 °C and 115 °C).
142

 A Cr(III)salen 

catalyst with a tethered ammonium co-catalyst, was also successfully applied, by the 

Darensbourg group, to copolymerize PO/NA/CO2.
139

 Duchateatu and co-workers reported 

that metal porphyrin catalyst 1c with DMAP (as co-catalyst), was effective for the 

terpolymerisation of CHO, anhydrides (SA/CPrA/CPA or PA) and CO2.
82

 However, 

carbonate linkages formed concurrently during the enchainment of ester linkages, leading to 

non-defined block structures. In contrast, Chisholm et al. also used the 1c with PPNCl for the 

terpolymerization of PO/SA/CO2 and reported the formation of diblock 

copoly(ester-carbonates).
120

 Di-zinc and di-magensium catalysts reported by the Williams 

group, 6a/b, are also selective in the terpolymerizations of CHO, PA and CO2 producing 

block copoly(ester-carbonates).
134

 Heterogeneous catalysts such as zinc glutarate or double 

metal cyanides (DMC) have also been investigated for PO/MA/CO2 copolymerizaiton to 

produce poorly defined block copoly(ester-carbonates), due to the similarity in the insertion 
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rate of the cyclic anhydride and CO2.
140

 A similar result occurs using double metal cyanide 

catalysts.
141

 In the heterogenous catalysis, the phase of the catalyst is different from that of 

the reactant. Generally, the activity of the heterogeneous catalyst depends on the crystal 

morphology, particle size, size distribution and also impurities.
143

 

1.5.2 Combining ROCOP and ROP: Switch Catalysis and Tandem Methods 

Another interesting method is to combine ROCOP and ROP for the copolymerization of 

epoxides, CO2 and lactones. This is conceptually distinct and advantageous versus the 

terpolymerization of CO2, epoxides and cyclic anhydrides and also offers a broader access to 

properties and monomers as it requires the combination of two different polymerization 

catalytic cycles. There have been a few reports of the use of heterogeneous catalysts for such 

transformations, including zinc glutarate and double metal cyanides, 
144-147

 in all cases 

leading to undefined polymer structure with low/random lactone enchainment. A 

[(BDI)ZnOAc] catalyst was reported for the terpolymerisation of CO2/CHO/lactide (LA), 

resulting in the formation of a statistical copolymer.
148

 It was the first time that a catalyst was 

reported to give poly(cyclohexyl carbonate-co-lactide) from the terpolymerization of CO2, 

cyclohexene oxide and lactide. Although blocky structures were not observed, the 

composition of the terpolymers could be tuned by changing the monomer feed ratio. 

Williams and co-workers reported the first example of ‘Switch’ catalysis which enabled the 

two polymerization cycles to be combined and controlled using a single catalyst.
136

 The 

di-zinc catalyst, 6a, allowed the copolymerization of CHO, CO2 and ɛ-caprolactone (CL) and 

led to the selective formation of block poly(ester-co-carbonates) (Figure 1.8).
136

 ATR-IR 

spectroscopy showed that the ROCOP occurred first leading to the formation of pure 

polycarbonate, subsequently, after CO2 removal, the lactone ROP occurred, leading to a 

poly(carbonate-b-ester). The selectivity was interesting and unexpected because the rate of 

ROCOP was significantly slower than that of ROP. However, it was controlled by the 

pre-rate determining step, the insertion of carbon dioxide into the zinc alkoxide bond (Figure 

1.8. This is comparable to the earlier findings on epoxide/anhydride/CO2 copolymerisation 

reported by Coates and co-workers.
138

 It was discovered that the catalyst selectivity could be 

easily manipulated, thus under a nitrogen atmosphere the combination of CHO and CL led to 

the exclusive formation of polyester. When the gas atmosphere was changed to CO2, the only 

product was the polycarbonate. The polymerizations were easily controlled, in one-pot, by 
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adding different monomers at selected time points and this enabled the production of block 

copolymers. 

Figure 1.8 Illustration of the combined ROCOP and ROP reactions, using a single catalyst as 

reported by Williams and co-workers.
136

 

An alternative route to such copolymers is the tandem method, either using a macroinitiator 

to initiate the ROCOP or using the alternating polyesters/polycarbonates as the macroinitiator 

to initiate the ROP. In 2010, Lee and co-workers carried out an extensive study of 

CO2/epoxide ROCOP, using cobalt salen catalysts, and the in presence of various 

macromolecular chain transfer agents.
149

 Alternatively, our group and the Darensbourg group 

have both applied polycarbonate macro-initiators in the ring-opening polymerization of 

lactones or cyclic phosphoesters.
97,129,150,151

 

1.6 ROCOP: Polyester Properties 

The recent focus and development of ring-opening copolymerization (ROCOP) catalysts is 

significant because its capability to enchain a wide range of renewable monomers (cyclic 

anhydrides, epoxides, and CO2) into polymers. Additionally, the obtained 

polyesters/polycarbonates differ considerably in backbone structure and functionality 

compared to that prepared by ROP. Simply by changing the epoxide or cyclic anhydride, the 

properties of the resulting material can be easily tuned, including the thermal properties, 

mechanical properties, amphiphilicity and stimuli-responsiveness.
29-32

 Because the polymer 

properties of the ROCOP polycarbonates from CO2 and epoxides are out of the scope of this 

thesis, they are not discussed in this section. It is still worth mentioning that great progress 
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has been made in the field to change the polycarbonate properties by using different epoxides 

and it is envisaged similar tuning could be feasible for alternating polyesters.38,152-159 

1.6.1 Thermal Properties 

Understanding the influence of the polymer structure on the thermal properties (Tg and Tm) is 

of particular interest, due to the correlation with mechanical properties and processing 

conditions. One limitation for aliphatic polyesters is their low glass transition temperatures 

(Tg) observed for many materials. It is difficult using ROP to prepare polyesters with glass 

transition temperatures higher than 100 C. Where this has proved possible the monomer 

syntheses are often challenging.
76

 For example, polymandelide prepared by the ring-opening 

polymerization of mandelide can reach a Tg value of ca. 100 
o
C. However, the yield of 

mandelide is relatively low (~ 45%) and the synthesis of the polymer suffers from the poor 

monomer stability.
160

 Also, the methane protons are highly reactive because they are α 

protons to both the carbonyl and the benzene ring, resulting in the yellowing during melt 

processing.
160

 This can be overcame by direct hydrogenation to form the cyclohexyl 

derivatives [poly(cyclohexylglycolide), Tg = ca. 98 
o
C].

76
 One attraction of ROCOP is the 

facility to prepare materials with tuneable glass transition temperatures, including those 

approaching or exceeding 100 C.
129

 Thus, by selecting the epoxide/anhydride combination, 

it is relatively straightforward to modify the thermal properties of the resulting polyester.  

The nature of the polymer backbone linkages plays key role in determining their glass 

transition temperature and the presence of ether linkages may introduce backbone flexibility 

leading to a lower glass transition temperature. Nishimura and co-workers, reported that for 

poly(itaconic anhydride-co-1,2-epoxybutane), the Tg decreased upon the increasing the 

content of ether linkages (from 11 to -9 
o
C).

161
 It is notable that although isomerization from 

the itaconic to citraconic configuration occurred during the polymerization, the molar ratio of 

the two configurations hardly affected the Tg. In addition, it was noted that the Tg of the 

polyester could be further increased by crosslinking the polymer through the itaconic units, 

however, this complicated the processibility. Therefore, catalysts that feature higher ester 

linkage selectivity should be the primary choice to reach materials with higher glass 

transition temperatures. 

ROCOP, using maleic anhydride, has been widely investigated due to its potential of 

post-polymerization modification.
31,94,141,162,163

 Poly(maleic anhydride-alt-propylene oxide) 
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has  only a Z-configuration of the C=C bonds (Figure 1.9a). However, these can be 

isomerized to the E-configuration, by reaction with morpholine (Figure 1.9b). In addition, by 

varying the isomerization reaction time, the ratio of Z- to E- was easily controlled. The Tg 

increased from -14 
o
C to 4 

o
C with the increasing content of the E-configuration (from 0 to 92 

mol%). 

 

Figure 1.9 (a) Ring-opening copolymerization of maleic anhydride with propylene oxide; (b) 

isomerization of poly(maleic anhydride-co-propylene oxide) catalyzed by morpholine.
163

 

Reagents and conditions: (i) Mg(OEt)2, toluene; (ii) Morpholine, dichloroethane. 

As mentioned, Coates and co-workers reported a range of polyesters synthesized from maleic 

anhydride and various epoxides, including PO, epichlorohydrin, glycidyl ethers, 

perfluoroalkyl substituted epoxides, via ROCOP.
31

 The Tg of the poly(alkylene maleate) was 

tuned from -26 
o
C to 41 

o
C, by changing the epoxide co-monomer. The highest Tg was 

observed using perfluoro alkyl substituted epoxides, whilst epoxides with diethylene glycol 

substituents afforded materials with the lowest Tg. Furthermore, the isomerization of 

poly(propylene maleate) to poly(propylene fumarate) slightly increased the Tg of the 

polyesters when diethylamine was used as the isomerisation catalyst. 

Since the monomer combinations affect the Tg of the corresponding polyesters, a range of 

epoxides/cyclic anhydrides combinations were investigated by Darensbourg and 

co-workers.
142

 They pointed out that for a particular anhydride, the Tg of the obtained 

polyesters increase in the order PO < SO < CHO, whilst for a particular epoxide, the Tg 

increases in the order SA < MA < CHA ≤ PA < CHE. As expected, the steric effect of the 

pendant groups and the rigidity of the repeat unit exert a significant influence on the Tg of 
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polyesters [from -39 
o
C (SA/PO) to 95 

o
C (CHE/CHO)]. Moreover, two different Tg values 

were obtained for MA/PO copolymer due to photo-isomerization reactions. 

A further influence on the polyesters Tg is the molecular weight of the polymer. Duchateau 

and co-workers, reported that the Tg of poly(styrene oxide-alt-phthalic anhydride) increases 

from 43 to 73 
o
C as the  molecular weight increases from 4,500 to 9,000 g/mol.

81
 

Polyesters derived from renewable resources with promising properties are also a hot topic in 

the field. In 2015, Coates and co-workers reported a range of polyesters prepared by ROCOP 

of terpene-based cyclic anhydrides and propylene oxide (Table 1.2, entry 9) using metal 

salen catalysts. One of the polyesters exhibits a Tg value up to 109 
o
C, suggesting a potential 

renewable alternative to petrochemical-based high Tg polymers.
164

 

Table 1.2 The thermal properties of some representative ROCOP polyesters described in 

section 1.6.1. 

# anhydrides epoxides Tg 

(
o
C) 

Tg (
o
C) after 

isomerization 

Tm (
o
C) 

1
161

 

 
 

-9 -3 N.A. 

2
31

 

  

11 -14 N.A. 

3
31

 

  

33 45 N.A. 

4
31

 

  

-10 -6 N.A. 

5
31

 

 
 

-26 -29 N.A. 

6
31

 

 

 

40 53 N.A. 

7
31

 

 

 

35 36 N.A. 

8
31

 

 

 

41 50 N.A. 
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# anhydrides epoxides Tg 

(
o
C) 

Tg (
o
C) after 

isomerization 

Tm (
o
C) 

9
164

 

 

 

109 N.A. N.A. 

10
165

 

 or  

-4 N.A. 120 (after forming 

stereocomplex) 

11
142

 

 

 

95 N.A. N.A. 

12
142

 

 

 

85 N.A. N.A. 

13
142

 

 
 

53 N.A. N.A. 

14
142

 

 
 

53 N.A. N.A. 

15
142

 

  

46 N.A. N.A. 

16
142

 

 
 

48 N.A. N.A. 

 

One important renewable monomer, succinic acid, is derived from a highly efficient 

fermentation process of glucose and produced on 170 kt/annum scale.
166

 Polyesters featuring 

succinic acid repeat units can be prepared by ROCOP of epoxides and succinic anhydride.
29

 

The method is attractive as it is controlled, may obviate the need for precise control of 

reagent stoichiometry and it yields materials with predictable molecular weights. Coates and 

co-workers reported a new class of stereocomplex formed using isotactic and enantiomeric 

poly(propylene succinate) chains (Figure 1.10). The enantiomeric polyesters 

[poly((S)-propylene succinate) and poly((R)-propylene succinate)] were synthesized from 

succinic anhydride and enantiopure (R) or (S)-propylene oxide, using the ring-opening 

copolymerization.
165

 The stereocomplex forms by co-crystalline of the 2 enantiomers. Its 

melting temperature (120 
o
C) is 40 

o
C higher than either isotactic polyesters and comparable 
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to low density polyethylene. However, the limitation of this method lies in the requirements 

for enantiopure epoxide usage. 

 

Figure 1.10 The formation of stereocomplex poly(propylene succinate) by co-crystallisation 

of poly((S)-propylene succinate) and poly((R)-propylene succinate). Reagents and conditions: 

(a) [(R,R)-(Cl-salcy)CoNO3], [PPN][NO3], 30 C, 36 h. (b) [(S,S)-(Cl-salcy)CoNO3], 

[PPN][NO3], 30 C, 36 h.
165

 

1.6.2 Amphiphilic Polyesters 

Amphiphilic polymers exhibiting thermo-responsive behaviour such as 

poly(N-isopropylacrylamide) (PNIPAAM) are of particular interest in bio-medical 

applications.
167-170

 However, so far, the common thermo-responsive materials are not 

degradable, and PNIPAAM has been implicated in some cytotoxic mechanisms.
171

 It  would 

be of significant value to design polyesters exhibiting thermo-responsiveness. However, 

though there has been some recent progress in preparing amphiphilic or hydrophilic 

polycarbonates from CO2 and epoxides,
172-174

 reports on amphiphilic or hydrophilic ROCOP 

polyesters are still limited. One example of thermo-responsive polyester was reported by Hao 

and coworkers.
175

 Epoxides bearing oligo-ethylene glycol pendant chains (with different 

chain lengths) were copolymerized with succinic anhydride (Figure 1.11). A lower critical 

solution temperature (LCST) was observed in all three samples, with a narrow transition 

temperature window; the temperature was dependent on the chain length (m = 1, 2, 3 

corresponding to LCST values of 17.8 
o
C, 49.2 

o
C and 73.3 

o
C, respectively). Under 
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physiological pH conditions, the polyesters displayed comparable degradation rates to some 

clinically applied materials. Interestingly, the degradation rate also depended on the ether side 

chain length, a finding that has been attributed to the increase in hydrophilicity and aqueous 

solubility. Although these initial results are promising, the successive tuning of the LCST 

cannot be easily achieved. In order to achieve finer degrees of control, a mixture of 

2-((2-methoxyethoxy)methyl)oxirane/2-((2-(2-methoxyethoxy)ethoxy)methyl)oxirane 

(MEMO/ME2MO) epoxides were copolymerized with SA.
32

 By changing the molar ratio of 

MEMO/ME2MO (from 0 to 100 mol %), fine control of the LCST of the polyester was 

possible over the range 17.8 to 49.2 
o
C. Importantly, a linear increase of LCST was observed 

with the increasing ME2MO content in the initial feed. 

 

Figure 1.11 The synthesis of the thermo-response polyesters prepared by ROCOP. Reagents 

and Conditions: (a) Al(O
i
Pr)3.

175
 

1.6.3 Mechanical Properties 

Although a few studies on the mechanical properties of ROCOP polycarbonates have been 

reported,38,152,157,158 the studies on the comparable alternating polyesters’ mechanical 

properties have rarely been reported.
176

 The mechanical properties should also be tailored by 

changing the combination of cyclic anhydrides/epoxides. Wang et al. studied three 

anhydrides: succinic anhydride (aliphatic), phthalic anhydride (aromatic), and maleic 

anhydride (unsaturated) and each was copolymerized with propylene oxide, using a double 

metal cyanide complex catalyst, to afford poly(ether-ester) (polyesters with ether linkages) 

polyols.
176

 After a chain extension reaction, using 4,4’-diphenylmethanediisocyanate 

(forming a polyurethane segment), the mechanical properties of the three polyurethanes were 

investigated. By changing the aliphatic anhydride (succinic anhydride) to the aromatic one 

(phthalic anhydride), the tensile strength was significantly increased from 19.1 to 23.5 MPa. 

Also, high ester content in the soft segments was important to achieve the best mechanical 

performance of the polyurethanes. One interesting opportunity for such alternating polyester 

and block copolymers is as a thermoplastic elastomer. 
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1.7 Renewable Thermoplastic Elastomers 

Thermoplastic elastomers (TPE), also known as thermoplastic rubbers, are important 

materials for various applications.
177-179

 TPEs usually consist of different, incompatible 

polymer blocks which phase-separate on the micro- or nano-scale. The intrinsic elastic 

property of a TPE usually derives from the presence of both ‘soft’ and ‘hard’ domains. The 

terms refer to the flexibility of the amorphous polymer block, where the Tg of the soft block 

should be lower than the operating temperature and the block should be amorphous at the 

operating temperature. The hard polymer block should show either a Tg or a Tm higher than 

the operating temperature. Furthermore, the hard domains are responsible for the physical 

crosslinking of the sample which is critical for it to show elasticity.
180

 

Two of the most successful commercial TPEs are polystyrene-b-polybutadiene-b-polystyrene 

(SBS) and polystyrene-b-polyisoprene-b-polystyrene (SIS). They are produced on a million 

tons scale annually for various applications.
181-184

 However, SBS/SIS and their derivatives are 

petroleum-based and also non-degradable. Therefore the development of ‘green’ TPE has 

attracted increasing attention. Fully renewable thermoplastic elastomers can now be made 

from a range of renewable monomers, including terpenes, vegetable oils, sugars and 

CO2.
157,177,185-191

 This is an exciting area both fundamentally, in terms of understanding block 

copolymers, and practically in terms of the high-end applications for elastomers. 

As one of the pioneering groups in the field, Hillmyer and co-workers reported an early 

example of a fully renewable thermoplastic elastomer in 2012.177
 The TPE comprise a 

triblock copolymer, poly(α-methylene-γ-butyrolactone)-b-poly(menthide)- 

-b-poly(α-methylene-γ-butyrolactone) (PMBL-b-PM-b-PMBL) (Figure 1.12). Both of the 

monomers are potentially biorenewable. Menthide can be derived from the plant Mentha 

arvesis, while α-methylene-γ-butylrolactone may be synthesized from levulinic acid 

(cellulosic biomass). Due to the high Tg value of the PMBL block (170 
o
C to 190 

o
C), the 

elasticity of the triblock copolymers remains even at elevated temperature. In 2014, new 

ABA triblock polymers were reported by Hillmyer and co-workers (Figure 1.13).
189

 These 

polymers were synthesized using pinene-derived monomers α-methyl-p-methylstyrene 

(AMMS) and myrcene via the living anionic polymerization method. The obtained triblocks 

exhibited an upper service temperature at ca. 182 
o
C which is much higher than the traditional 

styrenic thermoplastic elastomers, such as SBS (Tg = ca. 100 
o
C). Furthermore, though the 

tensile strength is merely comparable to the traditional styrenic TPEs, the elongation at break 
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value reached up to 1300% which is one of the highest values reported in the field of 

renewable TPEs. 

 

Figure 1.12 Using terpenes to make renewable TPEs.177 

 

Figure 1.13 Structures of the monomers (AMMS and myrcene) and representative triblock 

polymer.
189

 

In 2014, a multicomponent elastomer which consists of recycled polystyrene and renewable 

polymer network was reported by Hearon, Wooley and co-workers (Figure 1.14).
192

 

Renewable D-limonene was used as both the solvent to dissolve a recycled thermoplastic 

polystyrene drinking cup and as a monomer to form a new poly(thioether) network. The 

polymer network showed tuneable physical and mechanical properties, and this work offers 

an interesting demonstration of recycling waste to new product. 
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Figure 1.14 Production of a semi-renewable network material using recycled polystyrene.
192

 

a) The recycling of a waste cup by dissolving it in D-limonene. b) The fabrication of iPhone 4 

protective case prototype made using the network material. 

Triglycerides have been used to prepare thermoplastic elastomers, including even an example 

of a self-healing and thermo-reversible elastomer.
191

 The elastomer used reversible 

supramolecular hydrogen bonding interactions for cross-linking, which facilitated its 

processing and even allowed its recycling. Soybean oil derived monomers were also 

copolymerized with styrene to afford partly renewable thermoplastic elastomers, 

poly(styrene-b-soybean oil acrylate-b-styrene) (PS-b-PSBA-b-PS) and poly(styrene-b- 

soybean oil methacrylate-b-styrene) (PS-b-PSBMA-b-PS) (Figure 1.15).
179

 Another example, 

reported by Robertson and co-workers, applied stearyl and lauryl acrylate (derived from 

vegetable oils) to prepare partly renewable triblock copolymers, poly[styrene-b-(lauryl 

acrylate-co-stearyl acrylate)-b-styrene] (SAS). The SAS triblocks form microphase-separated 

morphology and display elastomeric behaviour with an elongation at break value of less than 

200%.
193

 Fatty acids can also make vitrimers, which are polymers showing reversible 

temperature-induced thermoset to thermoplastic transitions, for example by thermally 

controllable transesterification reactions.
194,195
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Figure 1.15 Synthetic route of soybean oil derived monomers, soybean oil methacrylate 

(SBMA) and soybean oil acrylate (SBA) monomers.
179

 

In addition, recent research shows the potential for block copolyester elastomers from 

carbohydrates. Engineered E.Coli was used to prepare a functionalized lactone in high 

efficiency (88 g/L in semi-batch mode), with monomer cost being estimated at ~$2/kg, which 

is within the range for some commodity applications (Figure 1.16).
190

 The lactone was 

polymerized using controlled ring-opening polymerization to produce an elastomer (Tg = -50 

C), and its copolymerization with lactide yielded a thermoplastic elastomer that could be 

stretched to 18 times its original length without breaking. 
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Figure 1.16 (A) The biosynthetic pathway of βMδVL. (B) Synthesis of βMδVL from 

mevalonate. (C) TPE comprises βMδVL.
190

 

Completely renewable thermoplastic elastomers, derived from cellulose, rosin and fatty acids, 

were developed by Tang et al. in 2014 (Figure 1.17).
196

 Two types of graft copolymers were 

prepared via the atom transfer radical polymerization (ATRP): cellulose-g-poly(n-butyl 

acrylate-co-dehydroabietic ethyl methacrylate) [Cell-g-P(BA-co-DAEMA)] and 

cellulose-g-poly(lauryl methacrylate-co-dehydroabietic ethyl methacrylate) 

[Cell-g-P(LMA-co-DAEMA)], in which DAEMA is derived from rosin and LMA is derived 

from fatty acids. The obtained graft copolymers showed excellent elasticity even at strain 

values higher than 500%. 
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Figure 1.17 Schematic illustration of cellulose based graft copolymers.
196

 

Despite the fact that thermoplastic elastomers only account for a small portion of overall 

industrial polymer production, the market value of TPE is large due to the high-end 

properties. A range of TPEs comprising renewable components have been reported. However, 

the mechanical properties of these renewable TPEs are still inferior to those of many 

petrochemicals (Table 1.3). Furthermore, despite some progress having been achieved in 

making thermoplastic elastomers from renewable sources, degradable alternating polyesters 

derived from renewable cyclic anhydrides and epoxides have not yet been explored. 

Table 1.3 Mechanical properties of known TPEs.
197

 

# Polymer Polymer type Tensile strength 

at break (MPa) 

ε at break (%) 

1 Hytrel (Dupont) Polyester based 10-31 200-375 

2 Skypel (SK chemicals) Polyester based 22-50 350-900 

3 Riteflex (Celanese) Polyester based 20-31 50-350 

4 Pibiflex (SO.F.TER) Polyester based 11-40 400-900 

5 Kopel (Kolon) Polyester based 25-39 400-850 

6 RTP 1500 series (RTP) Polyester based 8-40 200-550 

7 Ecdel (Eastman 

Chemical Co.) 

Polyester based 20-23 300-400 

8 PEBAX (Arkema) Poly(ether-b-amide) 34-63 300-640 

9 Irogran (Huntsman) Polyurethane based 35-45 550-700 

10 Pearlthane (Merquinsa) Polyurethane based 25-45 470-700 

11 Pearlcoat (Lubrizol) Polyurethane based 25-35 410-850 

12 SBS Polyolefin based 21-21 800-1100 

13 PAMMS−PMYR−PAM

MS
189

 

Polyolefin based 0.5-4 500-1350 

14 PMBL-PM-PMBL
177

 Poly(ester-b-olefin) 4-13  730-1800  

15 PLA-PMCL-PLA
198

 Polyester based 10-14 1360-1880 
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1.8 Potential Application as Biomedical Materials 

The need for renewable polymers in the biomedical industry may not appear as important due 

to the relatively small market size, but the high values and, therefore, high cost tolerance 

would facilitate the implementation of many new renewable materials. Moreover, many 

renewable raw materials derive from the metabolites of living organisms, suggesting the 

potential for biocompatibility which is difficult otherwise to achieve. Degradable polymers 

are especially interesting as they can break down, via hydrolytic or enzymatic process, into 

small molecules which can be excreted or absorbed rather than accumulating in vivo or being 

removed by surgery. Over the past fifty years, a range of degradable synthetic polymers with 

different backbone structure have been developed, such as polypeptides,
199-201

 

polysaccharides,
202-204

 poly(α-esters),
205,206

 polyanhydrides,
207,208

 polycarbonates
77,209-212

 and 

polyphosphesters.
213-215

 However, reports on biocompatible polymers featuring both 

(bio)degradability and renewability are limited, especially in the field of colloidal or 

self-assembled polymers.  

1.8.1 Polymeric Self-assemblies 

Polymeric self-assemblies, especially polymer vesicles (also known as polymersomes, Figure 

1.18) have experienced a blooming development over the past two decades.
216-224

 Polymer 

vesicles are expected to be applied in the delivery and release of pharmaceuticals,
225

 gene 

therapies,
226,227

 magnetic resonance imaging agent (MRI) and in theranostics
228,229

 or cell 

mimicking.
230-232

 Typically, polymer vesicles are nanoscale capsules featuring a hydrophobic 

membrane and a hydrophilic interior. Their structures are more complicated than polymer 

micelles which feature a simple core-shell nanostructure. Although lipid vesicles have been 

acting as the foundation of life for millions of years, polymer vesicles are more robust and stable. 

So far, they are commonly prepared from non-degradable poly(acrylates), poly(methacrylates)  

polypeptides, glycopeptides, starches, polyphosphesters and polycarbonates derived from ROP 

of six-membered cyclic carbonate are also known to undergo self-assembly.
213,214,233-241
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Figure 1.18 Common morphologies of self-assembled amphiphilic block copolymers: 

spherical micelles, cylindrical micelles and vesicles (also known as polymersomes).
242

 

1.8.2 Preparation Methods 

1.8.2.1 Solvent-switch method 

Solvent-switch techniques have been widely used for preparing polymer vesicles as most 

amphiphilic block copolymers are not directly soluble in water.
243-246

 Initially, polymers are 

dissolved in organic polar solvents first [e.g. N,N-dimethylformamide (DMF) and 

tetrahydrofuran (THF)], followed by the addition of the second solvent (usually water) to 

selectively induce the nano-precipitation (membrane forming process) of the solvophobic part of 

the polymer chain. The hydrophilic blocks are solvated to form vesicle corona. Alternatively, 

the solvent-switch method can be applied reversely (adding polymer organic solution into water). 

Sometimes the organic solvent/water mixture ratio significantly affect the resultant 

morphology of self-assembly and also the permeability of vesicle membrane. However, 

vesicles prepared by means of solvent-switch require purification to remove organic solvents 

prior to applications. This is both time-consuming and economically unfavourable. 

1.8.2.2 Rehydration method 

Rehydration can be achieved by either a film or bulk swelling method. During film swelling, 

polymers are firstly dissolved in an organic solvent (such as chloroform) and processed to 

afford a thin film, after the evaporation of the organic solvent. The subsequent addition of 

water or aqueous buffer solutions hydrate the polymer thin film to form vesicles.
247

 For 
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instance, both giant vesicles and monodisperse normal vesicles can be prepared using 

[poly(ethylene oxide)-block-polyethylethylene] (PEO-b-PEE) or [poly(ethylene 

oxide)-block-polybutadiene] (PEO-b-PBD).
248

 As the polymer vesicles are prepared in the 

absence of organic solvents, they can be used without further purifications.  

In bulk swelling, no organic solvents are required during the vesicle preparation as the 

polymer can be directly dissolved in water to form nanostructures.
249,250

 However, vigorous 

agitation is usually required to fully hydrate the polymer sample and this usually results in 

structure defects and/or broad particle size distributions.
247

 

1.8.2.3 pH tuning in pure water 

The self-assembly of polymers with pH stimuli-responsiveness can be prepared by changing the 

pH value. For example, in 2005, Du and Armes reported a diblock copolymer vesicle 

self-assembled from poly[2-(methacryloyloxy)ethyl 

phosphorylcholine]-b-poly[2-(diisopropylamino)ethyl methacrylate] (PMPC-b-PDPA). This 

PMPC-b-PDPA block copolymer can dissolve in acidic solution (pH < 6) due to the protonation 

of the tertiary amine groups (pKa ≈ 6.6) on the PDPA block. By simply increasing the pH value 

above 7.0, the deprotonation of the tertiary amine groups will then induce the formation of 

polymer self-assemblies.
251,252

 A similar approach can also be applied to polymers with other 

types of stimuli-responsiveness, such as temperature.
253

 

1.8.2.4 Polyion complexation 

PICsomes (polyion complex polymersomes) are formed by the complexation of two 

polyelectrolytes with opposite charges.
254-261

 Kataoka et al. reported the PICsomes by mixing 

two types of polyelectrolytes, PEG-poly(α,β-aspartic acid) (anionic counterpart) and 

PEG-poly([2-aminoethyl]-α,β-aspartamide) (cationic counterpart), in the aqueous solution.
255

 

The strong interaction between the two oppositely charged polyelectrolytes affords the 

hydrophobic domain, leading to the formation of vesicles. Recently, Yusa and co-workers 

reported another PICsome based on an anionic-neutral double-hydrophilic block copolymer 

and a cationic-neutral double-hydrophilic block copolymer. The morphology transition from 

vesicles to spherical micelles can be induced reversibly by simply adding either one of the 

block copolymers into the solutions.
258

 

1.8.2.5 Polymerization-induced self-assembly: PISA 
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Conventional self-assembly procedures are usually performed at dilute polymer concentrations 

(< 1 w/v %). This limits the large scale production of polymer vesicles.
262

 However, by applying 

polymerization-induced self-assembly (PISA), this limitation can be overcome. Recently, 

different polymeric nanostructures have been prepared through PISA with high polymer 

concentrations by Armes,
263-266

 Pan
267,268

 and Charleux.
269

 For instance, poly(glycerol 

monomethacrylate)-b-poly(2-hydroxypropylmethacrylate), PGMA-b-PHPMA, was polymerized 

in aqueous solution using reversible addition-fragmentation chain transfer (RAFT) method. The 

PGMA block remains hydrophilic during the polymerization, whereas the PHPMA block 

becomes increasingly hydrophobic due to the growth in the molecular weight. Self-assembly can 

thus take place during the polymerization. The morphology evolution was monitored by 

Transmission Electron Microscopy (TEM) and showed structures from branched worms to 

vesicles, owing to the continually changing ratio of hydrophilicity/hydrophobicity. This method 

can deliver polymer vesicle solutions with extremely high solid content (10 w/v %).
263

  

1.8.2.6 Other methods 

A centrifugation method can also be used to form polymeric self-assemblies with sophisticated 

morphologies. For example, nature-inspired polymer vesosomes (polymersomes in 

polymersomes) can be prepared via simple centrifugation.
270

 The same method has been used to 

form an artificial cell structure with ‘organelles’ and ‘model cytoplasm’.
231 

In addition, by using 

a microfluid device giant vesicles, with monodisperse size distributions, were prepared.
271,272

 

Further, the nanoprinting method was developed, by Förster et al., which allows the direct 

‘printing’ of vesicles through inkjets.
273

  

In summary, depending on the types of the polymer building blocks, many preparation 

methods have been developed to afford polymeric self-assemblies with sophisticated 

morphologies as described above. Among them, the ‘solvent-switch’ method is the most 

commonly used and reliable method for most polymers. However, it requires the use of (toxic) 

organic solvents, which is not ideal for any biomedical applications. To address this issue, a 

range of organic-solvent-free methods were developed, where only water or buffer solutions 

are required as described in section 1.8.2.2 to 1.8.2.6. However, these methods may not be 

universally applicable to all amphiphilic polymers. Therefore, the ‘solvent-switch’ method is 

employed as the primary preparation method to afford amphiphilic block polyester 

self-assemblies in this thesis. Amphiphilic block polyesters and polycarbonates that undergo 

self-assembling in organic-solvent-free conditions are currently under investigation. 
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1.8.3 Current Development of Polymer Vesicles 

So far, the most commonly selected building blocks for forming polymer vesicles are still 

synthetic block copolymers prepared via radical polymerization.
247

 However, the public 

concerns of the cytotoxicity and lack of degradability of these acrylates/methacrylates have 

motivated the investigation of other building blocks. Over the past decade, amphiphilic 

homopolymers, peptides, glycopeptides, starches and polycarbonates have all been developed 

and studied as replacements for polymers from radical polymerization methods.
233-241

 

In addition to the rapid development of building blocks during the past decade, the membrane 

structure of the polymer vesicle has been evolving significantly. Conventionally, the bilayer 

structure and interdigitated structure were believed to be the only packing options inside the 

polymer vesicle membrane. However, driven by high-end applications and accessibility (suitable 

for mass production), more packing structures have been identified, such as the bio-inspired 

multicompartment vesicles (MCVs) with compartimentalized/phase-separated membrane 

structures
230,274,275

 and homopolymer vesicles with H-bonding induced gradient membrane 

structure.
233,234,276,277

 Driven by the poor thermodynamic compatibility between two (or more) 

hydrophobic blocks [high Flory-Huggins interaction parameter (χ)],
278

 MCVs form 

compartmentalized membranes with separated hydrophobic domains, which are suitable for 

encapsulating multiple incompatible agents for clinical diagnosis/treatment,
279

 In 2004, Du 

and Chen reported  organic-inorganic hybrid multicompartment vesicles, prepared by 

concentration-controlled self-assembly of a hydrolytically self-cross-linkable diblock 

copolymer.
280

 Thereafter, a spotted giant diblock copolymer vesicle was prepared, by Discher 

and co-workers, based on a phase segregation induced by calcium ion,
275

 Then, Armes et al. 

presented both micro- and nanosized MCVs, composed of two pre-mixed diblock copolymers 

with thermodynamically incompatible blocks.
274

 They also found that compartmentalization 

can be induced by post-cross-linking of the material due to kinetic trapping.
281

 In the 

meantime, studies on amphiphilic homopolymer vesicles showed that the structure of the 

vesicle membrane was no longer limited to simple bilayers or interdigitated packing states. In 

2013, Du and co-workers confirmed that amphiphilic homopolymers form vesicles with 

much complicated ‘gradient membrane’ structures, the formation of which are driven by 

secondary forces, such as inter/intra molecular hydrogen bonding.
233,277

 By tuning the degree 

of hydrogen bonding, a range of nanostructures were produced, including: hydrated large 

compound micelles (HLCMs); large compound vesicles (LCVs) and large compound 

micelles (LCMs).
233

 



Chapter 1 

35 

 

From the outset of the research on polymer vesicles, the stimuli-responsive behaviour has been 

of interest.
247

 Conventionally, polymer vesicles that respond to external stimulus are considered 

to be ‘smart’/’intelligent’. There are examples of the use of external stimuli such as pH,
225

 

temperature,
282

 oxidation/reduction,
283

 and light.
284

 Additionally, the past decade has seen the 

development of a range of new stimuli-responsive approaches, including application of an 

electrical field,
285

 magnetic field,
286

 sugar molecules,
287

 gases,
288,289

 and ultrasound.
290

 Attempts 

have also been made to modify the corona of polymer vesicles affording biofunctionalized 

polymer vesicles which are capable of crossing the blood-brain barrier,
291

 having strong cell 

adhesion
292,293

 or  penetrating the cell membrane.
294,295

 The innovations and modifications 

applied to polymer vesicles have brought their biomedical applications much closer to clinical 

practice. 

Although polymer self-assemblies are becoming increasingly sophisticated, the practical 

bioapplications are still rather limited mostly due to their poor or unknown biocompatibilities. 

Aliphatic polyesters and polycarbonates are FDA approved materials174 and have been widely 

applied as the hydrophobic blocks in making polymeric self-assemblies. The key polymers 

include poly(ɛ-caprolactone), polylactide and poly(1,3-trimethylene carbonate).
245,296,297

 

However, polyesters and polycarbonates prepared via ROCOP have rarely been studied as 

building blocks for self-assemblies. 

1.8.4 Future Challenges in Developing Polymeric Self-assembled Structures 

Despite the recent developments highlighted, there remains a significant gap between 

‘proof-of-concept’ academic studies and clinical application. Future studies of polymer 

vesicles need to address one or more of the following challenges:
298

 

1) The polymer building blocks must be both biocompatible and biodegradable in vivo. 

Attention should also be paid to the biocompatibility of the degradation products of these 

building blocks. The degradation products must not have cytotoxicity or cause immune 

responses, inflammations and carcinogenesis. Preferably, the degradation products shall 

have bioactivity, for example, acting as drugs. 

2) Future polymer vesicles must show complementary or improved functionality compared 

to existing materials. Multiple functionalities should be integrated onto a single polymer 

vesicle, including chemistry to allow diagnosis, biosensing, targeting, triggered release, 

multiple stimuli-responsiveness and degradation. 
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3) Facile preparation methods are of great interest, not only for the synthesis of the polymer 

building blocks, but also to improve the methods of self-assembly, efficient drug loading 

and post-self-assembly modification. 

1.9 Outlook 

Significant effort has already been made to enchain monomers derived from renewable 

resources into well-defined polymers. There is good precedent for the preparation of 

polyesters by the alternating copolymerization of cyclic anhydrides and epoxides. Various 

mononuclear/dinuclear catalysts have been developed for the polymerizations and it is 

possible to make polymers with more complex architectures. Some potential applications 

have been demonstrated, including as heat resistant plastics or engineering materials. 

However, in terms of replacing commodity petrochemical polymers, research lacks the 

combination of synthesis and property optimization required to deliver successful new 

products. 

There are several issues remaining to be addressed, for instance, whether it is possible to 

prepare well-defined block copolyesters, incorporating a wide range of functionalized 

monomers? Although advances in catalysis have been realized, there is a lack of detailed 

feedback and investigation of (block)copolymer microstructures. For example, much of the 

current study on aliphatic polyesters overlooks the microstructure of the polymers and there 

is much less exploration of chain extension, end capping, cross-linking and initiation of other 

polymer blocks using these polymers. 

A challenge in this thesis is to investigate the potential to prepare well-defined (multi-)block 

copolyesters from monomer mixtures by combining lactone ROP and epoxide/anhydride 

ROCOP. Block regulation provides a means to differentiate macroscopic thermal/mechanical 

performances using existing (renewable) monomers and of particular relevance for 

oxygenated polymers, degradation rates. Directing the block compositions in conventional 

polyester synthesis would be extremely difficult and more often impossible, due to the 

step-growth synthetic methods used to prepare them. Therefore, a polymerization method that 

could combine ROCOP and ROP offers an opportunity to control the block copolyester 

architecture. The potential for the route will be explored in Chapter 3. 
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Moreover, although concerns associated with the sustainability and environmental impacts of 

petrochemicals have spurred the development polymers sourced from renewable resources, it 

is still important to improve the thermal/mechanical properties of these renewable polyesters 

so as to broaden application and access higher value products such as thermoplastic 

elastomers and shape-memory polymers. The properties for a series of multiblock 

copolymers will be explored in Chapter 4. 

Finally, the block copolyesters will be applied as biomedical materials, which represents a 

very promising area for degradable polymers. Although approved by the FDA,
174 the 

bio-applications of aliphatic polyesters and polycarbonates, prepared by ring-opening 

polymerization, ROP, are limited due to their hydrophobicity and slow degradation. 

Theoretically, these limitations can be overcome by post-polymerization modification. 

However, due to the lack of functional monomers (cyclic esters and carbonates), studies on 

post-polymerization modification of these ROP polycarbonates and polyesters is limited.
209,299 

In contrast, functional ROCOP polyesters and polycarbonates should be more accessible due 

to the much bigger range of available (functionalized) monomers.
14

 The potential to use 

alternating polyesters for preparing biocompatible drug delivery vehicles will be explored in 

Chapter 5. 

1.10 Aims and Objectives 

The aims and objectives of this thesis include: 

1. To date, two main approaches have been developed to prepare telechelic polyesters: (i) 

the addition of a diol 
300-304

 or (ii) the use of discrete metal borohydride initiators.
305-307

 

The ‘diol’ approach is more widely applied due to its versatility and the PCL chains are 

believed to propagate from both hydroxyl groups due to the rather high chain transfer 

rate constant (ke) usually observed in controlled ROP when using alcohols as chain 

transfer agents. However, the exact microstructure of the telechelic PCL, in particular the 

proportion of chains where the diol is a chain extender vs. those where it is a chain end 

group, is rarely quantified. This is of particular interest for ROP using multifunctional 

initiators. To gain in depth understanding of the microstructure of polyesters produced by 

lactone ROP. This will be achieved using di-zinc complex and telechelic chain transfer 

agents (Scheme 1.1). In particular, to understand the role of the diol structure and how 

the polymer architecture can be affected by it. 
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Scheme 1.1 The ring-opening polymerization of ɛ-caprolactone, initiated by a di-zinc 

complex and different diol chain transfer agents. 

2. Multi-block copolymers have the potential for significantly enhanced properties and 

functionality.
188

 Block regulation provides a means to differentiate macroscopic 

thermal/mechanical performances and, of particular relevance for oxygenated polymers, 

degradation rates.
308-310

 Directing the block compositions in conventional polyester 

synthesis would be extremely difficult and more often impossible, due to step-growth 

synthetic methods. In contrast, the ROP of lactones
21

 or ROCOP of 

epoxides/anhydrides
29,81,130,134,138,142,154,311

 allow the controlled syntheses.
312

 Currently, 

the catalysts used for these two processes have been reported separately and using these 

catalyst to catalyze both processes in one pot remains unexplored.. To address this issue, 

it is both of timely and novel to explore the possibility of using selective catalysis to 

prepare block copolyesters by combining ring-opening polymerization of lactones and 

ring-opening copolymerization of epoxides/anhydrides. (Scheme 1.2). A di-zinc complex 

will be used to investigate whether the method applies for block sequence selectivity 

from monomer mixtures. 
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Scheme 1.2 (A) Diagram illustrating the chemoselective sequence controlled polymerization; 

(B) Reactions corresponding to the steps illustrated in (A). 

3. To investigate the thermal/mechanical properties of the (multi)block copolyesters 

obtained from the ‘chemoselective polymerization’ method. The goal is to develop 

simultaneously biorenewable and degradable polyesters suitable for high value 

applications (Scheme 1.3). The approach is to target a series of new multi-block 

copolyesters comprising rigid but amorphous hard blocks and soft, amorphous blocks. 

The materials will be prepared using switchable polymerization catalysis, although chain 

extension, e.g. with a diisocyanate, is likely to be necessary to overcome the low 

molecular weight achieved by ring-opening polymerizations. The low molecular weight 

results from the limited turnover number of the dizinc catalyst. The triblock copolymers 

comprise hard blocks from the ring-opening copolymerization of phthalic anhydride (PA) 

and cyclohexene oxide (CHO) and soft blocks from the ring-opening polymerization of 

ε-decalactone (DL).
313

 Today these monomers are petrochemicals but routes from 

renewable sources have been pioneered: ε-decalactone from castor oil, phthalic 

anhydride from carbohydrates and cyclohexene oxide from fatty acids.
154,314
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Scheme 1.3 Preparation of partly biorenewable thermoplastic elastomer using 

[PDLm-b-PCHPEn-b-PDLm]y multi-block copolyesters.  

4. To use metabolite-derived monomers to prepare partly renewable polyesters which can 

subsequently undergo self-assembly into drug delivery vehicles for potential biomedical 

applications (Scheme 1.4). The aim is to develop biocompatible polyesters which also 

generate non-toxic degradation products. The cytotoxicity of the degradation products 

will be carefully evaluated. The renewable component, succinic anhydride, is selected 

because its degradation product, succinic acid, is a metabolic intermediate in the Krebs 

cycle. The other comonomer, ME3MO, affords PEG-like degradation product which is 

expected to show similar toxicity to glycerol ether. 

 

Scheme 1.4 Schematic illustration of the proposed preparation of amphiphilic block 

copolyesters, PCL-b-P(SA-alt-ME3MO), and the self-assembly procedure. Reaction 

conditions: (1) ring-opening polymerization of ɛ-caprolactone in toluene initiated from 

n-hexanol, using TBD as the catalyst at 25 
o
C; (2) ring-opening copolymerization of succinic 

anhydride and ME3MO in toluene initiated from PCL-OH macroinitiator, using 

salenCrCl/PPNCl catalyst system at 80 
o
C. 
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2.1 Background and Aims 

Due to its excellent biocompatibility and biodegradability, poly(ɛ-caprolactone) (PCL) is a 

widely applied biomaterial and thus has been thoroughly investigated.
1-9

 So far, PCL and its 

copolymers have been used in biomedicine, including controlled release, tissue-engineering, 

medical devices and implants, amongst other applications.
10-15

 Furthermore, PCL is miscible, 

and so can be easily blended with a wide range of other polymers.
16-18

 Currently, PCL is 

usually prepared via the ring-opening polymerization (ROP) of ɛ-caprolactone using a range 

of anionic,
19-21

 cationic
22,23

 and coordination catalysts/initiators.
3,6,24-26

 There are also a few 

reports of its production by the free radical ring-opening polymerization of 

2-methylene-1,3-dioxepane.
27-29

 Considering the ROP route, a range of lower-toxicity 

catalysts have been developed, including complexes of zinc,
6,30

 magnesium,
31,32

 

aluminium
33,34

 and calcium.
35

 

Recently, successful polymerization of ɛ-CL using a di-zinc pre-catalyst (see Scheme 2.1) 

was reported.
36

 The zinc carboxylate groups, on the pre-catalyst, were ineffective initiators, 

however, zinc alkoxides, which were generated in situ by the reaction with sub-stoichiometric 

amounts of epoxide, were active polymerization initiators. Most importantly, the di-zinc 

pre-catalyst is the only chemoselective complex which can catalyze ring-opening 

copolymerization (ROCOP) and ring-opening polymerization (ROP) in a mixed monomer 

feedstock.
36

 

As macromolecules with reactive end-groups, telechelic polymers have attracted much 

industrial interest, especially in producing thermoplastic elastomers or higher molecular 

weight polymers, such as polyurethanes/polyesters.
37-44

 Telechelic polymers with predictable 

molecular weights, narrow polydispersities (Mw/Mn), and controllable chain ends are also of 

value as cross-linkers, chain extenders and precursors for making block, graft copolymers or 

polymer networks.
45-49

 As mentioned in the introduction, two main approaches have been 

developed to prepare telechelic polyesters.
46,47,50-52,38,53,54

 The ‘diol’ approach is more widely 

applied due to its versatility and the PCL chains are believed to propagate from both hydroxyl 

groups due to the rather high chain transfer rate constant (ke) usually observed in immortal 

ROP. However, the exact microstructure of the telechelic PCL, in particular the proportion of 

chains where the diol is a chain extender vs. those where it is a chain end group, is rarely 

quantified. For multifunctional initiators, which are widely applied in the preparation of 

star-shaped polymers, graft copolymers and H-shaped copolymers,
55-59

 the same 
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microstructure issue is frequently overlooked or unreported. There are very few specific 

reports on the nature of the end groups of telechelic PCL.  In 2004, Chen et al. reported the 

application of an yttrium tris(2,6-di-tert-butyl-4-methylphenolate) catalyst with ethylene 

glycol and showed the production of polymer chains end-capped and chain extended from the 

diol. This resulted in bimodal molecular weight distributions.
60

 Recently, Lin and co-workers 

applied the same yttrium initiator with 2-propanediol which led to an exclusive chain 

extended type of structure.
61

 However, the extent to which this result may be generalized to 

other catalyst systems remains unknown. 

2.2 Results and Discussion 

It is important to control telechelic polymer end groups for post-polymerization modification, 

such as chain extension. It was recently reported that a di-zinc catalyst shows an unusual 

ability to switch between ring-opening polymerization (ROP) and ring-opening 

copolymerization (ROCOP) using mixtures of caprolactone, epoxide and carbon dioxide.
36

 

This is important as it provides a means to control the polymer composition on the basis of 

the catalyst propagating chain chemistry. However, the precise nature of the polymer 

structures generated by the switch catalysis is not yet elucidated. In the context of this switch 

catalysis, it is important to understand the influence of the di-zinc catalyst in lactone 

ring-opening polymerization and the nature of the PCL chain end groups.
62

 

To address this deficiency, several bifunctional chain transfer agents: 

trans-1,2-cyclohexanediol (CHD) (as a good model for the end group of the polycarbonate 

prepared via ring-opening copolymerization), ethylene glycol (EG), 1,2-propanediol (PD), 

polyethylene glycol 1500 (PEG) and 2-methyl-1,3-propanediol (MPD) bearing either 

secondary or/and primary hydroxyl groups, were applied with the di-zinc pre-catalyst for the 

immortal polymerization of ε-CL (Scheme 2.1). 
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Scheme 2.1 The immortal ring-opening polymerization of ɛ-caprolactone, initiated by a 

di-zinc complex, [LZn2(OAc)2], and different diol chain transfer agents. Two types of PCL 

structures are considered possible, illustrated as Type I and II structures. Reagents and 

Conditions: (a) Di-zinc pre-catalyst (0.1 mole eq.), in neat cyclohexene oxide (100 mole eq.), 

and with HO-R-OH( 1 mol eq.) as CTA, 353 K, 2.5-3.0 h. 

 

 

2.2.1 General Mechanism of the Ring-Opening Polymerization Catalyzed by Di-zinc 

bis(acetate) Complex with the Presence of Chain Transfer Agents 

Firstly, a control polymerization was conducted using only the di-zinc bis(acetate) complex 

and trans-1,2-cyclohexanediol (CHD) (i.e. without any cyclohexene oxide), this failed to 

result in any PCL formation even after 18 h. This demonstrates that the diol chain transfer 

agents are not directly involved in the initiation reaction and cannot by themselves form the 

active zinc alkoxide species. Rather, the di-zinc bis(acetate) pre-catalyst is efficiently 

transformed into the catalytically active zinc alkoxide complex by reaction with cyclohexene 

oxide (CHO).
36

 This occurs in situ under the reaction conditions, where cyclohexene oxide is 

used as the reaction solvent. The insertion of the CHO into the zinc acetate activates the 

di-zinc catalyst (kinetic constant: ka, see catalyst activation process in Scheme 2.2). After the 

formation of the zinc alkoxide species, the diol chain transfer agents are thus able to 

exchange to form new zinc alkoxide species (kinetic constant: ke’, in Scheme 2.2). It is also 

important to point out that it has already been established that there is no 

homopolymerization of the CHO by either of the zinc species.
36,63-65

 Once the alkoxide 

complex is generated, it was applied as the active initiator for the immortal ROP of ε-CL in 

the presence of each chain transfer agent (for an illustration of the proposed in situ catalyst 
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formation and initiation, see Scheme 2.2). The results of these polymerizations, at different 

relative loadings of monomer (molar) and CTA, are presented in Table 2.1. 
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Scheme 2.2 The schematic diagram illustrating the process of the in situ catalyst formation and the initiation, propagation and exchange 

reactions. 
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2.2.2 Ring-Opening Polymerization of ε-CL using Di-zinc bis(acetate) Complex with CHD as 

the Diol Chain Transfer Agent 

In a controlled/living polymerization, the molecular weight depends on the concentration of 

the catalyst (MW = [monomer]×[conversion]/[catalyst]), while in an immortal 

polymerization the molecular weight depends on the concentration of chain transfer agent 

(CTA) and the catalyst (MW = [monomer]×[conversion]/([catalyst]+[CTA]).
66

 Thus, one of 

the advantages of the immortal polymerization is that the number of the polymer chains 

usually exceeds the number of the initiator molecules (catalysts). However, recently it is not 

recommended to use the term ‘immortal polymerization’. Although ‘immortal polymerization’ 

is still used in this thesis, ‘controlled ring-opening polymerization’ would be the preferable 

term to describe the polymerization discussed in this thesis. 

Controlled, immortal ring-opening polymerizations were observed in this work with excess 

chain transfer agent, as evidenced by the PCL number averaged molecular weight (Mn) being 

predictable and corresponding closely to the values predicted on the basis of monomer 

conversion and the number of equivalents of chain transfer agent added. This indicates the 

number of the polymer chains exceeding the number of the initiator molecules 

([LZn2(OAc)2]), Figure 2.1 illustrates the number averaged molecular weights (Mn) for the 

PCL produced using different quantities of the chain transfer agents. In most cases the 

polydispersities were quite narrow (< 1.30, see Table 2.1), suggesting that the chain transfer 

reaction occurs reversibly and much faster than the propagation reaction. Also, according to 

the MALDI-ToF spectrum (Figure 2.2), hydroxyl end groups are present on the obtained 

PCL, suggesting that it is possible to use the obtained PCL as macroinitiator to further initiate 

the ring-opening polymerization of ε-CL. 

The addition of 10 equiv. of chain transfer agent in Table 2.1 is also used to suppress the PCL 

chain terminated by the OAc co-ligand (minor distribution in Figure 2.2) present on the 

[LZn2(OAc)2] catalyst. It is possible to increase the molar ratio of CTA/[LZn2(OAc)2] to 

further suppress the amount of PCL chain terminated by OAc co-ligand, however it will 

decrease the molecular weight of the obtained polymer. Although this can be compensated by 
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increasing the molar ratio of ɛ-CL/CTA, there is a limitation in the turnover number of the 

[LZn2(OAc)2] catalyst to polymerize ɛ-CL (TON < 5000). Therefore, the molar ratio of 

[LZn2(OAc)2]/CTA/ɛ-CL was designed to be 1/10/300-900 in the experiments listed in Table 

2.1. Since the OAc-terminated PCL population is only suppressed by adding excess CTA 

rather than eliminated, there should always be a minor PCL population that is initiated by the 

OAc co-ligand. This explains the small shoulders observed in the SEC traces (Figure 2.1) 

and the minor distribution in MALDI-ToF (Figure 2.2). 

Table 2.1 The immortal ROP of ɛ-CL, at different molar ratios, using trans cyclohexane diol 

(CHD), ethylene glycol (EG), 1,2-propanediol (PD), poly(ethylene glycol) (PEG) and 

2-methyl-1,3-propanediol (MPD) as the chain transfer agents. 

Entry [LZn2(OAc)2]/CTA/ɛ-CL/CHO CTA 
t 

(h) 

Mn,exp
a
 

(kg/mol) 

Mn,th
b
 

(kg/mol) 
Ð 

1 1/10/300/1000 CHD 2.5 4.1 3.4 1.21 

2 1/10/500/1000 CHD 2.5 5.7 6.0 1.17 

3 1/10/700/1000 CHD 2.5 7.5 7.9 1.26 

4 1/10/900/1000 CHD 3.0 9.4 10.3 1.36 

6 1/10/300/1000 EG 2.5 3.3 3.4 1.25 

7 1/10/300/1000 PD 2.5 3.8 3.4 1.27 

8 1/10/300/1000 PEG 2.5 7.8 4.9 1.36 

9 1/10/300/1000 MPD 2.5 3.7 3.4 1.32 

Polymerization Conditions: All polymerizations were run in neat cyclohexene oxide (CHO) as the 

reaction solvent at 80 C, for 2.5-3.0 hours (conversion of ɛ-CL > 95%). The molar ratio of 

[LZn2(OAc)2]/[CTA]/[CHO] was kept constant. 
a)

Mn,exp was determined by SEC, in THF using 

polystyrene calibration, with a correction factor (0.56) applied (except for entry 8) as described by 

Soum et al.
5
 
b) 

Mn,th was determined on the basis of ([ɛ-CL]×conversion)/([LZn2(OAc)2] + [CTA]). 
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Figure 2.1 Shows the molecular weights (MW) for different PCL samples (Entry 1-4 in 

Table 2.1, obtained by SEC using polystyrene calibration), and the molecular weight can be 

controlled by tuning the molar ratio of [ɛ-CL]/[CHD]. The small shoulder appeared at the low 

molecular weight side of PCL90 is probably contributed by the PCL chain terminated by OAc 

co-ligand.  

2.2.3 Probing into the True Structure of the Obtained PCL with Both Chain Ends 

Functionalized 

The MALDI-ToF spectra (see Figure 2.2) displayed two series, indicative of two molecular 

weight distributions. Each series showed the same separation (ca. 114 m/z), corresponding to 

the repeated addition of [ɛ-CL] units and consistent with the two series resulting from 

different initiating groups. The major series is assigned to PCL initiated from the added chain 

transfer agent, showing α,ω-di(hydroxyl) end groups and a single unit of CTA incorporated. 

The minor series is assigned to PCL prepared from the residual zinc acetate initiator (present 
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in 1/10 the molar quantity), showing -actetyl-cyclohexylene ester and -hydroxyl end 

groups.  

 

Figure 2.2 A representative MALDI-ToF spectrum of the PCL synthesized with CHD as the 

CTA (Table 2.1, entry 2). The major series (red circles) consists of -hydroxyl end-groups, 

which are calculated according to: (C6H10O2)nC6H10(OH)·K
+
. The minor series (green 

triangles) is assigned to chains having -acetyl-cyclohexyl ester and -hydroxyl end-groups, 

which are calculated according to:C8H13O2(C6H10O2)nOH·K
+
. 

Even for the major series observed in the MALDI-ToF spectrum, which is initiated from the 

chain transfer agent, there are two additional different possible structures for the PCL (Types 

I and II, Scheme 2.1 and Figure 2.3). 
1
H-

13
C HSQC NMR spectroscopy (Figure 2.3B and 

Figure 2.3C) was utilized to distinguish between them, using a sample of the PCL30 (Table 
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2.1, entry 1) which has sufficiently low molecular weight that the end group signals could be 

clearly examined. 

 

Figure 2.3 (A) Schematic diagram showing the two PCL structures (Type I & II) using 

cyclohexane diol (CHD) as the CTA; (B) Typical 
1
H-

13
C HSQC NMR spectrum of PCL30 

(Table 2.1, entry 1) and (C) Enlarged HSQC NMR spectrum (Y axis: 
13

C DEPT 135
o
) 

corresponding to the selected area in (B) and showing the correlation between the 
1
H and 

13
C{

1
H} NMR signals for each of the junction/end groups (A). Peak a (

1
H: 3.6 ppm; 

13
C{

1
H}: 

62.5 ppm) is assigned to the CH2OH (confirmed by 
13

C NMR DEPT 135); Peak b (
1
H: 4.8 

ppm;
13

C{
1
H}: 73.45 ppm) is assigned to the CH ‘cyclohexylene junction’ group; Peaks c & d 

[(
1
H: 3.5 ppm; 

13
C{

1
H}: 72.7 ppm) and (

1
H: 4.6 ppm;

13
C{

1
H}: 78.0 ppm), respectively] are 

assigned to the CH ‘cyclohexanediol’ end groups. Note that the signal at 77.15 ppm in the 

spectrum illustrating peak d is due to CDCl3. 
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The end-groups for PCL chains initiated from acetyl-cyclohexyl ester groups, which were 

observed as the minor series in the MALDI-ToF, cannot be unambiguously assigned in the 

1
H NMR spectrum due to their low signal intensity (<10 mol%). This is exacerbated by 

signal overlap between methylene groups on cyclohexanediol units and acetyl methyl signal, 

both of which resonate at ca. 2.0 ppm. On the other hand, the major distribution (>90 mol%) 

observed in the MALDI spectrum, is clearly defined in the 
1
H NMR spectrum. The 

1
H-

13
C 

HSQC NMR spectrum indicates that within this series there are two different structures 

corresponding to chains which are chain extended by the CTA (Type I) and those which are 

end-capped by it (Type II). As shown in Figure 2.3, the methylene protons at the chain end in 

Type I, peak a (
1
H: 3.6 ppm; 

13
C{

1
H}: 62.5 ppm), are assigned by their chemical shifts and 

by the correlation with CH2 groups in the HSQC NMR spectrum. For this same structure 

(Type I), the cyclohexylene junction methyne protons, peak b (
1
H: 4.8 ppm; 

13
C{

1
H}: 73.45 

ppm), are assigned based on their chemical shift and correlation with CH signals in the 

HSQC spectrum. For Type II, peaks c and d [(
1
H: 3.5 ppm; 

13
C: 72.7 ppm) and (

1
H: 4.6 ppm; 

13
C: 78.0 ppm), respectively] corresponding to methyne signals on the cyclohexylene 

end-group are assigned based on their chemical shifts and correlation with the relevant CH 

groups in the HSQC spectrum. Therefore, both of the structures show signals for protons 

adjacent to alcohol end groups (a or c) and for protons at cyclohexylene junction groups (b or 

d). Further support for the assignment of the Type II structure was obtained from the 
1
H-

1
H 

COSY spectrum (Figure 2.4) which showed coupling between the signals for Hc and Hd. 
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Figure 2.4 
1
H-

1
H COSY spectrum of PCL30 (Table 2.1, entry 1) containing chains of Type II 

(the signal at 3.95 ppm is assigned to methylene protons in the polymer backbone). Since the 

deuterated solvent is dry, peak a appears to be pseudo-quartet due to the coupling with both 

the methylene protons and hydroxyl proton. This has been confirmed that after the addition of 

D2O, the pseudo-quartet turned back into triplet (see Figure 2.5). 
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Figure 2.5 
1
H NMR spectra of PCL in CDCl3 with (upper) or without (below) D2O addition. 

After the addition of D2O, the quartet turned into a triplet. This confirms that the quartet is 

due to the coupling of Ha with both methylene and hydroxyl protons leading to a 

pseudo-quartet (in dry solvents) and, more commonly, a triplet (when dynamic exchange of 

the hydroxyl occurs). Similar phenomenon has been observed in the case of dry/wet 

ethanol.
67

 

31
P{

1
H} NMR spectroscopy was utilized to further confirm the presence of both primary and 

secondary hydroxyl end-groups, consistent with the presence of both Type I and II chain 

structures.
68,69

 The primary and secondary hydroxyl groups are distinguished on the basis of 

their chemical shifts after reaction with 2-chloro-4,4,5,5-tetramethyl dioxaphospholane, and 

using the reaction with bisphenol A (BPA) as an internal reference. Using this method two 

signals were observed at 146.5 and 147.8 ppm (see Figure 2.6) which are assigned to 

secondary and primary hydroxyl groups, respectively on the basis of the chemical shift 

assignments in the literature.
68,69
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Figure 2.6 (A) Schematic diagram illustrating the reaction between the polymer end groups 

and 2-chloro-4,4,5,5-tetramethyl dioxaphospholane, used for the determination of the end 

groups; (B) 
31

P{
1
H} NMR spectrum of PCL30 (Table 2.1, entry 1) after reacted with 

2-chloro-4,4,5,5-tetramethyl dioxaphospholane (Bisphenol A was used as an internal 

standard). The signals at 146.5 and 147.8 ppm are assigned to secondary and primary –OH, 

respectively. 

2.2.4 Calculation of the Relative Content of Type I and Type II in Different PCL Samples  

In order to quantify the relative quantities of Type I and II chains, the normalised peak 

integrals in the 
1
H NMR spectra for characteristic signals a and b were compared (see Figure 

2.3 for the assignment and equation 2.1 for more details of the calculations). During the 
1
H 

NMR data acquisition, the values for t1 and the relaxation delay (d1 = 25 s) were maximized 

B 

A 
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so as to ensure the reliability in peak integral values. By calculating the relative integrals of 

peaks a and b (see Figure 2.7 & Table 2.2), the composition of Type I and II PCL chains was 

determined (Table 2.3). The equation used for the calculation is shown in Equation 1. 

 

Figure 2.7 
1
H NMR spectrum of PCL70 (see Table 2.3, entry 3). The composition of Type I/II 

is calculated using the integrals of peaks a and b. (* are assigned to be satellite peaks) 

 

Table 2.2 The normalized integrals of peaks a and b in PCL70
a
 

Polymer Aa Ab 

PCL70 0.7 0.3 
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a)
Aa and Ab are the integrals of peak a and b in Figure 2.7. 

The quantities of Types I and II are determined using the calculations shown below:  

b

a

A

A

x

yx

yx






2

1

………………………….…..Equation 2.1 

Where x represents the amount of Type I; y the quantity of Type II. The relative amounts of 

Type I and II in PCL70 was calculated to be 75 and 25 mol%, respectively. 

Table 2.3 The relative contents of Type I and II in PCL synthesized with various chain 

transfer agents.
a
 

Entry Polymer CTA Type I (mol%)
b
 Type II (mol%)

b
 

1 PCL30 CHD 64 36 

2 PCL50 CHD 69 31 

3 PCL70 CHD 75 25 

4 PCL90 CHD 82 18 

5 PCL30 EG 100 0 

6 PCL30 PD 65 26 (a);  9 (b) 
c
 

7 PCL30 PEG 100 0 

8 PCL30 MPD N.A.
d
 N.A.

d
 

a)
 The complete details of the calculations and the relative integrals of peaks used to determine Type 

I/II for each sample are presented in Figure 2.7 and Table 2.2. 
b)

 Due to signal overlap (peak b in 

Figure 2.3) between Type I and the minor PCL species end-capped by α-acetyl-cyclohexyl ester and 

ω-hydroxyl groups, the content of Type I might be overestimated by ca. 10 mol%, considering that the 

molar ratio of [CTA]/[LZn2(OAc)2] is 10/1; 
c)
 Two variants of Type II (a and b) co-exist when 

1,2-propane diol is used as the CTA depending on the regio-chemistry of initiation; 
d)

 a mixture of 

Type I and II was observed, but due to the signal overlap between the methyl groups of MPD 

belonging to both Type I and II, the ratio of Type I and II cannot be quantitatively determined. 
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When cyclohexanediol is applied as the chain transfer agent, there is a mixture of Type I and 

II chains in all cases, meaning that the polymer chains are both extended and end-capped by 

the chain transfer agent. It is important to note that the integral for peak b (present only in 

Type I chains) may be slightly overestimated due to the expected signal overlap with the 

minor species (identified in the MALDI-ToF experiments) which is chain end-capped with 

α-acetyl-cyclohexyl ester and ω-hydroxyl groups. Thus, the quantity of Type I chains may be 

over-estimated by approximately 10 mol% using this method. In each case, there is a 

significant proportion of chains which are end-capped with the chain transfer agent (Type II), 

indicating that the common assumption that all hydroxyl groups initiate chains is not 

substantiated using cyclohexane diol as the chain transfer agent with this di-zinc initiator. 

Interestingly, the relative quantity of chain extended PCL (Type I), increases with the 

molecular weight of the PCL. This implies that greater quantities of monomer (ɛ-CL), and 

extended times, may enable the complete conversion of Type II chains (end-capped) to Type 

I (chain extended).  

2.2.5 Monitoring the Relative Quantities of Type I and Type II During the ROP of ε-CL 

In order to investigate this observation further, aliquots were taken during the polymerization 

to monitor the temporal relationship with the relative quantities of Type I and II chains. As 

the conversion of ɛ-CL increased from 41 % to 96 %, the relative amount of Type II chains 

decreased from 37 to 17 mol% (Table 2.4, entries 1 and 2), suggesting that as ɛ-CL is 

polymerized, the quantity of Type II chains present decreases. To rule out the possibility that 

the decrease of Type II is simply the consequence of transesterification between secondary 

hydroxyl groups and the PCL chain, the polymer solution was kept at 80 °C, after complete 

ɛ-CL conversion, for a further 4.5 h. The increase in Ð and the slight decrease in Mn indicate 

that transesterification, including probable back-biting depolymerization, happened over this 

extended period (Table 2.4, entry 3–5). Despite these transesterification reactions, the 

relative amount of Type II chains remained constant over this period. However, we are not 

ruling out the possibility that by further extending the reaction time after the complete 

conversion of ɛ-CL, more Type II might be converted into Type I due to transesterification. 
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Table 2.4 Shows the relative contents of Type I and II chains present in a sample of PCL90 

over time 

a)
 The conversion of ɛ-CL was determined from the

1
H NMR spectra; 

b)
 Mn was determined by 

SEC, in THF using polystyrene calibration, with a correction factor (0.56) applied as 

described by Soum et al.
5
 It is noteworthy that this correction factor is examined for PCL 

with molecular weights ranging from 2500 to 50100 g·mol
-1

.
5
 Therefore, it may not be 

accurate to apply this factor to PCL with molecular weights outside this molecular weight 

range mentioned above. 

2.2.6 Investigation of the PCL Structure Using Different Types of Diol Chain Transfer Agent 

Meanwhile, both ethylene glycol and polyethylene glycol, PEG, (primary diol) were utilized 

as the chain transfer agents (Table 2.1, entry 6 and 8). Lemaire et al. have previously 

reported that the CH2 groups of mono-esterified ethylene glycol show 
1
H NMR resonances at 

4.21 ppm and 3.82 ppm, respectively.
70

 However, as can be seen in Figure 2.8, chains 

initiated from ethylene glycol show only a single resonance at 4.28 ppm. The resonance is 

assigned to the methylene groups in chain extended PCL. The same result was also observed 

in PEG-b-PCL. No signals of Type II can be observed in both the 
1
H NMR (Figure 2.9A) 

and 
1
H COSY spectra (see Figure 2.10). 

31
P{

1
H} NMR spectroscopy was used again to 

determine the nature of the end group of PEG-b-PCL and a single signal solely was observed 

147.8 ppm, assigned to the hydroxyl end group of PCL (Figure 2.9B). The signal of the 

Entry t (min) conv. of 

ɛ-CL (%)
a
 

Mn (kDa)
b
 Ð Type I (mol%) Type II (mol%) 

1 110 41 8.5 1.15 63 37 

2 180 96 16.8 1.36 83 17 

3 210 > 98 14.6 1.30 79 21 

4 330 > 98 11.7 1.50 85 15 

5 450 > 98 11.1 1.52 82 18 
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hydroxyl end group of PEG was allocated using commercially available PEG homopolymer. 

No signal of the hydroxyl end group of PEG can be observed, suggesting an exclusive 

structure of Type I. 

OO

O

O

O

O

H n nH

4.6 4.5 4.4 4.3 4.2 4.1 4.0 3.9 3.8

4.28 ppm

b

b

a

Chemical Shift (ppm)

a

 

Figure 2.8 
1
H NMR spectrum of PCL polymerized using ethylene glycol (EG) as the chain 

transfer agent (Table 2.1, entry 6). The polymerization was run in neat cyclohexene oxide as 

the reaction solvent at 80 °C, for 2.5 hours. 
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Figure 2.9 (A) 
1
H NMR spectra of both PEG and PEG-b-PCL (Table 2.1, entry 8), the 

polymerization was run in neat cyclohexene oxide as the reaction solvent at 80 °C, for 2.5 

hours; (B) 
31

P{
1
H} NMR spectrum of PEG homopolymer, PEG-b-PCL (Table 2.1, entry 8) 

and a mixture of PEG/PEG-b-PCL after reaction with 2-chloro-4,4,5,5-tetramethyl 

dioxaphospholane (using bisphenol A as an internal standard). The signals at 147.97 and 

147.84 ppm are assigned to the primary –OH end groups of PEG and PCL, respectively. 

 

Figure 2.10. 
1
H-

1
H COSY spectrum of PEG-b-PCL (Table 2.1, entry 8). No signals can be 
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observed in the highlighted area (corresponding to peak b in Figure 2.9A), indicating no 

remaining free hydroxyl end groups of PEG. 

2.2.7 How Kinetics Affect the Nature of the Polymer Chain End Groups 

The different PCL structures resulting from primary or secondary hydroxyl groups on the 

chain transfer agent were proposed to result from different initiation rates (ki, see initiation 

process in Scheme 2.2), depending on the nature of the hydroxyl group. To verify this 

hypothesis, three mono-functional alcohols were employed as CTAs: 1-hexanol (primary 

-OH), 2-hexanol (secondary -OH) and 2-methyl-2-pentanol (tertiary -OH). The 

polymerization was monitored using in situ ATR-IR spectroscopy. In all cases, plots of 

monomer conversion vs. reaction time exhibited sigmoid shapes (see Figure 2.11), indicating 

that the initiation rate constant, ki, is lower than the propagation rate constant kp (see 

propagation process in Scheme 2.2).
71

 The plots were fit, for the initiation stages (monomer 

conversions < 25%, when the monomer concentration can still be considered constant
71

), 

using a kinetic model developed by Wang et al. which enables direct determination of the 

values of ki and kp (see Table 2.5).
72

 This kinetic model is designed for the immortal 

polymerization of cyclic esters using organometallic catalysts with excess alcohol chain 

transfer agent, which is similar to the ɛ-CL polymerization described in this chapter. The 

advantage of using this kinetic model is that it takes into account the exchange process in the 

immortal ring-opening polymerization. The ROP of ɛ-CL in the presence of chain transfer 

agents shows equivalent control to that in the absence of CTAs, indicating fast and reversible 

chain transfer occurs [Ð < 1.3, suggesting ke >> ki, kp (see chain exchange process in Scheme 

2.2)]. Thus, for the kinetic models, the value of chain exchange rate constant (ke) was set at 

100 L·mol
−1

·s
−1

.
72

 The kinetic models demonstrate that for primary alcohols, kp is 5 times 

larger than ki. Furthermore, the ratio of kp/ki depends on the structure of the alcohol. For 

secondary hydroxyl groups, kp is ~8 times larger and for tertiary groups it is around 10 times 

larger (Table 2.5 and Figure 2.12). 

Therefore, it is reasonable to conclude that the coexistence of two different structures arise 

from different initiation rates (where initiation refers to the insertion of the first CL monomer 
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into the zinc alkoxide bond, the nature of which depends on the type of hydroxyl group on the 

chain transfer agent). The decrease in the quantity of Type II chains with increasing chain 

length (degree of polymerization) can also be rationalized by the slow initiation from 

secondary hydroxyl groups compared to propagation from a primary CL alkoxide (Table 2.4). 

It is worth noting that other catalyst systems have also been reported which show faster rates 

of propagation than initiation, but the impact of these kinetics over telechelic polymer 

structure was not yet studied.
71,73,74

 

Table 2.5 The immortal ROP of ɛ-CL using mono-functional alcohols as the chain transfer 

agents.
a
 

Entry CTA Type of -OH Rates
b
 

ki x 10
-3 

(L·mol
-1

·s
-1

) 

kp x 10
-3 

(L·mol
-1

·s
-1

) 

kp/ki 

1 1-Hexanol primary 47.4 226.2 5 

2 2-Hexanol secondary 34.2 265.6 8 

3 2-Methyl-2-pentanol tertiary 27.0 275.2 10 

a) 
Reaction conditions: [LZn2(OAc)2]/[CTA]/[ɛ-CL]/[CHO] = 1/20/500/1000, [LZn2(OAc)2] 

= 10 mM; 
b)

 Determined from the plots of monomer conversion (< 25 %) vs. reaction time. 
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Figure 2.11 Typical plot of monomer conversion vs. time for the ROP of ɛ-CL in neat CHO at 

80 
o
C catalyzed by bimetallic zinc catalyst. 
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Figure 2.12 Curve-fitting at low monomer conversion (initiation stage, monomer conversion 

< 25%) catalyzed by bimetallic zinc catalyst using the kinetic model developed by Wang et 

al.
72

 ROP condition: 80 
o
C, neat CHO, [ɛ-CL] = 5.0 M, [LZn2(OAc)2] = 10 mM, 

[LZn2(OAc)2]/[CTA] = 1/20, using different mono-functional CTA: (A) 1-hexanol; (B) 

2-hexanol and (C) 2-methyl-2-pentanol. 

In order to compare with other systems form the literature dealing with the synthesis of 

telechelic PCL,
61

 1,2-propanediol was also employed as the CTA.  (Table 2.3, entry 6). The 

1
H NMR spectrum of the PCL shows peaks at 5.15 and 4.18 ppm (Figure 2.15B), which are 

indicative of Type I PCL.
61

 Meanwhile signals at 3.96, 4.14 and 5.03 ppm (He and Hg in 

Figure 2.15A, respectively) indicate that two kinds of Type II PCL are also present, in which 

chains either initiate from the primary or secondary hydroxyl groups of the propane diol. Due 

to the overlap of the methyne/methylene signals assigned to Type II chains with those from 

the main chain PCL,
75

 the peaks for Hd (4.06 ppm), He (3.96 & 4.14 ppm) and Hh (3.65 ppm) 

cannot be unambiguously assigned either in the 
1
H NMR or 

1
H-

1
H COSY spectra (Figure 

C 



Chapter 2 

77 

 

2.15B). Fortunately, there is no such signal overlap between the methyl groups on the 

propane diol units in the different polymer structures (Figure 2.15, Hc, Hf and Hi). Three 

signals were clearly observed in the methyl region of the 
1
H-

1
H COSY spectrum, each 

coupling with a different methyne proton, at (1.24 & 4.06 ppm), (1.26 & 5.03 ppm) and (1.27 

& 5.15 ppm) (Figure 2.15C). This suggests there are three different types of methyl 

environments and is consistent with methyl groups coupling to Ha (Type I), Hd (Type II a) or 

Hg (Type II b), confirming that the sample contains a mixture of Type I (chain extended) and 

II (chain end-capped) chains. The molar ratio of the different PCL structures is calculated to 

be [Type I]/[Type II a]/[Type II b] = 65/26/9, from the relative integrals of Hc/Hf/Hi (see 

Figure 2.13 & Table 2.6). However, in addition to the PCL species which are initiated from 

1,2-propane diol, a minor distribution initiated from cyclohexanediol was also observed in the 

MALDI-ToF spectrum (Figure 2.14). This latter series is proposed to result from trace 

contamination of cyclohexene oxide by the diol, which might form by the catalyzed reaction 

between CHO and any residual water, as has been previously noted by various other groups 

working with this epoxide.
76-80

 The minor distribution, initiated from CHD, is not well 

defined in the 
1
H NMR spectrum due to its low content (see Figure 2.3 for 

1
H NMR signals 

of CHD initiated PCL). 
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Figure 2.13 
1
H NMR spectrum of PCL30 (PD as CTA, see Table 2.1, entry 7). The 

composition of Type I/II is calculated using the integrals of peaks c, f and i. 

 

Table 2.6 The normalized integrals of peaks c, f and i, in PCL30 (PD as CTA).
a
 

Polymer Ac Af Ai 

PCL30 0.65 0.26 0.09 

a)
Ac, Af, and Ai are the integrals of peaks c, f and i in Figure 2.13. 

c 

i 

f 
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Figure 2.14 MALDI-ToF spectrum of the PCL synthesized with 1,2-propane diol as CTA 

(Table 2.1, entry 7). The major series (red circles) is assigned to chains initiated by 

1,2-propane diol, which are calculated according to: (C6H10O2)nC3H6(OH)2·K
+
. The minor 

series (green triangles) consists of -hydroxyl end-groups, which are calculated according 

to: (C6H10O2)nC6H10(OH)2·K
+
. The minor series resulted from the trace of cyclohexanediol 

contained in CHO (might form by the catalyzed reaction between CHO and residual water). 

Therefore, using 1,2-propanediol as the CTA results in a mixed structure PCL at comparable 

molecular weights to those used by Lin and co-workers.
61

 In addition, the observation that the 

molar content of Type IIa is much higher than Type IIb also strongly supports the notion that 

primary hydroxyl groups show higher initiation rates than secondary groups. Nevertheless, 

the fact that some primary –OH groups do not react, i.e. in Type IIb, seems contrary to the 

kinetic findings. It is proposed that the methyl substituent, on 1,2-propanediol, might lead to 

sufficient steric hindrance even at the proximal primary hydroxyl to slow initiation from that 

site. 
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Figure 2.15 (A) A schematic diagram of the two structures (Type I & II) of PCL formed 

using 1,2-propanediol as the CTA; (B) A typical 
1
H-

1
H COSY spectrum of the PCL (PD as 

CTA) and (C) An enlarged 
1
H-

1
H COSY spectrum corresponding to the selected area in (B) 

and the correlative hydrogens in (A). The signals at (1.24, 4.06) ppm are assigned to the 

coupling between Hf and Hd resulting from Type II a chains; those at (1.26, 5.03) ppm are 

assigned to the coupling between Hi and Hg resulting from Type II b chains;whilst the signal 

at (1.27, 5.15) ppm is assigned to the coupling between Hc and Ha resulting from Type I 

chains. 
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Figure 2.16 (A) A schematic diagram of the two structures (Type I & II) of PCL formed 

using 2-methyl-1,3-propanediol (MPD) as the CTA (Table 2.1, entry 9); (B) A typical 
1
H-

1
H 

COSY spectrum of the PCL (MPD as CTA) and (C) An enlarged 
1
H-

1
H COSY spectrum 

corresponding to the selected area in (B) and the correlative hydrogen in (A). The signal at 

(0.98, 2.13) ppm is assigned to the coupling between Ha and Hc resulting from Type I; 

another signal at (0.94, 2.00) ppm is assigned to the coupling between Hb and Hd resulting 

from Type II. 

To test this steric hindrance hypothesis, 2-methyl-1,3-propanediol (MPD), having a similar 

molecular structure to 1,2-propanediol but with two primary –OH groups, was used as the 

CTA (Table 2.1, entry 9). In contrast to the results using other bifunctional primary hydroxyl 

CTAs (i.e. EG and PEG), a mixture of two PCL structures was observed (see Figure 2.16). In 

the 
1
H NMR spectra, two different methyl signals (Ha and Hb) were observed, these coupled 

with the methyne protons, Hc and Hd, respectively. It is, therefore, proposed that both the 
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steric hindrance and the nature of the –OH group on the chain transfer agent influences the 

rate of initiation, ki, a factor which directly affects the structure of the final polymer.   

2.3 Conclusions 

The ROP of ε-CL was investigated using a di-zinc catalyst and various chain transfer agents. 

This system resulted in the polymerization of ε-CL, which fits the description of ‘immortal’. 

The polymer molecular weight can be predicted from [monomer]/[chain transfer agent]. By 

using the di-zinc catalyst, an unexpected and unusual result was that the nature of the 

hydroxyl groups, on the chain transfer agent, influenced the nature of the chain end groups of 

the PCL chains. Chain transfer agents with primary hydroxyl groups and having limited/no 

steric hindrance, such as ethylene glycol and PEG, exhibited quantitative initiation from all 

hydroxyl groups. In contrast, chain transfer agents with secondary hydroxyl groups, such as 

trans-1,2-cyclohexanediol and 1,2-propanediol, resulted in a mixture of different PCL 

structures. These were polymers chain extended or end-capped by the diol. 

2-Methyl-1,3-propanediol, also resulted in the formation of the two different PCL chain 

structures. The polymerization kinetics revealed that the rate of initiation, ki, (i.e. the insertion 

of the first CL monomer into the zinc-O(chain transfer agent)) is significantly slower than the 

rate constant of propagation (kp) (i.e. insertion of subsequent CL monomers into the 

Zn-O(PCL)). Using a series of mono-functional chain transfer agents, the rate of initiation 

was related to the structure of hydroxyl group, with the rates decreasing in the order: 

ki,(primary) > ki,(secondary) > ki,(tertiary). Taken as a whole the studies revealed that the structure of 

PCL formed by the di-zinc complex/CTA system depends on both the nature of the hydroxyl 

group and on the steric environment(s) proximal to the hydroxyl groups on the chain transfer 

agent. The studies also highlight the importance of the catalyst system in controlling the 

relative rates of initiation vs. propagation, and thereby the polymer chain structures. In this 

case, the di-zinc catalyst shows a clear kinetic selectivity for certain hydroxyl 

groups/chemical environments compared to others. Such selectivity may be an interesting 

means to control and target specific polymer chain structures. Further investigation of the 

generality of these findings using other catalysts is warranted, as are studies to exploit the 
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catalytic selectivity as a means to target particular chain structures for application. The 

selectivity for certain hydroxyl groups and the identification of a mixed structure of the 

obtained polymer lead to the new catalyst design as well as principles of monomer screening. 

These set the foundation of the studies discussed in the following chapter, focusing on the 

chemoselective sequential polymerization to prepare well-define the block copolyesters from 

mixed monomer feedstock. 
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3.1 Background and Aims 

A central challenge in polymer synthesis is to develop methods which enable complex 

architectures to be prepared, particularly if this can be achieved using mixtures of 

monomers.
1
 Generally, using two or more monomers, the copolymer composition or 

sequence is determined by empirical monomer ‘reactivity ratios’.
2
 Recently, controlled 

radical polymerization methods have enabled sequence control.
3-6

 Using catalysis to control 

monomer enchainment from mixtures would be highly attractive, but there are not yet many 

such options for oxygenated copolymers. Some of the best routes to such oxygenated 

polymers are by catalyzed ring-opening polymerization (ROP) of lactones or the 

ring-opening copolymerizations of (ROCOP) of epoxides and anhydrides/CO2.
7-10

 Previously, 

Coates and Thomas developed a selective yttrium catalyst for stereocontrolled ROP from 

mixtures of two lactones.
11

 Recently, my colleague reported dinuclear catalysts able to switch 

between two different polymerization cycles: ROP and ROCOP and to control block 

sequences from mixtures of epoxide, CO2 and ε-CL.
12

 By controlling the zinc-chain end 

group chemistry, the polymerization pathways were directed: zinc alkoxide groups catalyze 

ROP, whilst zinc carbonate groups catalyze epoxide/CO2 ROCOP.
13

 

Multi-block copolymers have the potential for significantly enhanced properties and 

functionality.
14

 Block regulation provides a means to differentiate macroscopic 

thermal/mechanical performances and, of particular relevance for oxygenated polymers, 

degradation rates.
15-17

 Directing the block compositions in conventional polyester synthesis is 

extremely difficult and more often impossible, due to step-growth synthetic methods. In 

contrast, the ROP of lactones
18

 or ROCOP of epoxides/anhydrides
13,19-25

 allow  controlled 

syntheses.
26

 Currently, the catalysts used for these two processes have been reported 

separately, there is just one report, from 1985, of a homogeneous aluminium porphyrin 

complex active for both ROP and ROCOP.
27

 It is yet unexplored whether these catalysts are 

active for both ROP and ROCOPTo address the issues mentioned above, it is both timely and 

novel to explore the possibility of combining the ROCOP and ROP methods to prepare 

polyesters with controlled block sequence in ‘one step; one pot’ (Scheme 3.1). In this chapter, 
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the unique ‘chemoselective polymerization’ behaviour of the di-zinc catalysts are studied. 

Since the alternating polymerization of phthalic anhydride (PA) and cyclohexene oxide 

(CHO) has already been studied using di-zinc catalysts,
13

 these monomers are used as the 

examples in the following investigation. 

 

Scheme 3.1 Overview of the chemoselective sequence controlled polymerization method and 

typical block copolyesters investigated in this chapter 

3.2 Results and Discussion 

3.2.1 The ROCOP of epoxide and anhydride 

It is important to investigate the production of polyesters by ROCOP before any greater 

complexity is introduced. Using the di-zinc acetate catalyst, [LZn2(OAc)2] (described in 

Chapter 2), alternating polyester, poly(cyclohexylene phthalate) (PCHPE), can be prepared 

from PA and CHO (see Figure 3.1).
13

 However, ether linkages may also form between two 

epoxide monomers during the reaction.
28

 Normally, the content of ether linkages was 

determined by comparing the integral in the 
1
H NMR spectrum (in CDCl3) between 3.4~3.6 

ppm (ether linkage) and between 4.8~5.3 ppm (ester linkage). As pointed out in Figure 3.2, 

multiple peaks were also observed in the PCHPE sample. These multiple peaks were 

considered to be ether linkages at first, however no ether linkage signals were observed in the 
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2D HSQC NMR (ether linkages are supposed to appear within the area as circled in Figure 

3.3).
13

 

 

Figure 3.1 Scheme of the ring-opening copolymerization (ROCOP) of the PCHPE catalyzed 

by di-zinc acetate catalyst. 

 

Figure 3.2 
1
H NMR spectrum of PCHPE in CDCl3. Multiple peaks were observed at the 

chemical shift between 3.4~3.6 ppm. 
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Figure 3.3 2D HSQC NMR spectrum of PCHPE in CDCl3. No signals can be observed 

within the circle where ether linkages expected to appear. 

To verify the content of ether linkages in the polyester chain, PCHPE was characterized via 

1
H NMR spectroscopy in another solvent, DMSO-d6. As displayed in Figure 3.4C, the 

multi-peaks conversed to a single peak at 3.48 ppm which could be assigned to the polymer 

end group signals. Also, no evidence of ether linkages was found in the HSQC
 
spectrum of 

PCHPE. To further investigate the lack of ether linkages, the 
1
H NMR spectrum of 

poly(cyclohexene oxide) was conducted as a reference to show the actual chemical shift of 

ether linkages in DMSO-d6 (at 3.61 ppm, see Figure 3.4B). Meanwhile, in order to rule out 

the possibility that the difference between 3.48 and 3.61 ppm might be due to some artefact, 

the 
1
H NMR spectrum of a mixture of PCHPE and poly(cyclohexene oxide) was also 

recorded. It is quite clear that two peaks appear at 3.48 and 3.61, respectively, indicating that 

the purported ether linkages in the polyether were in fact mis-assigned end group signals.
13
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Figure 3.4
 1

H NMR spectra of (A) a mixture of PCHPE and poly(cyclohexene oxide), (B) 

poly(cyclohexene oxide) and (C) PCHPE in DMSO-d6. The peaks at 3.48 and 4.65 ppm 

represent the end group of PCHPE shown in (A), and the peak at 3.61 ppm stands for the 

ether linkage of poly(cyclohexene oxide) illustrated in (B). The small peaks at 4.88 and 4.93 

in (A) and (C) might arise from the second cyclohexene unit at the polymer chain end, which 

requires further investigation. 

Although the lack of ether linkages indicates that the polymer has a perfectly alternating 

microstructure of [PA + CHO], the Size Exclusive Chromtography (SEC) traces of PCHPE 

remain complex. The molecular weights (MWs), obtained by THF SEC, were always 6 to 8 

times smaller than the theoretical ones (Table 3.1). The small molecular weights might arise 

from the different hydrodynamic radius of PCHPE and the PS standards or by some issue 

associated with non-covalent interactions between PCHPE and the SEC column. However, 

the molecular weights determined by NMR calculation (using –OH end groups as the internal 

reference)[Mth (kDa) column in Table 3.1] also suggest a large deviation from the theoretical 

molecular weights [Mn,NMR (kDa) column in Table 3.1]. Therefore, it is reasonable to believe 

that the low molecular weights are due to residual chain transfer agents such as water, 
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cyclohexanediol or phthalic acid. To address this, a completely new purification procedure 

was developed for PA. Prior to sublimation, the crude PA was treated with benzene and 

recrystallized from CHCl3 (see experimental chapter for details). After the purification, the 

molecular weights of PCHPE significantly increased under the same polymerization 

conditions (Table 3.1, entry 3). Though the molecular weights given by SEC are still smaller 

than theoretical values, this is attributed to both the different hydrodynamic radius of PCHPE 

and the PS standards (discussed in Section 3.2.3.1) and the presence of cyclohexanediol 

which might arise from the catalyzed reaction between CHO and any residual water. This has 

been previously reported by other groups using this epoxide.
29-33

 For example, Darensbourg 

and co-workers reported the formation of diol via a hydrolysis process between the epoxide 

and the residual water happens before the ring-opening copolymerization. The diol then acts 

as the chain transfer agent during the ROCOP.
34

 The polymer MWs can be more accurately 

determined using a multi angle light scattering detector, which will be discussed in section 

3.2.3. Using this method a very good agreement between calculated and experimental MW 

values is obtained.  

During the investigation using [LZn2(OAc)2] complex, SEC traces featuring bimodal 

distributions were observed by my colleagues and I (entry 3, Table 3.1).
13,25

. This is proposed 

to be due to the initiation from both the acetate co-ligand (OAc, monofunctional initiator) and 

the trace of residual chain transfer agent (usually diols derived from epoxides, bifunctional 

initiator). 

Table 3.1 The MW of various PCHPE samples. 

# [cat]/[CHO]/[PA] Mth (kDa)
a 

 Mn,SEC-PS (kDa)
b
 Mn,NMR (kDa)

c
 Ð 

1 1/800/100 24.6 3.1 3.5 1.22 

2 1/500/100 24.6 3.7 3.8 1.31 

3
d
 1/800/100 24.6 20.4; 9.8

f
 18.5

e
 1.04; 1.05

f
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Polymerization conditions: all polymerizations were run in neat CHO as the reaction solvent 

at 100 
o
C for 3.0-4.0 h.

 a)
theoretical molecular weight was calculated based on the molar 

ratio of [LZn2(OAc)2]/[PA], assuming > 95 % conversion of PA; 
b)

 the Mn was acquired 

using THF SEC with near monodispersed polystyrene standards for calibration; 
c)

 the Mn 

was calculated using the integrals of the PCHPE end groups (peak b in Figure 3.4C) in the 

1
H NMR spectrum; 

d)
 using PA purified via a completely new procedure; 

e)
 may not be 

accurate due to the weak signal of PCHPE end group; 
f)
bimodal distribution  

3.2.2 Synthesis of PCHPE-b-PCL 

3.2.2.1 Sequential addition method 

A sequential method (see experimental section) was used first to carry out block copolyester 

preparation. Basically, PA and CHO were polymerized to form PCHPE block first. After the 

complete conversion of PA (monitored by 
1
H NMR), ɛ-CL was added to the reaction mixture 

to sequentially grow the PCL block. By using the sequential method, the reaction temperature 

can be easily tailored for certain monomers, for instance, the temperature was 100 
o
C for the 

ROCOP of PA/CHO and then reduced to 80 
o
C for the ROP of ɛ-CL. Using the two 

temperatures optimized the high turnover frequency and maintained narrow molecular weight 

distributions. Additionally, monomers used to make different blocks were added sequentially 

in this case, which avoids the potential competition between monomers. 

A series of PCHPE-b-PCL with different molar ratios of [PA]/[ɛ-CL] were prepared (listed in 

Table 3.2). Although the increases in molecular weight (entry 1-4 in Table 3.2 and Figure 

A1) suggests the initiation of ε-CL from the –OH end groups of PCHPE, slight shoulders can 

be seen in the SEC traces of all samples. The lower MW ‘shoulders’ can be assigned to 

residual PCHPE chains that did not initiate ε-CL polymerization. Meanwhile, in the 
1
H 

DOSY spectrum the signals of PCHPE chain (e.g. 7.58, 7.40 & 5.14 ppm) are not perfectly in 

line with the signals of PCL chain (e.g. 4.04 & 3.32 ppm) (see Figure 3.5), suggesting the 

contamination of the block material by free PCHPE chains. 
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Table 3.2 The sequential addition synthesis of PCHPE-b-PCL using different monomer ratio. 

# [LZn2(OAc)2]/[CHO]/[PA]/[ɛ-CL]
a
 Mn

b
.(kDa) Ð 

1 1/400/20/100 9.8 1.33 

2 1/400/20/150 12.2 1.42 

3 1/400/20/200 20.3 1.47 

4 1/400/20/0 1.8 1.14 

5
c
 1/400/20/150 11.3 1.53 

a)
 the polymerization of PCHPE block is conducted at 100 

o
C for 2.0 h before the addition of 

ε-CL at 80 
o
C.  The ROP of ε-CL is conducted at 80 

o
C for another 2.0 h, with the 

conversion of monomers > 95%.; 
b) 

molecular weights are acquired by SEC; 
c) 

both the 

polymerization of PCHPE block and PCL block are conducted at 100 
o
C. 

The intensity of the residual PCHPE signal in SEC decreased with the increase in the number 

of ɛ-CL equivalents (from 100 to 200 equiv.). This observation is probably due to the 

relatively low initiation rate of the secondary –OH discussed in Chapter 2. Due to secondary 

hydroxyl groups being the end groups of the first block, PCHPE (confirmed by MALDI-TOF 

spectrometry),
13

 some of the PCHPE chains might fail to initiate a PCL block before the full 

consumption of ɛ-CL. Therefore, by increasing the number of ɛ-CL equivalents, more 

PCHPE chain end groups are likely to participate in the initiation of the second block, PCL, 

leading to less residual PCHPE chains (Figure A1). 
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Figure 3.5 Typical 
1
H NMR DOSY spectrum of PCHPE-b-PCL prepared using the 

sequential method. The diffusion coefficient overlapping between 1.0 to 2.0 ppm is probably 

due to this sample being a mixture of PCHPE-b-PCL and PCHPE homopolymer. Also, 

signals between 0.0 ppm to 2.5 ppm may not be suitable for the comparison of diffusion 

coefficients as explained in section 3.2.2.2. 

3.2.2.2 Synthesis of PCHPE-b-PCL: from mixed feedstock 

Alternatively, the synthesis of PCHPE-b-PCL block copolyesters from mixed monomer 

feedstocks was studied using the same di-zinc catalyst with acetate co-ligand (see Figure A6 

for catalyst structure). The catalyst has already proved to be active for both ring-opening 

copolymerization of anhydrides/epoxides and ring-opening polymerization of lactones 

separately. It is now relevant to investigate how the catalyst behaves when exposed to 

mixtures of all three monomers. The reaction was monitored by in situ ATR-IR spectroscopy 

(Figure 3.6) and an unexpected chemoselective polymerization was observed. When PA, 

CHO and ɛ-CL were added together at the beginning of polymerization, no consumption of 

ɛ-CL was seen (0~154 min) until the full consumption of PA has occurred. The selectivity is 

PCHPE 

PCL 

CHCl3 
DCM 

MeOH 



Chapter 3 

96 

 

proposed to derive from a combination of the metal-chain end group effect and the monomer 

insertion kinetics. As mentioned in the previous Chapter, the zinc acetate species are unable 

to initiate the ROP of ɛ-CL. Meanwhile, the insertion rate of PA into zinc alkoxide bond is 

proposed to be much faster than ɛ-CL on the basis of the selectivity. This hypothesis is 

supported by a DFT study, revealing that the anhydride insertion has lower barrier than the 

ɛ-CL ROP and that there is a  greater stability to the PCHPE ester linkage than that of 

PCL.
35

 Therefore, PA and ɛ-CL can be sequentially consumed even from a mixed monomer 

feedstock. Moreover, the lack of ether linkage signals in the 
1
H NMR indicates no 

homopolymerization of CHO. Another advantage of this method lies in its ‘one-pot; one step’ 

nature. This avoids the introduction of protic impurities (such as traces of water) during the 

sequential addition, preventing the formation of free PCL. 

Thus, PCHPE-b-PCL samples with different molecular weights and compositions were 

prepared (see Table 3.3) using the chemoselective polymerization method. After the 

propagation of the PCL block, no free PCHPE chains were observed in the SEC traces 

indicating that complete initiation of PCHPE end groups (Figure 3.9). The block copolymer 

was characterized by 
1
H DOSY, the signals of the PCHPE chain (e.g. 7.58, 7.40 & 5.14 ppm) 

are in line with the signals of PCL chain (e.g. 4.04 & 3.32 ppm) (see Figure 3.7), suggesting 

the formation of PCHPE-b-PCL block copolyesters. Signals between 0.0 ppm to 2.5 ppm are 

not suitable for the comparison of diffusion coefficients because the 
1
H NMR signals of 

PCHPE and PCL in this region slightly overlap with each other. In DOSY, when different 

molecules have overlapping NMR signals, it is hard to identify the different contributions to 

the overall decay of signal strength made by individual signals.
36

 This observation is further 

confirmed by monitoring the end groups, using 
1
H NMR spectroscopy (Figure 3.10). The 

block copolymer has no signals at 4.65 & 3.46 ppm (end groups of PCHPE). Meanwhile, 

13
C{

1
H} NMR spectroscopy was conducted to evaluate the extent of transesterification. 

Usually, new carbonyl signal forms in the 
13

C{
1
H} NMR when transesterification occurs. 

However, in the case of PCHPE-b-PCL, only signals at ca. 173.6 ppm (carbonyl from PCL) 

and 166.8 ppm (carbonyl from PCHPE) were observed (Figure 3.8), ruling out any 
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significant extent of transesterification between these two blocks. However, this method 

cannot rule out the possibility of transesterification between PCHPE blocks or PCL blocks. 

Table 3.3 The synthesis of PCHPE-b-PCL from a mixed monomer feedstock of PA, CHO 

and ɛ-CL. 

Entry [cat]/[CHO]/[PA]/[ɛ-CL]
a
 TOF of PA (h

-1
) Mn,SEC-PS (kDa)

b
 Ð

b
 

1 1/400/20/100 ~ 13 12.2 1.42 

2 1/400/20/150 ~ 13 15.8 1.43 

3 1/400/20/200 ~ 13 18.7 1.57 

4 1/400/10/150 ~ 10 22.5 1.46 

5 1/400/40/150 ~ 14 28.0 1.52 

3.9 1.03 

a)
 All polymerizations are conducted at 100 

o
C, in neat CHO as the reaction solvent at 100 

o
C 

for 1.5-3.5 h, with the conversion of monomers > 95%.; 
b) 

molecular weights are acquired by 

SEC. 
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Figure 3.6 Time-resolved ATR-IR spectra showing the formation of polymer (PCHPE & 

PCL) and the consumption of monomers (PA & ɛ-CL). Inset: enlarged spectra of the PCL 

polymerization. The polymerization was conducted at 100 
o
C. 

 

Figure 3.7 Typical 
1
H NMR DOSY spectrum of PCHPE-b-PCL prepared from the mixed 

monomer feedstock method. 

PCL signal PCHPE signals 

CHCl3 
DCM 

Acetone 
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Figure 3.8 The 
13

C{
1
H} NMR spectrum of the PCHPE-b-PCL copolyester. Inset: magnified 

region of the carbonyl signals from either PCHPE or PCL. 

The complete initiation from the PCHPE chain ends (entry 1-4, Table 3.3) is aided by the 

higher reaction temperature (from 80 to 100 
o
C) of ɛ-CL ROP, which might be due to the 

increased initiation rate of ɛ-CL from the secondary –OH. However, it cannot be ruled out 

that the complete initiation might result from the enhanced transesterification at higher 

temperature.  Monomodal MW distrubution was also observed when ɛ-CL was sequentially 

added into preformed PCHPE reaction mixture at 100 
o
C (entry 5, Table 3.2), suggesting 

higher reaction temperature facilitates the formation of block polymer. However, incomplete 

initiation from PCHPE chains occurred again, when increasing the PCHPE chain length 

(from 20 equiv. to 40 equiv., entry 5, Table 3.3). One possible explanation is due to the 

increase in molecular weight, the secondary –OH end groups of PCHPE might be ‘buried’ 

within the polymers’ random coil, which hinders the coordination of PCHPE chain end to the 

zinc centre. However, whether this hypothesis is true or not requires further investigation. As 

already demonstrated in chapter 2, the coordination of –OH groups to the zinc centre can be 

strongly impacted by any steric hindrance. In short, increasing temperature can facilitate the 
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formation of block polymer to some extent, but the issue cannot be truly solved as long as 

lactones with high propagation rates are used, at least with the di-zinc catalysts, 

[LZn2(OAc)2]. Therefore, lactones with lower propagation rate and/or secondary 

zinc-alkoxide propagating species (such as ɛ-decalactone) were selected for investigations of 

block selectivity.  

Also, using the di-zinc acetate catalyst, it was already reported that epoxide/CO2/lactone 

copolymerization
12

 and lactone homopolymerization
37

 afforded polymers featuring different 

chain end groups (Table 3.4). Both -acetyl--hydroxyl (initiated from the acetate co-ligand) 

and ,-dihydroxyl polymer end groups (initiated from cyclohexanediol) were observed.
13,37

 

Although an encouraging result, the limitation is that both AB and ABA type copolymers 

formed concurrently in the case of terpolymerization, causing potential bimodal molecular 

weight distributions (MW). Most importantly, the coexistence of -acetyl--hydroxyl 

(monofunctional) and ,-dihydroxyl (bifunctional) polymer end groups might affect the 

post-polymerization modification, for example the chain extension reaction using 

diisocyanate compounds to form multi-block polymers with higher molecular weight. The 

presence of monofunctional -acetyl--hydroxyl species will terminate the chain extension 

reaction.
38,39

 In order to solve this problem, a new di-zinc complex with phenyl co-ligand was 

prepared, [LZn2(Ph)2]. In contrast to [LZn2(OAc)2], the phenyl co-ligands on [LZn2(Ph)2] do 

not initiate the ring-opening copolymerization of anhydride/epoxide and the ring-opening 

polymerization of lactones with the presence of protic initiators, for example cyclohexanediol. 

[LZn2(Ph)2] complex is a pre-catalyst. The true catalytic species is the zinc alkoxide formed 

in situ from the reaction between [LZn2(Ph)2] and alcohol (Figure 3.12). 



Chapter 3 

101 

 

1000 10000 100000

Molecular Weight (Da)

PCHPE-b-PCL

PCHPE block

b

a

c

d

 

Figure 3.9 SEC traces of PCHPE-b-PCL and PCHPE block. Curve a~d are corresponding to 

entry 1-4 in Table 3.3, respectively. 

 

Figure 3.10 
1
H NMR spectra of PCHPE homopolymer and PCHPE-b-PCL block 

copolyesters. 

Table 3.4 Preparation of PDL-b-PCHPE-b-PDL using the di-zinc acetate complex, 

[LZn2(OAc)2]. 
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Entry [PA]/[ɛ-DL] t (h) Mn,SEC-PS (Ð)
a
 Ð

b
 

1 20/0 1.0 1.9 1.18 

2 20/100 2.0 23.4; 9.2 1.06; 1.05 

3 20/150 2.0 25.6; 11.2 1.10; 1.03 

4 20/200 2.5 27.6; 12.3 1.08; 1.04 

Polymerization Conditions: All polymerizations were run in neat cyclohexene oxide as the 

reaction solvent at 100 
o
C for predetermined reaction time with the conversion of monomers > 

95%. 
a)

Mn of the crude polymer was determined by SEC, in THF using polystyrene calibrates, 

with units of kg·mol
-1

; bimodal distribution appears in entry 2-4; 
b)

all block copolymers 

exhibit bimodal distribution 

3.2.3 Synthesis of PCHPE-b-PDL block copolymers
40

 

Before studying the selective catalysis, it was important to investigate the two reactions, 

ROCOP and ROP, independently. 

3.2.3.1 Ring-opening copolymerization of PA/CHO and ring-opening polymerization of ε-DL 

A new di-zinc phenyl complex was prepared: [LZn2(Ph)2] (Figure 3.11 and Figure A7-A9). 

[LZn2(Ph)2] is activated by reaction with a diol to form, in situ, the catalyst system (Figure 

3.12-3.13). It showed a good performance in epoxide/anhydride ROCOP (Figure 3.13, Table 

3.5). 
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Figure 3.11 Preparation of di-zinc phenyl complex, [LZn2(Ph)2], in THF using ZnPh2 as the 

precursor. 

 

Figure 3.12 The in situ catalyst forming reaction between [LZn2(Ph)2] and cyclohexanediol 

(used as CTAs). 

 

Figure 3.13  The ROCOP and ROP reactions catalyzed by [LZn2(Ph)2], where CHD is 

1,2-cyclohexanediol. 

Table 3.5 The ROCOP of phthalic anhydride and cyclohexene oxide, using [LZn2(Ph)2] and 

cyclohexane diol. 

entry [LZn2(Ph)2]: diol
a 

Mn,theo 
b
 Mn,SEC-PS

c
 Mw/Mn

c
 Mn,SEC-MALLS

d
 Ð

d
 

1 1:2 12.3 5.3 1.33 9.3 1.03 

2 1:4 6.2 2.9 1.29 5.2 1.02 
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3 1:6 4.1 2.3 1.33 3.6 1.10 

4 1:8 3.1 1.8 1.27 2.9 1.06 

5 1:10 2.5 1.6 1.32 2.5 1.07 

a)
 [LZn2(Ph)2]:[PA]:[CHO] = 1:100:800, 100 C, 3-4 h, PA conversion >99%. Diol refers to 

1,2-cyclohexane diol (CHD); 
b)

Determined on the basis of {([PA] + [CHO])×(conversion of 

PA)}/[CHD], with units of kg·mol
-1

; 
c)

Determined by SEC calibrated using narrow MW 

polystyrene (PS) standards, with units of kg·mol
-1

; 
d)

Determined by SEC-MALLS  in THF 

(dn/dc  = 0.133 ± 0.001 mL·g
-1

), with units of kg·mol
-1

. 

The diphenyl zinc complex system showed moderate activity, with TOF values of 25 h
-1

 and 

an excellent selectivity for polyester (>99%, Figure 3.14), which is comparable to some 

catalysts reported by other groups in this field.
10

 It also showed high degrees of 

polymerization control, with predictable molecular weights and narrow dispersities (≤ 1.30). 

The MWs of the polymers are determined using SEC, calibrated with polystyrene standards 

and using multiple-angle-laser light scattering (SEC-MALLS) (see Table 3.5 below and 

Figure A2). Previously, the MW of poly(cyclohexylene phthalate) (PCHPE) was only 

determined by PS calibrated SEC; there was a poor correlation between theoretical and 

experimental MW.
13,21

 In contrast, using SEC-MALLS, excellent agreement between MW 

values is observed, confirming that the ROCOP is very well-controlled. Although the MWs 

given by MALLS detector are still smaller than the predicted values (Table 3.5), it is due to 

the presence of cyclohexanediol (discussed in Section 3.2.1) which functions as the chain 

transfer agent. However, the experimental MW reported in this field is usually 1.5~6.0 times 

smaller than the theoretical MW.
28,41-43

 Therefore, the MW values of the alternating 

polyesters presented in this work can certainly be considered as well-controlled. The 

polymerization control is further demonstrated by the linear fits of Mn vs. [CHD] (Figure 

3.15). The MALDI spectrum shows a single series of perfectly alternating polyester chains, 

end-capped by -dihydroxyl groups (Figure 3.16). 



Chapter 3 

105 

 

 

 

Figure 3.14. 
1
H NMR spectrum of PCHPE homopolymer. No signal appears at 3.6 ppm, 

indicating no ether linkages.
13
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Figure 3.15. Plots showing the molecular weight of PCHPE (red dots: theoretical Mn; black 

squares: experimental Mn given by SEC RI detector; and blue triangles: experimental Mn 

given by SEC LS detector, see Table 3.5) and the number of equivalents of cyclohexanediol 
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used during the ring-opening copolymerization. (Red lines: linear fittings of the experimental 

Mn). 

 

Figure 3.16. The MALDI-ToF spectrum of the polyester (Table 3.5, entry 2). The series 

show m/z = [116.1 (cyclohexanediol) + (246.1 × n) (PA-alt-CHO) + 39.0 (K
+
)] (n = 9~20). 

[LZn2(Ph)2], with 1,2-cyclohexanediol (CHD), was also tested, as a catalyst for the ROP of 

ɛ-DL, using cyclohexene oxide as the solvent (Table 3.6, Figure 3.13). It showed good 

activity, with TOF values of 160 h
-1

 and no evidence for any epoxide homopolymerization or 

insertion into the PDL chain (see Figure 3.16 below and Figure A3). The polymers’ MWs 

are in close agreement with the theoretical values and show narrow dispersities. Immortal 

polymerization is also feasible and the amount of CHD used controls the molecular weights, 

whilst maintaining narrow dispersities (see Figure 3.18 below and Figure A4). 

Table 3.6 The ROP of ɛ-decalactone, using [LZn2(Ph)2] and cyclohexanediol. 

entry [LZn2(Ph)2]: diol
a 

Mn,theo
b
 Mn,SEC-PS

c
 Mw/Mn

c
 Mn,SEC-MALLS

d
 Ð

d
 

1 1:2  17.0 14.0 1.16 13.4 1.07 

2 1:4  8.5 7.8 1.10 6.8 1.06 

3 1:6  5.7 6.7 1.12 4.7 1.05 

4 1:8  4.3 5.3 1.11 3.5 1.11 

5 1:10  3.4 4.3 1.12 3.0 1.05 
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a)
[LZn2(Ph)2]:[ɛ-DL]:[CHO] = 1:200:800, 100 C, 1.25 h, ɛ-DL conversion >95%. Diol 

refers to 1,2-cyclohexane diol (CHD); 
b)

Determined on the basis of {[ɛ-DL]×(conversion of 

ɛ-DL)}/[CHD]/, with units of kg·mol
-1

; 
c)

Determined by SEC calibrated using narrow MW 

polystyrene (PS) standards, with units of kg·mol
-1

; 
d)

Determined by SEC-MALLS, in THF, 

(dn/dc = 0.054 ± 0.001 mL·g
-1

 for entry 1, 0.067 ± 0.001 mL·g
-1

 for entry 2 and 0.072 ± 0.002 

mL·g
-1

 for entry 3-5), with units of  kg·mol
-1

. 

 

Figure 3.17 Shows the MALDI-ToF spectrum of the polyester (Table 3.6, entry 5). The 

series show m/z = [116.1 (cyclohexanediol) + (170.1 × n) (ε-decalactone) + 39.0 (K
+
)] (n = 

14~23). 
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Figure 3.18 Plots showing the fit between molecular weight of PDL (red dots: theoretical Mn; 

black squares: experimental Mn given by SEC RI detector; and blue triangles: experimental 

Mn given by SEC LS detector, see Table 3.6) and the number of equivlant of cyclohexanediol 

used during the ring-opening polymerization. (Red lines: linear fittings of the experimental 

Mn). 

3.2.3.2 Chemoselective sequence controlled polymerization of PA, CHO and ε-DL 

Given that both ROP and ROCOP are catalyzed independently, it was of high interest to 

establish whether concurrent reactions could be achieved using [LZn2(Ph)2].  Thus, mixtures 

of lactone (ε-DL), epoxide (CHO) and anhydride (PA) monomers were reacted with the 

catalyst system comprising [LZn2(Ph)2] and diol (Table 3.3, Scheme 3.2). The 

terpolymerizations were all successful and unexpected monomer selectivity was observed, 

resulting in the controlled formation of ABA type block copolyesters. Such selectivity 

behaviour is very unusual, yet is potentially useful given the importance of block copolymers. 

The terpolymerizations were monitored by ATR-IR spectroscopy (Figure 3.19) which 

showed that initially epoxide/anhydride ROCOP occurred, as shown by the disappearance of 

the diagnostic PA resonance at 1790 cm
-1

 and the growth of the characteristic polyester 

(PCHPE) resonance (1065-1068 cm
-1

). During this time, there was no change to any 
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resonances associated with the lactone (ɛ-DL), a finding confirmed by aliquot analysis using 

1
H NMR spectroscopy which only showed signals for perfectly alternating polyester (PCHPE) 

and residual ɛ-DL (Figure 3.20). Once the PA was consumed, in the presence of excess CHO, 

the reaction entered the second phase whereby ɛ-DL ROP occurred, leading to block 

polyester formation. During this stage, the ATR-IR monitoring showed the decrease of the 

ɛ-DL resonance, at 1735 cm
-1

, accompanied by the growth of the block of poly(ɛ-decalactone) 

as signalled by its resonance at 1190 cm
-1

. The IR absorptions were all independently 

confirmed in control experiments using pure, isolated monomers/polymers (Figure A10). 

 Table 3.7 Sequence controlled block copolyester syntheses. 

entry [PA]:[ɛ-DL]
a
 Time 

(h) 

% PCHPE
b
 Mn,theo

c
 Mn,SEC-PS

d
 Ð

d 
Tg (

o
C)

e
 

1 0:100 1.0 0 8.5 6.9 1.20 -58 

2 50:100 3.0 33 18.9 12.3 1.25 -49 

3 100:200 5.5 42 28.0 15.9 1.21 -49;57 

4 100:100 5.0 59 22.4 12.0 1.15 -47; 61 

5 150:50 6.5 81 22.7 11.9 1.29 55 

6 100:0 4.5 100 12.3 5.3 1.33 97 

a)
[LZn2(Ph)2]:[CHD]:[CHO] = 1:2:800, 100 C,  PA and ɛ-DL conversion >95%; 

b)
Weight 

content of PCHPE block in the polyester (PDL-b-PCHPE-b-PDL); 
c)

Determined by {([PA] + 

[CHO]) × (conversion of PA) + [ɛ-DL] × (conversion of ɛ-DL)}/[CHD] with units of 

kg·mol
-1

; 
d)

Determined by SEC  using polystyrene calibration, with units of kg·mol
-1

. MALLS 

is not suitable for such block copolymer analysis.
44

 
e)
Determined after three heating−cooling 

cycles, on the third cycle. 
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Scheme 3.2 (A) Diagram illustrating the chemoselective sequence controlled polymerization; 

(B) Reactions corresponding to the steps illustrated in (A). The typical reaction conditions are 

in the footnotes to Table 3.7. 

A 

B 



Chapter 3 

111 

 

 

Figure 3.19 Representative ATR-IR spectrum acquired during (PDL-b-PCHPE-b-PDL) 

formation (Table 3.7, entry 2).  

 

Figure 3.20 
1
H NMR spectrum of the aliquot taken before the complete conversion of 

phthalic anhydride (ca. 73 mol%). No consumption of ɛ-decalactone can be observed 

(aromatic signals as the internal reference), suggesting the formation of the perfectly 

alternating polyester (PCHPE). 

The monomer sequence selectivity would not be expected on the basis of the activities, where 

the TOF values are ROP: 160 h
-1

 and ROCOP: 25 h
-1

, respectively. Scheme 3.3 illustrates the 

key intermediates present during polymerization. The different rate of insertion of monomers 
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into the zinc alkoxide intermediate, which is common to both catalytic cycles, must be 

responsible for the selectivity. Accordingly, the rate of PA insertion into the Zn-alkoxide 

bond is significantly faster than the insertion of ε-DL (i.e. k1 >> k3). It is also relevant that the 

zinc-carboxylate intermediate, formed by PA insertion, does not react with lactones, a finding 

supported by the failure of [LZn2(OAc)2] to catalyze ε-DL ROP (Table 3.8) and also the DFT 

studies mentioned in section 3.2.2.2, showing there is a lower barrier to anhydride insertion, 

compared to the ROP of lactones, and a greater stability to the product ester linkage formed, 

thereby also providing a thermodynamic rationale for the observed selectivity.
45

 The further 

reaction of the zinc-alkoxide intermediate with epoxide (CHO) has been calculated to have a 

significantly higher barrier and thus ether linkages are not observed experimentally.
45

 To 

confirm the ABA type triblock copolyester structure with no presence of free block materials, 

aliquots were analyzed by SEC just before the complete conversion of PA (ca. 95%) and after 

the propagation of PDL block (ca. 96% conv. of ɛ-DL) (Figure 3.21). It is quite clear that 

after ε-DL ROP the polymer has a higher MW and that in both cases distributions are 

monomodal, with narrow dispersities. Since the block formed by ROCOP (PCHPE) has an 

aromatic repeat unit, analysis using SEC with a UV-detector can be used to confirm block 

attachment. 

Although the length of the PCHPE block ([PA]/[cat.] = (50~150)/1) in Table 3.7 is much 

longer than that in Table 3.3, entry 5 ([PA]/[cat.] = 40/1), no PCHPE residual peak was 

observed in SEC after the propagation of ɛ-DL. This is probably due to the secondary zinc 

alkoxide being the active species during the ROP of ɛ-DL rather than changing from 

secondary to primary zinc alkoxide in the case of PA/CHO/ɛ-CL terpolymerization, which 

might suffer the unmatched initiation and propagation rates. Although it is much less likely 

due to the similar TOF of the [LZn2(OAc)2] and [LZn2(Ph)2], this improvement might also 

result from the better initiation rate using [LZn2(Ph)2]. However, this hypothesis requires 

further investigation. 
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31
P{

1
H} NMR spectroscopy was also used to distinguish the two different hydroxyl 

end-groups (from PCHPE and PDL, respectively), on the basis of their chemical shifts after 

reaction with excess 2-chloro-4,4,5,5-tetramethyl dioxaphospholane. This is to check whether 

all the PCHPE block chains formed in the first stage (the ROCOP) participate in the initiation 

of the second block, PDL, during ROP. Before the initiation of PDL block, only one signal at 

147.1 ppm can be observed, which can be assigned to the secondary hydroxyl groups of 

PCHPE. After the initiation of the second block (PDL), the signal at 147.1 ppm completely 

disappears, while a new signal appears at 149.2 ppm, which can be assigned to the secondary 

hydroxyl end groups of PDL block from the ABA triblock (Figure 3.22). The assignment of 

different secondary hydroxyl groups of PCHPE and PDL block was confirmed by applying 

the same technique to pure PCHPE and PDL polyesters. It is noteworthy that the same result 

can be observed even if only one ε-DL is ring-opened by the -OH end group of PCHPE. 

However, it is unlikely due to the narrow distributions and controlled molecular weights 

observed in the ROP of ε-DL (Table 3.6) and terpolymerization of PA/CHO/ε-DL (Table 

3.7). In the ROP of ε-DL using cyclohexanediol as the CTA, both predictable MW and 

narrow polydispersity were observed (Table 3.6). Therefore, it is reasonable to hypothesise 

that the chain growth rate of PDL from each of the secondary –OH (bifunctional initiators) is 

similar and the PDL blocks at both sides of the PCHPE block are symmetric. To further 

investigate the block structure, 
1
H DOSY NMR spectroscopy was employed. In the case of 

block copolyesters, 
1
H NMR signals that belong to different blocks have the same diffusion 

coefficient (signals a, b, c in Figure 3.23A). To rule out the possibility of this being an 

artefact, control experiments were also conducted. In the control experiment, using pure 

PCHPE and PDL polyesters of near equivalent MW, showed that the 
1
H NMR signals of 

different polyesters exhibit different diffusion coefficients (signals a, b, c in Figure 3.23B). 

Therefore, the exclusive block structure of the polyesters is confirmed by the DOSY 

experiments. 
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Scheme 3.3 Reactions proposed to occur during sequence-selective polymerizations. Where 

‘[Zn] [Zn]’ is the active site of [LZn2(Ph)2] and ‘P’ is a propagating polymer chain. 

Table 3.8 Ring-opening polymerization of ɛ-DL using [LZn2(OAc)2]. 

[LZn2(OAc)2]/[cyclohexanediol]/[ɛ-DL] Solvent Temp. (
o
C) t (h) Conv. (%) 

1/2/200 Toluene
a
 100 6.0 0 

a) 
the initial concentration of ɛ-DL in toluene is 5M. 

1000 10000 100000 1000000 1E7

PCHPE

Molecular Weight (Da) Calibrated by PS std.

PDL-b-PCHPE-b-PDL

(RI detector)

PDL-b-PCHPE-b-PDL

(UV detector)
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Figure 3.21 SEC traces of the polymer aliquots before and after propagation of the PDL 

block (Table 3.7, entry 3), inter-detector delay was corrected using toluene as internal 

standard. 

 

Figure 3.22 
31

P{
1
H} NMR spectrum of PCHPE, PDL-b-PCHPE-b-PDL (Table 3.7, entry 4) 

after reaction with 2-chloro-4,4,5,5-tetramethyl dioxaphospholane (using bisphenol A as an 

internal standard), in CDCl3. The signals at 147.1 ppm and 149.2 ppm are assigned to the 

secondary –OH end groups of the PCHPE homopolymer and the PDL-b-PCHPE-b-PDL 

triblock copolyester, respectively. 

 

A 

B 
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Figure 3.23 
1
H NMR DOSY spectra of (A) PDL-b-PCHPE-b-PDL (Table 3.7, entry 3) and 

(B) a blend of PCHPE/PDL homopolymers with the similar chain length as the blocks in 

PDL-b-PCHPE-b-PDL, respectively, in toluene-d8. 

If transesterification reactions occur, these would scramble the block structure, especially the 

block number. Therefore, it is important to check the extent of transesterification reactions 

when preparing block polyesters or poly(ester-b-carbonate)s.
28,46-49

 The 
13

C{
1
H} NMR 

spectrum of the copolymer shows only two carbonyl resonances, at 172.4 ppm and 166.5 

ppm, assigned to the carbonyl groups of the PDL and PCHPE blocks, respectively (Figure 

3.24).  In contrast, the  
13

C{
1
H} NMR spectrum of the copolymer after reaction with a 

well-known transesterification catalyst [1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD), at 60 
o
C 

for 48 h] shows new signals at 168.1 and 164.2 ppm (Figure A11). The signals are assigned 

to scrambled [CHO-DL] and [PA-DL] diads.
46

 Thus, there is no significant inter- or 

intra-chain transesterification, a finding previously observed for other Zn lactone ROP 

catalysts.
50,51
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Figure 3.24 The typical 
13

C{
1
H} NMR spectrum of the PDL-b-PCHPE-b-PDL copolyester. 

Inset: magnified region of the carbonyl signals from both the PCHPE and PDL blocks. 

3.2.3.3 PCHPE-b-PDL Multi-block formation 

The selective catalysis was extended, by addition of further equivalents of monomers, to 

prepare a multi-block copolymer (Table 3.9).  Thus, a PDL-b-PCHPE-b-PDL triblock was 

synthesized and, after complete consumption of the ε-DL, a multiblock copolymer can be 

prepared by adding more PA and ε-DL. The block selectivity followed the same selectivity 

already established (Figure 3.25-3.27). Although it is tempting to compare the predicted MW 

with the experimental MW to further confirm the formation of heptablock, the MW of 

PCHPE block given by SEC usually deviates significantly from the theoretical value, as 

discussed in Table 3.5. Therefore, the MW of the multiblock polymer given by SEC does not 

represent the true MW. Furthermore, it should be done with extra cautiousness when 

comparing the predicted MW of a multiblock copolymer with its experimental MW (given by 

RI) because the experimental MW (given by RI) of a multiblock copolymer might not simply 
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be the sum of the molecular weight of each blocks, especially when the RI experimental MW 

of the either one of the blocks already deviates significantly from its predicted MW (e.g. 

PCHPE block, discussed in section 3.2.3.1). The ideal comparison could be done by 

comparing the absolute MW (given by MALLS detector) with the predicted MW. However, 

light scattering is not the right technique for characterizing the absolute MW of a block 

copolymer because the dn/dc value may change across the MW distribution. Considering that 

both the ROCOP of PA/CHO and the ROP of ɛ-DL afford polymers with controlled MWs 

and narrow distributions, it is reasonable to presume that the chain growth rates from each 

chain ends of a bifunctional initiator are similar, leading to the formation of the heptablock 

polymer. It has been reported by Perrier and co-workers that in a controlled radical 

polymerization  the block number can be jeopardised by the block length distribution and 

polymers having many short blocks usually containing large amount of defective chains 

(block number not controlled).
52

 For example, the growth of a short block of average 3 repeat 

units will fail in ca. 5% of chains, but the proportion of missing blocks can be exponentially 

decreased by increasing the average block length to 6 repeat units.
52

 This finding may also be 

applied to other polymerization methods. In this work, the shortest block should still have 

approximately 25 repeat units (entry 3, Table 3.9) to prevent missing blocks from happening. 

Therefore, it is reasonable to believe that the obtained multiblock polymer primarily consists 

of seven blocks. 

It is noteworthy that slight shoulders can be observed on the SEC traces of the block 

polymers (Figure 3.25). There are several possibilities which might give rise to the shoulders, 

for example, the increasing viscosity over the polymerization period. Moreover, although the 

transesterification between different types of blocks (PCHPE and PDL) cannot be observed in 

13
C{

1
H} NMR, the possibility of transesterification occurring within one type of block (either 

PCHPE or PDL) cannot be ruled out. As this type of transesterification cannot be identified in 

13
C{

1
H} NMR, further investigation is required to evaluate this possiblity. 

Table 3.9 Molecular weight of block copolyesters with different block numbers. 
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# conv. of 

PA (%)
a
 

conv. of 

ε-DL 

(%)
a
 

Number of 

Blocks 

Mn,theo
b 

(kDa) Mn,SEC-PS
c 
(kDa) Ð

c
 

1 >95 0 1 12.3 5.6 1.29 

2 100 >96 3 29.3 22.2 1.26 

After 2
nd

 monomer addition 

3 ca. 90 0 5 34.9 25.4 1.23 

4 100 >96 7 52.5 40.0 1.31 

Polymerization conditions are described in the experimental section, the relative loadings of 

monomers during the first and second additions were: 

[LZn2(Ph)2]/[CHD]/[CHO]/[PA]/[ɛ-DL]/[PA(2
nd 

addition)]/[ɛ-DL(2
nd 

addition)] was 

1/2/800/100/200/50/200. 
a)

calculated by 
1
H NMR spectroscopy via aliquoting, the data in 

entries 3 and 4 corresponds to the conversion of those monomers during the second 

polymerization phase; 
b)

 Determined by {([PA] + [CHO]) × (conversion of PA) + [ɛ-DL] × 

(conversion of ɛ-DL)}/[CHD] with units of kg·mol
-1

; 
c)

Determined by SEC, calibrated using 

narrow molecular weight polystyrene standards, with units of kg·mol
-1

.  The structure of the 

heptablock copolyester is illustrated below, where n = 50, m=100, n’=25, m’=100. 
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Figure 3.25 The SEC traces of the polymer aliquots of multi-block polyesters (Table 3.9). 

 

Figure 3.26 The 
13

C{
1
H} NMR spectrum of the (A) PCHPE-b-PDL heptablock copolyester 

(Table 3.9, entry 4). 
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Figure 3.27 
1
H NMR DOSY spectrum of PCHPE-b-PDL heptablock copolyester (Table 3.9, 

entry 4) in toluene-d8. 

3.2.3.4 Thermal properties of the PDL-b-PCHPE-b-PDL triblock copolyesters 

Triblock copolyesters with different MW values and compositions were prepared and 

analysed as already described (Table 3.7). In terms of thermal properties, the copolymers 

showed Tg values tuneable over the range -59 to 61 
o
C. The homopolymers are both 

amorphous (no melting peaks can be observed within the experimental temperature range), 

with Tg values of -58 
o
C (PDL) and 97 

o
C (PCHPE), respectively. A blend of them showed 

identical Tg values to the homopolymers, indicating likely block immiscibility. Copolyesters 

with low (33 wt%) or high (81 wt%) PCHPE compositions showed only a single Tg, close to 

that of the dominant block material (PDL or PCHPE). Where the block composition was 

more evenly balanced (42-59 wt% PCHPE), two Tg values were observed, suggesting 

microphase separation of the soft/hard blocks (Figure 3.28). However, the glass transition of 

the PCHPE block is rather weak, comparing to that of the PDL block. It is inappropriate to 

conclude on the microphase separation merely based on the DSC curves in Figure 3.28. 

Further investigation regarding the phase separation between PDL and PCHPE blocks is 

discussed in the following chapter. 



Chapter 3 

122 

 

 

 

Figure 3.28 DSC thermograms (exothermal up) of (A) PDL-b-PCHPE-b-PDL (Table 3.7, 

entry 3 with 42 wt% of PCHPE) and (B) PCHPE/PDL blend (Table 3.7, entry 1 and 6, 

composition: 1/1, m/m). 

3.2.3.5 Can the chemoselective method be generalized to other monomer combinations? 

As part of a preliminary evaluation of the generality of the selective synthesis, this method 

was evaluated using other epoxides and lactones (see Table 3.10). The other monomers were 

selected by the following rationale: vCHO was selected for its C=C double bond which can 

allow post-polymerization modification; δ-VL for the high crystallinity of PVL and rac-LA 

for its renewability. Typically, during the chemoselective polymerization of PA/CHO/δ-VL, 

PA was consumed first with no consumption of δ-VL during the PA/CHO ROCOP (Figure 

A 

B 
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3.30), which means the polymerization of this other mixture show the same sequence 

selectivity. The obtained polymers (Table 3.10) were examined using SEC, 
1
H DOSY NMR 

and 
13

C{
1
H} NMR spectroscopy (see Figure 3.31-3.34). For the chemoselective 

polymerization of PA/vCHO/ɛ-DL (Figure 3.31), a clear increase in molecular weight was 

observed in SEC traces. 
1
H DOSY NMR spectrum shows that all the signals have the same 

diffusion coefficient, suggesting a block copolymer structure. Also, no observable 

transesterification occurred as indicated by two well-defined signals being observed in the 

carbonyl region in the 
13

C{
1
H} NMR spectrum, which can be assigned to PvCHPE and PDL 

blocks, respectively. The same characterization procedure was used to determined the 

polymer structure of PLA-b-PCHPE-b-PLA (Figure 3.32), PVL-b-PCHPE-b-PVL (Figure 

3.33) and PVL-b-PvCHPE-b-PVL (Figure 3.34). In all cases, block structures were 

successfully achieved. It is noteworthy that only one peak appears in the 
13

C{
1
H} NMR 

spectrum of PLA-b-PCHPE-b-PLA. This is due to the fact that carbonyl signal of PCHPE has 

the same chemical shift as that of PLA. 

 

Figure 3.29 Epoxide and cyclic esters used in this section. 

Table 3.10 Block copolyesters prepared using other epoxides and cyclic esters: 

4-vinyl-1-cyclohexene 1,2-epoxide (vCHO), rac-lactide (rac-LA) and δ-valerolactone (δ-VL). 

(see Figure 3.31-3.34 for SEC traces) 

# Monomers
a
 t 

(h) 

Mn,SEC-PS
b
 of the first 

aliquot (just before the 

full conversion of PA) 

Ð
b
 Mn,SEC-PS

c
 of the 

block copolyester 

Ð
c
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1 PA/vCHO/ε-DL 5.0 4.2 1.32 12.8 1.34 

2 PA/CHO/rac-LA 5.0 2.5 1.16 6.0 1.53 

3 PA/CHO/δ-VL 6.0 5.5 1.34 11.6 1.59 

4 PA/vCHO/δ-VL 6.0 3.9 1.33 12.0 1.60 

a)
 [LZn2(Ph)2]:[CHD]:[anhydride]:[epoxide]:[cyclic ester] =1:2:100:800:200, 100 C; 

b)
 

Determined by SEC using polystyrene calibration, with units of kg·mol
-1

 (PA conversion > 

90%); 
c)

 Determined by SEC using polystyrene calibration, with units of kg·mol
-1

 (cyclic 

ester conversion > 80%). 

 

Figure 3.30 1
H NMR spectrum of the aliquot taken before the complete conversion of 

phthalic anhydride (ca. 66 mol%) during the polymerization of PA/CHO/δ-VL. No 

consumption of δ-valerolactone can be observed (aromatic signals as the internal reference). 

 



Chapter 3 

125 

 

 

Figure 3.31 (A) SEC traces of the copolyesters prepared from PA/vCHO/ε-DL, before and 

after the polymerization of the cyclic ester, ε-DL (Table 3.10, entry 1). (B) The 

corresponding 
1
H NMR DOSY spectrum of the PA/vCHO/ε-DL block copolyester, in 

toluene-d8. (C) The corresponding 
13

C{
1
H} NMR spectrum of the PA/vCHO/ε-DL block 

copolyester, in CDCl3. 

 

 

Figure 3.32 (A) SEC traces of the copolyester prepared from PA/CHO/rac-LA, before and 

after the polymerization of the cyclic ester, rac-LA (Table 3.10, entry 2). (B) The 
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corresponding 
1
H NMR DOSY spectrum of the PA/CHO/rac-LA block copolyester, in 

toluene-d8. (C) The corresponding 
13

C{
1
H} NMR spectrum of the PA/CHO/rac-LA block 

copolyester, in CDCl3. 

 

 

Figure 3.33 (A) The SEC traces of the copolyester prepared from PA/CHO/δ-VL, before and 

after the polymerization of the cyclic ester, δ-VL (Table 3.10, entry 3). (B) The 

corresponding 
1
H NMR DOSY spectrum of the PA/CHO/δ-VL block copolyester, in 

toluene-d8. (C) The corresponding 
13

C{
1
H} NMR spectrum of the PA/CHO/δ-VL block 

copolyester, in CDCl3. 
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Figure 3.34 (A) SEC traces of copolyester prepared from PA/vCHO/δ-VL, before and after 

the polymerization of the cyclic ester, δ-VL (Table 3.10, entry 4). (B) The corresponding 
1
H 

NMR DOSY spectrum of the PA/vCHO/δ-VL block copolyester, in toluene-d8. (C) The 

corresponding 
13

C{
1
H} NMR spectrum of the PA/vCHO/δ-VL block copolyester, in CDCl3. 

Hence, the chemoselective method using [LZn2(Ph)2] complex can be applied to other 

monomer combinations, suggesting the possibility of tuning the thermal/mechanical 

properties of the block polymer by simply changing monomer combination in feedstock. 

Further investigation is needed to evaluate the properties (e.g. glass transition temperature, 

melting temperature, crystallinity and microphase separation) of the obtained block polymer. 

In particular, it is might be possible to further tuning the property by introducing functional 

groups to PVL-b-PvCHPE-b-PVL via post-polymerization modification, such as thiol-ene 

chemistry or hydroboration. 

3.3 Conclusions 

The di-zinc catalyst, [LZn2(OAc)2], can catalyze the ring-opening polymerization of lactones 

and the ring-opening copolymerization of epoxides/anhydrides to afford polyesters with good 

control. Additionally, it exhibits a very unusual switchable catalysis whereby the catalyst 

selectively polymerizes epoxides/anhydrides first, followed by the propagation of lactones. 

However, using this catalyst, the molecular weight, molecular weight distribution and 

polymer chain architecture cannot be well controlled. The limitation is associated with the 
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incomplete initiation of ε-caprolactone from the secondary –OH groups of PCHPE block as 

discussed in the previous Chapter. The phenomenon results in slow initiation versus fast 

propagation of ε-CL from secondary or primary hydroxyl groups, respectively. Practically, it 

is observed that despite the high degree of selectivity exerted, both α-acetyl-ω-hydroxyl 

(initiated from the acetate co-ligand) and α, ω-dihydroxyl polymer end-groups (initiated from 

the cyclohexanediol) were observed. Therefore, though it is encouraging to observe the 

chemoselectivity, the reaction is limited by simultaneously production of both AB and ABA 

type copolymers, leading to a mixture of chain structures. This mixed chain structure is not 

ideal, especially for post-polymerization modifications (e.g. chain extension with 

diisocyanate) due to the partly acetate-capped ‘dead’ chain end.  

To address these two major limitations, another lactone monomer (ε-DL) having secondary 

alkoxide propagating species was selected and a new di-zinc complex, [LZn2(Ph)2], with 

phenyl co-ligands was developed. The new di-zinc complex is established to catalyze the 

ring-opening copolymerization of anhydrides/epoxides and ring-opening polymerization of 

lactones. Most importantly, [LZn2(Ph)2] complex affords well-defined telechelic polymer 

structure when applied with a bifunctional chain transfer agent (e.g. cyclohexene diol). 

Furthermore, it catalyzes the sequence controlled polymerization of 

anhydrides/epoxides/lactones. ABA type triblock copolyesters are prepared, in one-pot from 

monomer mixtures. It is interesting to observe that at balanced block compositions, 

PDL-b-PCHPE-b-PDL triblocks show two separate Tg values, which suggests the existence 

of microphase separation between PCHPE and PDL domains, though further investigation is 

needed to confirm this observation. 

Furthermore, multi-block copolyesters can be synthesized by the same sequence controlled 

polymerization method. The ground rules for implementing the selective process are 

uncovered and the ability to apply it to other monomers is demonstrated; it is expected that 

broader classes of catalysts and monomers will also be successful. The method simplifies the 

preparation of block copolyesters and is expected to be of value for the preparation of 
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materials with tailored properties, such as new types of thermoplastic elastomer. In the next 

chapter, the mechanical properties of PDL-b-PCHPE-b-PDL as either the thermoplastic 

elastomer or shape memory materials will be discussed. 
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4.1 Background and Aims 

Concerns associated with the sustainability, cost and adverse environmental impacts of 

petrochemicals have spurred the development polymers sourced from renewable resources, 

such as plants, and of degradable materials.
1,2

 Nonetheless, it is still important to improve 

upon the thermal/mechanical properties of these renewable polyesters so as to broaden 

application and access higher value products such as thermoplastic elastomers (TPEs) and 

shape-memory polymers.
3
 Although the market size of either the TPEs or the shape-memory 

polymers is rather small compared to other commodity plastics, these two types of polymers 

feature high-value markets with high cost tolerance, which are the ideal markets to start 

deploying renewable plastics. 

There are two important types TPEs: microphase separated block (including graft) 

copolymers and segmented polyurethanes, which are essentially linear multiblock 

copolymers.
4
 A block copolymer formed using immiscible polymers featuring ‘soft’ and 

‘hard’ domains undergo phase separation on the nano- or micro-scale. For TPE, the separated 

domains of hard blocks act as network crosslinking points, while the soft domains act as the 

matrix. In contrast to covalently crosslinked structures like natural rubber, the crosslinking 

points in TPEs are kinetically trapped polymer phases, thus TPEs can be thermally 

transformed and processed, such as by injection molding, pressure molding and extrusion.
4
 

Due to the attractive thermal properties, many TPEs are made from (multi)block 

copolymers.
5-14

 Alternatively, TPEs can also be prepared using vitrimers. Vitrimers are 

polymers that show reversible temperature-induced thermoset to thermoplastic transitions. 

This means they behave like covalently crosslinked rubbers at ambient temperature, but can 

be processed as thermoplastics at evaluated temperature.15,16 

Current thermoplastic elastomers (TPEs) are almost entirely sourced from petrochemicals and 

produced on a significant scale (>3.5 Mt/year).
17

 It is possible to replace, or partly replace, 

some of the petrochemical raw materials with renewable resources, for example monomers 

derived from terpenes, vegetable oils, sugars or CO2 have all been reported in the academic 
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literature.
8,11,18-23

 As one of the key parameters of a thermoplastic elastomer, the elongation at 

break describes how far the material can be stretched before it breaks. So far, the most 

commercially successful TPE, poly(styrene-b-butadiene-b-styrene), can reach elongation at 

break values ranging from 800% to 1100%.
24

 Sustainable or partly sustainable materials with 

high elongation at break values (500-1800%) can also be found in literature.
6-8,11,22,23,25,26

 

Castor oil-derived decalactones are particularly attractive soft-block-forming monomers due 

to the low Tg value (-60 °C) and lack of crystallinity. Using ɛ-DL to make elastomers 

afforded high elongation at break values (ca. 800%).
27,28

 However, elongation at break values 

exceeding 2000% are rarely observed in either academic or industrial.
5-14,24,25

 One example, 

featuring such a high elongation at break value (2500%) was observed using a biocomposite 

consisting of cellulose, rosin and fatty acids, but the material suffered from low tensile stress 

(0.5 MPa).
29

 The soft block is also a key component in a TPE as it delivers the stretchability. 

However, the hard block prevents the TPEs from undergoing creep. Polymers with high 

thermal resistance (high Tg or Tm), high Young’s modulus and strength are suitable 

candidates for the hard blocks. Currently sustainable polyesters/polycarbonates which fit 

these requirements are rare because most are not designed to show rigidity.
30

 The most 

commonly used polyester hard block is polylactide.
6,22,31

 Although, it is possible to reach a 

high melting temperature (120 
o
C) by controlling the stereochemistry, PLA suffers from low 

tensile strength (50-70 MPa) as well as inherent brittleness.
32

 Therefore, it is to develop new 

polyesters or polycarbonates showing high thermal resistance (high Tg or Tm), Young’s 

modulus and strength to make sustainable and degradable TPEs. 

During the past decades, shape memory polymers have attracted significant attention both in 

academia and industry due to the facility of such materials to reversibly change shape upon 

the application of an external stimulus, such as heat or light.
33-42

 Various potential 

applications have been proposed, including as biomedical devices,
34

 electronic devices
43,44

 or 

smart textiles.
45

 Given the advantage of implanting bulky devices through small apertures or 

of triggering a knotting of a suture only at a specific location, major efforts have been paid to 

the development of shape memory materials for biomedicine. Biodegradable shape memory 
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polymers with drug-releasing capability also have potential as multifunctional bioengineering 

scaffolds.
35,37

 Recently, Meijer and co-workers presented a shape memory hydrogel, made 

from 2-ureido-4[1H]-pyrimidinone (UPy) hydrogen-bonding units within the backbone of 

segmented poly(ethylene glycol) (PEG). The material showed a high strength (> 30 MPa) and 

impressive strain fixation (200% upon uniaxial stretching).
46

 The design of shape-memory 

polymers is underpinned by the programming cycle whereby the polymer is initially formed 

into a permanent shape, via conventional processing methods, and is subsequently deformed 

into a fixed but temporary shape. The programming is often accomplished by  heating above 

a glass/melting temperature but can also be achieved by ‘cold drawing’ processes.
33

 After 

being fixed in the temporary structure, shape memory materials can revert to the permanent 

shape once the stimulus is applied. Commonly, this stimulus is thermal and may involve 

heating the sample above particular transition temperatures. Examples which are degradable 

and/or which are sourced from renewable sources are now quite well known,
34-37

 but 

combinations of both properties remain more unusual.
41,47,48

 

The goal is to develop simultaneously sustainable and degradable polyesters suitable for high 

value applications. The approach is to target a series of new multiblock copolyesters 

comprising rigid, but amorphous, hard blocks and soft, amorphous blocks. The materials will 

be prepared using switchable polymerization catalysis, although chain extension, e.g. with a 

di-isocyanate, is likely to be necessary to overcome the low molecular weight achieved by 

ring-opening copolymerizations. The triblock copolymers comprise hard blocks from the 

ring-opening copolymerization of phthalic anhydride (PA) and cyclohexene oxide (CHO) and 

soft blocks from the ring-opening polymerization of ε-decalactone (ε-DL).
49

 Today these 

monomers are petrochemicals but routes from renewable sources have been pioneered: 

ε-decalactone from castor oil, phthalic anhydride from carbohydrates and cyclohexene oxide 

from fatty acids.
50,51

 

4.2 Results and Discussion 

4.2.1 Chain extension reaction of PDL-b-PCHPE-b-PDL triblock copolyesters 



Chapter 4 

135 

 

Using the switchable polymerization catalysis method described in chapter 3, the preparation 

of block copolyesters from mixtures of epoxides, anhydrides and lactones was carried out. A 

series of ABA type copolyesters comprising poly(cyclohexylene phthalate) (PCHPE) (B 

block) and poly(ɛ-decalactone) (PDL) (A block) blocks were prepared in high yield.
49

 The 

polymers were purified by precipitation in cold MeOH and were dried under vacuum. Some 

of the characterization data, including the MW values, is presented in Table 4.1. 

 

Figure 4.1 Synthetic route of [PDLm-b-PCHPEn-b-PDLm]y multiblock copolyesters. In the 

sample with 26 wt% of PCHPE block (entry 1, Table 4.1), n = 36; 2m = 150. 

One limitation of the synthesis is that rather medium/low molecular weight (MW) polymers 

are produced, this arises from relatively higher catalyst loadings required and the fact that 

immortal polymerization occurs as chain transfer agents are present. Therefore, the triblock 

copolyesters were chain extended to reach higher molecular weights (MW). The chain 

extension reactions were catalyzed by Sn(Oct)2, using 4,4’-methylenebis(phenyl isocyanate) 

(MDI) as the chain extension agent. As shown in Table 4.1, the MWs were approximately 

doubled in all four samples, while the molecular weight distribution remained narrow (<1.50), 

all indicative of at least one successful coupling between triblock copolyesters. 

Table 4.1 Characterization data for the block copolyester materials. 

# [PDLm-b-PCHPEn-b-PDL wt% Mn,exp (Ð)
b
 Mn,exp (Ð)

b,c
 of the Tg1 Tg2 
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m]y
a
 PCHPE triblock precursor (°C)

 d
 (°C)

d
 

1 n = 36; 2m = 150; y = 1.6 26 56.6 (1.32) 34.6 (1.19) −49 N.A. 

2 n = 38; 2m = 76; y = 2.0 42 44.8 (1.47) 22.3 (1.22) −47 98 

3 n = 43; 2m = 64; y = 2.2 49 47.4 (1.38) 21.5 (1.16) −43 103 

4 n = 46; 2m = 47; y = 2.5 59 48.1 (1.50) 19.4 (1.21) −42 107 

5 n = 0; 2m = 93; y = 1.9 0 29.8 (1.67) 15.9 (1.19) −49 N.A. 

a)
 n and m represent the repeat units of [PA/CHO] and [DL] in each triblock precursor; y 

stands for the coupling number of the multiblocks; 
b)

 Determined by SEC equipped with RI 

detector, calibrated using narrow MW polystyrene standards; 
c)

 Chain coupling reaction was 

catalyzed by Sn(Oct)2 with MDI as the chain extension agent at 60 
o
C for 2.0 h ; 

d)
 acquired 

from the second heating cycles  in DSC curves, using chain coupled samples. Tg1 is the 

glass transition temperature of the PDL block, while Tg2 is the glass transition temperature 

of the PCHPE block. 

4.2.2 Microphase separation of the PDL-b-PCHPE-b-PDL multiblocks 

The polymers comprised of two amorphous polymer blocks and there was no evidence of any 

crystallization of either the ABA or multiblock materials. A wide-angle X-ray scattering 

(WAXS) technique has been widely applied to determine the crystallinity of a 

polymers.
33,46,52

 The multiblock copolymers display no scattering peaks associated with 

crystallinity in the WAXS spectrum (Figure 14). To confirm this observation, both the 

triblock and multiblock copolymers were characterized by DSC and no melting/crystalline 

peaks can be observed.
49

 The triblock copolymers exhibited two Tg values during DSC 

characterization.
49

 The chain extended multiblock materials also showed two Tg values, in the 

DSC thermograms, apart from the sample with the lowest content of PCHPE where only a 

single value was observed (Table 4.1). For reference, the Tg values were also determined for 

the constituent polymers, PDL and PCHPE, and were −58 °C and 97 °C, respectively. 

Therefore, for most of the multiblock materials the lower Tg value (~ −45 °C) is attributed to 
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the PDL portions and the higher value (~ 100 °C) to the hard PCHPE portions. Furthermore, 

the materials likely form microphase-separated structures. To confirm the microphase 

separation, multiblock films were analyzed by small-angle X-ray scattering (SAXS), at 

ambient temperature (see Figure 4.2). SAXS analysis in this thesis was conducted in 

collaborations with Prof. Marc Hillmyer and was performed by Dr Madalyn Radlauer. 

Principal scattering peaks corresponding to microphase separation were observed, however, 

the absence of well-defined secondary peaks indicated poor long-range order.
8
 The exception 

was the 59 wt% sample which showed a secondary scattering peak. The domain spacing 

values (D) were calculated to be 14.3 nm (#1 in Table 4.1), 12.1 nm (#2 in Table 4.1) and 

11.9 nm (#4 in Table 4.1), suggesting microphase separation occurred even in the case of the 

lowest PCHPE content (#1 in Table 4.1). Thermally annealed multiblock samples were also 

characterized by SAXS. After annealed at 130 
o
C for 48.0 h, secondary peaks were observed 

in the 49 wt% and 59 wt% samples. This suggests that it is possible to access long range 

order at certain composition values via thermal annealing. Similar principle scattering peaks 

corresponding to microphase separation were also observed in solvent-cast triblock samples. 

This observation rules out the possibility that the microphase separation in the multiblock 

samples is induced by the chain coupling using MDI. 

To confirm the microphase separation and the domain spacing, bulk samples of the 

multiblock copolymers were also analyzed by TEM. The samples were first sectioned by 

ultra-microtome and stained with RuO4 (which preferably stains the aromatic moiety) 

(Figure 4.3). The TEM analysis confirmed the proposed microphase separation and showed 

distinct changes in morphology with increasing hard (PCHPE) block content (Figure 4.3). 

Similar domain spacing values were also measured to be 10.2 nm (#1 in Table 4.1), 8.6 nm 

(#2 in Table 4.1) and 7.9 nm (#4 in Table 4.1), respectively, from the TEM image using a 

FFT method. It should be noted that due to the broad ring size (Figure 4.3D) and the weak 

signal-to-noise ratio, the domain spacing values were determined from the frequency domain 

images (Figure 4.3D) and so may not be as accurate as value determined by SAXS.  

Furthermore, in agreement with the SAXS results, there was no evidence in TEM of 
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well-defined long-range order, even in the case of 59 wt% PCHPE (#4 in Table 4.1). The 

analysis of the TEM images leads to the hypothesis that at the lowest PCHPE content (26 

wt%) a morphology consistent with cylinders/worm-like PCHPE domains separated by a 

PDL matrix is observed (Figure 4.3A). In contrast, at the highest PCHPE content (59 wt%), 

the opposite morphology is observed: PDL cylinders/worm domains in a PCHPE matrix 

(Figure 4.3C). Meanwhile, at moderate PCHPE contents (42 wt%) there seems to be a 

transition to a bicontinuous morphology (Figure 4.3B). However, such proposals are 

tentative as a complete investigation of the phase diagram for the materials is outside the 

scope of this thesis. The  goal of this chapter is to make better materials, so the mechanical 

properties of the series of PDL-b-PCHPE-b-PDL multiblock copolyesters were examined by 

tensile measurements which are discussed hereinafter (Table 4.2). 

 

Figure 4.2 SAXS profiles of PDL-b-PCHPE-b-PDL multiblock copolyesters. Domain 

spacing (D) values are calculated (D = 2π/q) to be 14.3 nm, 12.1 nm and 11.9 nm, 

corresponding to #1, #2 and #4 in Table 4.1, respectively. 
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Figure 4.3 TEM images of PCHPE-b-PDL multiblock samples sectioned by ultra-microtome 

and stained with RuO4. These images show different types of microphase separation of 

PCHPE (gray) and PDL (white). (A) Multiblock polyester with 26 wt% of PCHPE (#1 in 

Table 4.1), cylinder/worm-like PCHPE domains in the PDL matrix; (B) Multiblock polyester 

with 42 wt% of PCHPE (#2 in Table 4.1), proposed bicontinuous phase separation of 

PCHPE and PDL; (C) Multiblock polyester with 59 wt% of PCHPE (#4 in Table 4.1), 

cylinder/worm-like PDL domains in the PCHPE matrix, similar to multiblock polyester with 

49 wt% of PCHPE. ***Inset in each image: enlarged image corresponding to the selected 
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region. (D) Typical frequency domain image acquired from (A) using the Fast Fourier 

Transform (FFT) method. [It is noteworthy that morphology proposals are tentative as a 

complete investigation of the phase diagram for the materials is outside the scope of this 

thesis] 

4.2.3 Multiblocks exhibiting thermoplastic elastomeric properties 

The tensile mechanical results for the multiblock copolymers showed stress at break values 

from 11.5 MPa to 17.1 MPa (the testing procedure is described in chapter 7). The elongations 

at break ranged from 420% to 2450%, depending on the composition of hard/soft blocks 

(Figure 4.4). The results demonstrate the facility to control the macroscopic properties of the 

materials over quite a significant range of values by control of block ratio, and underscore the 

utility of the selective catalysis to furnish materials with such distinct differences in thermal 

properties. In the case with the lowest proportion of the rigid plastic block (26 wt%, #1 in 

Table 4.1), the polymer clearly exhibited elastomeric behaviour with no yield point being 

observed and the value for the elongation at break was very high at 2450%. Indeed, such a 

high elongation at break is competitive with leading TPEs reported in the literature
7,22,25,26,29

 

and exceeds values reported for other commercialized (biorenewable) aliphatic polyesters 

which are usually less than 900%.
24

 The elastic recovery (hysteresis) of the sample was also 

evaluated by repeated cycles (6 times) of strain-stress tests, conducted from 0% to 200% 

strain at a constant velocity of displacement (10 mm/min). A rather low residual strain value 

of ɛr = 4 ± 0.6% was observed after retraction which demonstrates the polymer’s excellent 

elasticity and potential as a thermoplastic elastomer, TPE (Table 4.2 and Figure 4.4). As 

mentioned in the introduction, sustainable polymers showing high thermal resistance (high Tg 

or Tm), high Young’s modulus and strength are excellent candidates for hard blocks but 

remain rare.
30

 It is worth noticing that the PCHPE hard block has a Tg value ~100 
o
C (see 

Table 4.1) which is higher than most of the sustainable polyesters and polycarbonates in the 

literature.
53-56

 The high elongation at break value and the low residual stain value indicate 

that the material can retain its physically crosslinked network even upon repetitive high 
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deformation (> 200 % in Figure 4.4B). The properties are attributed to the high strength and 

rigidity of the hard region. Indeed, PCHPE itself shows a Young’s modulus: 6.6 GPa and 

hardness: 0.5 GPa as observed in nano-indentation tests, and a high thermal resistance (Tg ≥ 

100 °C). The observation of thermoplastic elastomeric behaviour (Figure 4.4B) is also 

consistent the proposed morphology of microphase separated PCHPE domains in a PDL 

matrix (Figure 4.3A). As a control experiment, the PDL homopolymer was chain extended 

by exactly the same method using MDI (Table 4.1, entry 5). The resulting material could not 

retain its shape outside the mould and exhibited no elastomeric behaviour at all. Furthermore, 

the DSC analysis of the sample showed only the glass transition temperature for the PDL 

material, with no evidence of any MDI crystallization likely due to its very low content (ca. 

<1.0 wt%). These findings suggest that the elastomeric behaviour of the new multiblock 

material (#1) really does result from the phase separated domains of rigid PCHPE blocks in 

the elastomeric PDL matrix and is not due to any observable crystallization of the MDI 

moiety. Also, after being kept under ambient conditions, the DSC results of the 26 wt% 

sample did not change over 8 months. 

In contrast to the good TPE properties of polymer #1, the other multiblocks which contain 

progressively greater quantities of PCHPE showed plastic behaviours (#2, #3 and #4 in Table 

4.1, yield points observed in Figure 4.4). The characterization data suggested that at higher 

PCHPE contents (≥ 42 wt%), the multiblocks form continuous PCHPE morphologies as 

demonstrated in the TEM analyses (Figure 4.3B and 4.3C) which explains the observation 

of yield points in these three samples.  

Interestingly, a well-defined strain-induced plastic-to-rubber transition
57

 was observed for the 

sample containing 42 wt% PCHPE (Figure 4.5). The transition was observed when the 

polymer was first extended to 350% strain, at the rate of 10 mm/min, and allowed to retract, 

at the same rate, until reaching 0 MPa stress. Then, a second extension was applied to the 

similar strain value. The second stress-strain curve shows elastomeric behaviour and the yield 

point disappeared. The data could be consistent with the PCHPE continuous phase being 
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disrupted to generate a new structure with isolated domains of PCHPE in a continuous matrix 

of PDL. It is proposed that the rigid isolated PCHPE domains may be able to act as network 

points in the PDL matrix and thereby deliver a structure able to exhibit elastomeric behaviour 

(see the schematic illustration in Figure 4.5). The results are also consistent with a 

continuous phase forming before stretching, in line with the bicontinuous morphology 

hypothesis from the characterization data. Thus, the strain-induced plastic-to-rubber 

transition for the 42 wt% sample (#2 in Table 4.1) is distinct from that of polymers with 

higher PCHPE values (#3 and #4 in Table 4.1) and it may be rationalized by the distinct 

nanoscopic morphologies observed, with the former showing a bicontinuous structure whilst 

the latter two both show domains of separated PDL in a PCHPE matrix. 

Table 4.2 Mechanical properties of the multiblock copolyesters as a function of the different 

block compositions.
a
 

# wt% 

PCHPE 

Young’s modulus 

(MPa) 

Stress at break 

(MPa) 

ɛ at yield 

(%) 

ɛ at break 

(%) 

1 26 1.7 ± 0.2 11.5 ± 1.0 N.A.
b
 2450 ± 150 

2 42 78.7 ± 3.2 13.3 ± 1.7 19.2 ± 1.5 1200 ± 120 

3 49 178.9 ± 6.3 15.7 ± 2.2 11.7 ± 0.9 570 ± 55 

4 59 390.0 ± 2.5 17.1 ± 2.1 9.2 ± 1.9 420 ± 60 

a)
 All tensile tests were conducted according to ISO 527 standard, see experimental section 

for details; 
b)

 no yield point was observed in this sample. 
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Figure 4.4 (A) Stress-strain curves of the multiblock copolyesters (#1~4 in Table 4.1). The 

failure points are marked by ‘X’. Inset: enlarged stress-strain curves of the multiblocks in the 

low strain region (0~40%); (B) hysteresis study on the multiblock polyester with 26 wt% of 

PCHPE (6 cycles from 0% to 200% strain at the velocity of 10 mm/min, showing excellent 

elasticity. The average residual strain of the 6 cycles is 4 ± 0.6%. 
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Figure 4.5 Strain stress curves and schematic illustration of the plastic-to-rubber transition 

observed in the 42 wt% sample, confirming the bicontinuous phase separation morphology. 

4.2.4 Multiblocks exhibiting shape memory effects 

The tensile test using the 59 wt% sample (#4) revealed a rather broad plateau over the range 

20% to 300% strain (Figure 4.4). This plateau is attributed to a cold-draw process.
58,59

 Cold 

drawing is a process whereby polymer segments undergo forced orientation to 

non-equilibrium conformations along the direction of the external force, when the material is 

stretched at a temperature below the Tg value. The deformation is retained even after the 

external force is removed. Fundamentally, cold drawing is a type of elastic deformation: a 

forced high elastic deformation.
58,59

 Therefore, the stretched sample can recover from the 

deformation after being heated above the transition temperature.
60,61

 Initially, cold draw 

effects were considered as defects in the field of shape memory polymers since they do not 

cause true plastic deformation.
62

 However, more recently cold-drawing has become a popular 

programming method and has been adopted by many groups to temporarily fix shape because 

of its convenience: it only involves a one-step stretching without any heating.
40,46,52,63-66

 Cold 

draw programming has also been used in shape memory materials consisting of degradable 

polyesters which have potential in biomedical applications.
64,65

 Given the tensile mechanical 
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performance of the 59 wt% sample, it was considered relevant to be investigated for shape 

memory effects. A range of different temperatures were investigated first to identify the 

optimum transition temperature, Ttrans (35 
o
C, 55 

o
C, 75 

o
C and 95

 o
C). Even at a Ttrans = 55 

o
C, 

which is well below the glass transition temperature of the hard block (ca. 100 
o
C), near 

complete recovery of the original shape was achieved, with the residual strain being < 5% (1
st
 

cycle in Figure 4.6). Similar observations that other cold-drawn polymers can retract at 

temperatures (Ttrans) significantly lower than the glass transition temperature have been 

reported.
67,68

 The phenomenon may be due to the shrinkage stress in oriented polymer 

segments [e.g. polycarbonate and poly(ethylene glycol terephthalate)],
69

 also known as the 

enthalpy of relaxation in terms of thermal mechanics.
68

 This sub Tg transition offers great 

advantage in designing shape memory polymers with accessible transition temperatures for 

medicine as the high Tg value is retained under operational conditions. However, such sub Tg 

transitions have rarely been observed in shape memory polymers.
33,62,66,70

 DSC was used to 

further characterize the enthalpy of relaxation transition of the pre-stretched multiblock 

(Figure 4.7). Comparing the second heating cycle (Figure 4.7B) with the first heating cycle 

(Figure 4.7A) shows an additional endothermic peak (at 50 
o
C) below the PCHPE glass 

transition temperature, assigned to its enthalpy of relaxation. The low experimental transition 

temperature (55 
o
C) is remarkably close to the enthalpy of relaxation of oriented PCHPE 

segments, suggesting it is indeed the transition responsible for mechanical retraction. 

app:ds:glycol
app:ds:terephthalate
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Figure 4.6 Thermal induced shape memory effect of PCHPE-b-PDL 59 wt% multiblock (#4 

in Table 4.1). 
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Figure 4.7 DSC analysis of pre-stretched PCHPE-b-PDL multiblock with 59 wt% of PCHPE 

(#4 in Table 4.1): (A) first cycle heating; (B) second cycle heating. 

The shape memory effect of the sample was tested by repeatedly stretching it to strains of 

300%, at ambient temperature (18 
o
C), which is well below the Ttrans. Then, the sample was 

allowed to relax freely, at ambient temperature, for 30 min to achieve a fixed strain (εf). 

Subsequently, the sample was heated to Ttrans (55 
o
C) for 30 s which allowed the recovery 

from the deformation, followed by immediate cooling to ambient temperature. Figure 4.6 

demonstrates the results of 25 consecutive thermo-mechanical cycles and illustrates the 

promising shape-memory properties of the multiblock copolymer. Generally, high strain 

fixity ratios (ca. 100%) are achieved by stretching samples at temperatures above the 

transition temperature, followed by cooling to the temperatures below Tg/Tm to fix the chain 

movement.
34,37,62,71

 In contrast, using cold-draw programming usually affords strain fixity 

ratios below < 100% and only approaches 100% when chemical crosslinking is applied.
40,52

 

The strain fixity ratio (ca. 91%) observed in this work is competitive with the best values in 

the literature.
33,46,62

 Strain fixation is another key value and it demonstrates the extent to 

which the material can be deformed. As such it is critical to areas like medical implants 

which need to be added using only a small incision.
33,62,70

 However, the high strain fixation 

B 
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(250-290%, see Figure 6, and equation 1 in the experiments chapter) is amongst the highest 

values reported in the field (usually below 200%).
34,35,39,46,72

 Furthermore, the sample 

exhibited a high strain recovery ratio of ~ 96 % (see equation 2 in the experiments chapter) 

after being heated at just 55 
o
C, which is a considerably higher than typical for 

non-covalently crosslinked samples.
34,65

 Photographs illustrating the shape memory 

processing and effects of the sample are shown in Figure 4.8. The shape memory effect was 

also investigated on the microscopic scale using TEM. Cross sections of the samples (vertical 

to the extension direction) were acquired at each stage (original, stretched, recovered) and 

were sectioned, stained with RuO4 and analyzed by TEM imaging. As shown in Figure 4.8, 

after being stretched, the network formed by the PCHPE phase (grey) became more compact 

(Figure 4.8B) compared to the starting morphology (Figure 4.8A) and this was attributed to 

the Poisson effect. The phenomenon occurs when a material is stretched in one direction and 

it tends to contract in the other two directions (perpendicular to the axis of stretching).
61

 After 

the recovery of the original shape, the morphology was observed to return to its original state 

(Figure 4.8C). Meanwhile, a series of samples that had been allowed to recover to various 

different extents were also characterized by SAXS (see Figure 4.9 and experimental chapter 

for sample preparation details).  It was observed that the domain spacing decreased from 

11.9 nm to 10.5 nm after the sample was stretched to 280%. At the same time, the scattering 

curve shows a broadening and intensity change. It is notable that similar broadening and 

intensity changing effects in SAXS were also observed for other cold-draw shape-memory 

polymers (styrene-butadiene-styrene or styrene-isoprene-styrene).
57,73,74

 During the recovery 

process, which corresponded to a decrease in strain from 280% to ca. 0%, the domain spacing 

increases and reverts to the original value which is consistent with the recovery of the 

original morphology (Figure 4.9). A reduced shape memory effect was also observed for 

polymer samples with 42 and 49 wt% PCHPE, but in these cases there was less strain fixation. 

The 42 and 49 wt% PCHPE multiblocks only demonstrate the cold draw effect over a limited 

region of strain (Figure 4.4) and due to the lower content of the rigid block, the continuous 

PCHPE phase appears to be easily disrupted to separate domains at high strain values (Figure 
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4.5). Therefore, high strain fixation, which is one of the key parameters of shape memory 

material, is only achievable in the sample with the highest PCHPE content. 

 

Figure 4.8 Images of the uniaxial reversible shape memory effect of PCHPE-b-PDL 59 wt% 

multiblock (#4 in Table 4.1). Microscopic: the cross section (vertical to the extension 

direction) TEM images of each stage (sectioned by ultra-microtome and stained with RuO4). 

Macroscopic: optical images of each stage. 

A B C 
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Figure 4.9 SAXS profiles of PCHPE-b-PDL 59 wt% multiblock (#4 in Table 4.1) with 

different fixed strain value. Domain spacing (D) values are calculated, using D = 2π/q*. 

4.2.5 Thermal stability and thermo mechanical properties of the multiblocks 

The thermal stability of a polymer is critical for any industrial application because it sets the 

boundary for the processing temperature. The thermal stability of all the multiblocks was 

assessed by TGA characterization, under an inert atmosphere (N2). The TGA thermograms in 

Figure 4.10 indicate that all the multiblocks have similar degradation temperatures of ~270 

o
C. Given the absence of crystallinity and moderate Tg value (ca. 100 

o
C), PCHPE containing 

multiblocks might have a wide processing window (ΔT = 170 
o
C). 
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Figure 4.10 TGA profiles of the multiblocks with different PCHPE content. Heating rate: 

10 °C·min
-1

, under N2. 

The thermo-mechanical properties of the multiblock copolyesters were also investigated 

using dynamic mechanical analysis (Figure 4.11). Table 4.3 summarizes the mechanical 

properties recorded at ambient temperature (22 
o
C). The change in dynamic storage modulus 

E’ as a function of temperature shows the same trends for all the multiblocks (Figure 4.11). It 

drops rapidly between -45 
o
C and -10 

o
C, which corresponds to the softening of the PDL 

phase. Then, it reaches a plateau over the temperature range -10 
o
C to ca. 55 

o
C, due to the 

high Tg value of the PCHPE phase. Although the storage moduli of the multiblocks begin to 

decrease slowly above 55 
o
C, it is only a minimal effect and the values of the storage 

modulus remain high even at 100 
o
C (> 1.0 MPa) in all cases. Additionally, no cross points 

between storage and loss moduli are observed. This finding indicates that the materials retain 

solid forms below 100 
o
C,

75
 which is in-line with the high Tg values measured by DSC 

(Table 4.1). In particular, the findings are relevant for the thermoplastic elastomer sample (26 

wt% sample) as the usable temperature range meets that for many commodity applications. 
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Table 4.3 Mechanical properties of the multiblock copolyesters with different compositions, 

at ambient temperature (22 
o
C) measured via DMTA. 

# wt% PCHPE Storage Modulus E’ (MPa)
a
 Loss Modulus E’’ (MPa)

a
 

1 26 3.8 0.5 

2 42 204.5 20.5 

3 49 491.0 30.4 

4 59 869.8 44.3 

a)
 Storage and loss modulus at ambient temperature (22 

o
C) 

 

 

B 

A 
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Figure 4.11 Overlay of the storage modulus E’, loss modulus E’’ and tan(δ) of the multiblock 

copolyesters with (A) 26 wt% of PCHPE, (B) 42 wt% of PCHPE, (C) 49 wt% of PCHPE and 

(D) 59 wt% of PCHPE; ω = 1 Hz with 1% of strain and a 3 
o
C/min temperature ramp rate. 

4.3 Conclusions 

A series of multiblock copolyesters comprising hard and soft polyester blocks prepared from 

the alternating copolymerization of phthalic anhydride and cyclohexene oxide (PCHPE) and 

ɛ-decalactone (PDL) have been investigated. Depending on the block compositions, a range 

of PCHPE-b-PDL multiblocks showed distinctive and interesting properties relevant for 

higher value applications, such as thermoplastic elastomers and shape memory polymers. In 

the case of the lowest incorporation of hard block (26 wt% PCHPE) the polymers were 

excellent thermoplastic elastomers showing impressive elongation at break (ca. 2450%) with 

C 

D 
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comparable stress at break (11.5 MPa) to many existing industrial materials. In the case of the 

highest proportion of the hard block (59 wt% PCHPE), shape memory properties were 

achieved over repeated cycles comprising cold-draw at ambient temperature, and heating to 

55 
o
C allowed near complete recovery from the deformation. The material showed a high 

strain fixity (> 250%) and excellent recovery ratio (> 96%), both of which are important 

criterion for any use of the material. The polymers’ microscopic morphologies were also 

characterized by TEM and SAXS. It was observed that the diverse mechanical properties are 

in line with quite distinct nanostructures. The range of structures spans hard domains in the 

soft matrix, a bicontinuous phase to soft domains in the hard matrix, depending on the 

relative block ratios. In the case of the TPE, cylinders/worm like domains of PCHPE were 

observed in a continuous matrix of PDL – the morphology clearly rationalizes the observed 

mechanical properties. For the shape memory material (59 wt% PCHPE), changes in 

morphology during a shape memory cycle were also characterized by TEM and SAXS. The 

shape memory effect arose from a cold draw process at ambient temperature which was 

reversible when the sample was heated allowing recovery of its original shape and 

morphology. Instead of the transition temperature corresponding to the Tg of PCHPE blocks, 

a rather rare transition temperature consistent with the enthalpy of relaxation was applied to 

trigger the recovery. The low temperature recovery offers a particular advantage as a low 

transition temperature combined with a high Tg should allow access to materials useful for 

medicine. It is notable that thermoplastic elastomers showing ‘strain-induced 

plastic-to-rubber transitions’ are not well documented yet except for the SBS type 

elastomers.
57

 It is also relevant that the new multiblock copolyesters are all expected to be 

degradable, although the rigid blocks are likely more slowly biodegraded. Furthermore, there 

are literature precedents for preparing and sourcing all the monomers from renewable raw 

materials.
27,50,51

 Thus, the new materials merit further development and investigation as 

renewable and degradable alternatives to the widely applied SBS elastomers and related 

materials. So far, block copolyesters prepared via the combination of ring-opening 

copolymerization and ring-opening polymerization are hardly reported for biomedical 
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applications, especially in drug delivery. Considering the huge monomer pool and tuneable 

cyclic anhydrides/epoxides, it should be possible to make block copolyesters with tailored 

amphiphilicity, stimuli-responsive behaviour and biocompatibility. As a first step to 

demonstrate the bio-application potential of such block copolyesters, a proof-of-concept 

study of their self-assembly, drug delivery and biodegradation behaviour is discussed in the 

following chapter.  
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5.1 Background and Aims 

As one of the most interesting classes of biomaterials, polymers, either natural or synthetic, 

have long been tailored to interact with biological systems for biomedical applications. 

Degradable polymers are of high interest because they break down, via hydrolytic or 

enzymatic process, into small molecules which can be excreted or absorbed by the body 

rather than accumulating in vivo or requiring removal by surgery.
1
 Although collagen and 

other natural polymers have been applied in biomedicine since the very beginning of human 

history, comparable research into degradable synthetic polymers is still at an early stage, in 

terms of clinic application.
1
 In the design of degradable polymers for bio-applications, 

especially drug delivery, some key criteria should be met: (1) the polymer should be 

non-toxic; (2) the polymer backbone should be both hydrolytically and/or enzymatically 

degradable;
1,2

 (3) the degradation products should be non-toxic and readily absorbed or 

excreted;
1,2

 (4) the polymer should contain amphiphilic or stimuli-responsive moieties to 

enable formation of colloidal nanostructures in aqueous solutions in the field of self-assembly; 

(5) the degradation time scale should be tuneable or suitable for the target application. Over 

the past fifty years, a range of degradable synthetic polymers with different backbone 

structure have been developed, including successful uses of polypeptides,
3-5

 

polysaccharides,
6-8

 poly(α-esters),
9,10

 polyanhydrides,
11,12

 polycarbonates
13-17

 and 

polyphosphesters.
18-20

 Unfortunately, most of these synthetic degradable polymers can meet 

only a few of the criteria listed above. Aliphatic polyesters are particularly effective as they 

are biodegradable and biocompatible and polymers such as PCL and PLA may even be 

suitable as hydrophobic components of polymer self-assemblies.
21-27

  

To date, most of the aliphatic polyesters are prepared via the ring-opening polymerization 

(ROP) of cyclic esters, such as ε-caprolactone and lactide. Although a wide range of 

functionalized cyclic esters have been reported in literature, polymerization can be limited by 

issues of ring-strain and side reactions, and is usually less well controlled.
28

 Only few cyclic 

esters have really been applied to make biomaterials and in most cases these polymers are 

hydrophobic (e.g. PCL and PLA). Such commonly used aliphatic polyesters need to 
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incorporate other hydrophilic polymer blocks, e.g. PEG, to achieve amphiphilicity and water 

solubility.
21-23,25,26

 So far, there are some reports of amphiphilic and aliphatic block 

copolyesters.
29

 However, the functional lactones are usually hard to synthesis, and most 

importantly, there is very little exploration of their biomedical applications. 

An alternative controlled synthetic method is the ring-opening copolymerization (ROCOP) of 

cyclic anhydrides and epoxides to produce alternating polyesters. Whilst the range of 

polymerizable lactones is quite narrow, there is a much larger pool of epoxides and cyclic 

anhydrides, indeed many are commercial products.
30

 Furthermore, the properties, including 

the amphiphilicity, stimuli-responsive behaviour, biodegradability and biocompatibility of the 

alternating polyesters can be more easily controlled by changing either the cyclic anhydride 

or epoxide monomer. However, research into amphiphilic or hydrophilic alternating 

polyesters produced by ROCOP is rather limited.
2,31,32

 In the related area of CO2/epoxide 

ROCOP various amphiphilic poly(carbonate-b-phosphoester)s and hydrophilic 

polycarbonates have been reported.
33-35

 The potential for bio-medical applications for these 

alternating polycarbonates was also demonstrated.
33-35

 However, the biocompatibility and 

biodegradability of the polymers was not yet reported. Considering the similarity between 

ROCOP to make polyesters and polycarbonates and the potential to introduce two different 

functional groups in an alternating manner along the polyester chains, it is interesting to 

develop amphiphilic or hydrophilic ROCOP polyesters for biomedical applications. Another 

key issue is the toxicity of the polyester degradation products. Usually, the toxicity of the 

polymers is well characterized, but so far many studies ignore or make assumptions regarding 

toxicity of the degradation products.
34,36,37

 

To address these challenges, amphiphilic block copolyesters able to be both biodegradable 

and biocompatible were targeted. In this work, the synthetic route to them applied a 

combination of ROP and ROCOP (Scheme 5.1). Amphiphilic block copolyesters of the type, 

PCL-b-P(SA-alt-ME3MO), with different hydrophilic/hydrophobic ratios were targeted for 

self-assembly behaviour, biodegradability and drug release profile studies. The monomer 
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ME3MO has already been reported in a poly(ether-co-ester) system which showed potential 

thermal-responsive behaviour, and specifically showed the lower critical solution temperature 

(LCST).
31,32,38

 Depending on the number of the pendent ethylene glycol units, the LCST was 

tuned from 15
 o
C to 70 

o
C. To improve the thermal stability of the polymer self-assembly in 

this study, an epoxide monomer with 3 ethylene glycol units was selected as the co-monomer. 

It is notable that two other monomers, MEMO and ME2MO, also have great potential in the 

preparation of stimuli-responsive self-assemblies, and will certainly be good candidates for 

future investigations. Scheme 5.1 illustrates the target copolymers and possible route to 

self-assembly. 

 

Scheme 5.1 Schematic illustration of the proposed preparation of amphiphilic block 

copolyesters, PCL-b-P(SA-alt-ME3MO), and the self-assembly procedure. Reaction 

conditions: (1) ring-opening polymerization of ɛ-caprolactone in toluene initiated from 

n-hexanol, using TBD as the catalyst at 25 
o
C; (2) ring-opening copolymerization of succinic 

anhydride and ME3MO in toluene initiated from PCL-OH macroinitiator, using 

[salenCrCl/PPNCl] catalyst system at 80 
o
C. 

5.2 Results and Discussion 

5.2.1 Synthesis of the hydrophilic epoxide monomer 

The hydrophilic epoxide monomer (ME3MO) was synthesized according to a previously 

reported method (see Scheme 5.2 for synthetic route and Figure 5.1 for 
1
H NMR details, the 
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detailed procedure is described in the experimental chapter).
39

 The yield (65%) is also 

comparable with the value (70%) reported in the literature. 

 

Scheme 5.2 Synthetic route of the hydrophilic epoxide monomer.
39

 Reaction conditions: in 

NaOH aqueous solution (50 wt%) with the presence of tetrabutylammonium hydrogen 

sulphate (TBAHS) at 25 
o
C for 5.0 h. 

 

Figure 5.1 
1
H NMR data of the hydrophilic epoxide monomer, ME3MO. 

5.2.2 Preparation of the amphiphilic block copolyesters with different block ratios 

The aliphatic block copolyesters were synthesized via a combination of ring-opening 

polymerization and ring-opening copolymerization. Two monofunctional PCL-OH 

macroinitiators, PCL38-OH and PCL54-OH, were prepared by the ring-opening 

polymerization of ɛ-CL initiated from n-hexanol, using an organo-catalyst 

(1,5,7-Triazabicyclo[4.4.0]dec-5-ene, TBD) at 25 
o
C in toluene. The catalyst system afforded 

PCL-OH macroinitiators with predictable molecular weight and narrow dispersities (see 

Table 5.1). The        values of the macroinitiators were calculated from 
1
H NMR spectra, by 
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analysis of the integrals assigned to the methyl end groups and the repeat units (peaks a and c 

in Figure 5.2A). The values were in close agreement with the molecular weight determined 

by SEC, after applying the correction factor (0.56 as discussed in Table 2.1). 

Since the morphology of polymeric self-assemblies are determined by the ratio of the 

hydrophobic/hydrophilic blocks, two amphiphilic block copolyesters were prepared with 

different block ratios. The weight contents of the hydrophobic block (PCL) were 66 wt% and 

73 wt%, respectively, which is expected to afford different morphologies during 

self-assembly (Table 5.1). 

The block copolyesters, PCL-b-P(SA-alt-ME3MO), were synthesized by the ROCOP 

approach catalyzed by a [salenCrCl/PPNCl] catalyst system, using PCL-OH as the 

macroinitiator. The 
1
H NMR spectrum of a representative polymer is shown in Figure 5.2. 

The amphiphilic block copolyesters all showed moderate MW and narrow molecular weight 

dispersity values (< 1.2) (entry 3-5, Table 5.1). There was some contamination of the block 

copolyesters by poly(SA-alt-ME3MO). The formation of poly(SA-alt-ME3MO) occurred due 

to the initiation of chains by Cl
-
 anions, from the catalyst system [salenCr(Cl)/PPNCl]. 

Although the free P(SA-alt-ME3MO) polyester can be easily separated from 

PCL-b-P(SA-alt-ME3MO) block copolyesters, by simple precipitation using MeOH, its 

presence makes the prediction of molecular weight of the block copolyesters very difficult. 

The molar percentage of each of the monomers (cyclic anhydride and epoxide) enchained to 

the PCL macroinitiator was usually ~40%, calculated based on the ratio of converted 

monomers and monomers enchained to PCL-OH as determined by NMR spectroscopy 

(Table 5.1). The removal of free P(SA-alt-ME3MO) polyesters was monitored using SEC 

and 
1
H DOSY NMR (see Figure 5.4 for representative 

1
H DOSY NMR spectrum of isolated 

diblock copolyester) to ensure the complete removal of the free polyesters. Using this 

approach, it was still possible to control the molecular weight empirically and the 

experiments afforded various PCL-b-P(SA-alt-ME3MO) block copolyesters with different 

block compositions (Table 5.1, see Figure 5.3 for the corresponding SEC traces).  
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There are many factors that control the morphology of the self-assembled nanostructures, 

such as the hydrophilic/hydrophobic ratio, the polymer concentration, salt concentration, pH 

value, temperature and the nature of the solvent. The hydrophilic/hydrophobic ratio is 

considered as the most important factor.
40

 Empirically, block copolymers with the 

hydrophilic/hydrophobic ratio higher than 1:1 afford micelles; block copolymers with the 

ratio lower than 1:2 tend to form vesicles.
40

 However, these values are empirical and thus 

may not be true for a certain block copolymer.
40

 Therefore, a range of block copolymers with 

different hydrophilic/hydrophobic ratios were prepared to afford different morphologies. The 

weight contents of the hydrophobic block (PCL) were targeted to be 66 wt%, 73 wt% and 79 

wt%, respectively (Table 5.1, entry 3-5). In control experiments, pure PCL precipitated 

during the self-assembly process (Table 5.1, entry 1 and 2), while pure P(SA-alt-ME3MO) 

polyester was completely hydrophilic at 25 
o
C. 

Table 5.1 Synthesis of the amphiphilic block copolyesters with different compositions. The 

polymer data were acquired from purified polymers. 

# Polymer wt% of 

PCL 

Mn,theo 

(kDa)
c
 

Mn,NMR 

(kDa)
d
 

Mn,SEC 

(kDa)
e
 

Ð 

1 PCL38-OH
a
 100 4.6 4.3 4.4

f
 1.15 

2 PCL54-OH
a
 100 5.7 6.2 6.4

f
 1.20 

3 PCL38-b-P(SA-alt-ME3MO)7
b
 66 9.1 6.6 11.0 1.13 

4 PCL54-b-P(SA-alt-ME3MO)7
b
 73 11.0 8.4 16.5 1.18 

5 PCL54-b-P(SA-alt-ME3MO)5
b
 79 9.8 7.7 14.3 1.20 

a)
Polymerization Conditions for #1-2: All polymerizations were run in toluene with the initial 

concentration of ɛ-CL at 5.0 M using n-hexanol as the CTA at 25 
o
C for 6.5-10.0 h. See 

supporting information for details.
 b)

Polymerization Conditions for #3-5: 

[SalenCrCl]/[PPNCl]/[PCL-OH]/[SA]/[ME3MO] = 1/1/10/(150-200)/(170-220). All 

polymerizations were run in toluene as the reaction solvent, at 80 C for 6.0-9.0 h, with an 

initial concentration of SA at 1.0 M. Reactions were terminated at close to full conversion of 

SA (conv. of SA = ca. 90%). 
 c)

Theoretical molecular weight of #1-2 was determined on the 

basis of ([ɛ-CL] × conversion × M[ɛ-CL])/[CTA], while the theoretical molecular weight of 
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#3-5 was determined on the basis of ([SA] × conversion × M[SA+ME3MO])/([PCL-OH] + [Cl]).
 

d)
Calculated on the basis of the 

1
H NMR integrals, the methyl end group was used as the 

internal reference for #1-2 (comparing the integrals of peaks a and c in Figure 5.2A), while 

PCL-OH was used as internal reference for #3-5 (comparing the integrals of peak c and peak 

h in Figure 5.2B). 
e)

 Determined by THF SEC at 30 
o
C calibrated using narrow MW 

polystyrene standards. 
f)
 Corrected Mn with a correction factor (0.56) applied as described by 

Soum et al.
41
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Figure 5.2 Typical 
1
H NMR spectrum of (A) PCL-OH macroinitiator (Table 5.1, entry 1) 

and (B) PCL-b-P(SA-alt-ME3MO) (Table 5.1, entry 3). 

1000 10000 100000 1000000

Molecular Weight (Da) Calibrated by polystyrene standards

PCL
38

#3 #4

#5

 

Figure 5.3 SEC traces of PCL-b-P(SA-alt-ME3MO), corresponding to polymers listed in 

Table 5.1. 

5.2.3 Characterization of the block copolymer architecture 

B 



Chapter 5 

167 

 

To evaluate the block copolymer architecture, 
1
H DOSY spectroscopy was employed. A 

typical spectrum is displayed in Figure 5.4, the diffusion coefficients attributed to both the 

PCL block and P(SA-alt-ME3MO) block are very close to each other, indicating that these 

two blocks are most likely covalently attached to each other and implying the successful 

removal of free hydrophilic polyester. However, it is noteworthy that the diffusion 

coefficients of the PCL block and P(SA-alt-ME3MO) block are not exactly the same (Figure 

5.4). Therefore, further investigation is required to confirm the 
1
H DOSY result and compare 

the block copolymer with the blend of two homopolymers (with similar block length). This 

observation was confirmed by 
31

P{
1
H} NMR spectroscopy. The 

31
P NMR method allows the 

end groups of PCL-OH and P(SA-alt-ME3MO) to be distinguished.
42

 It is based on different 

shifts chemical shifts being observed after reacting the -OH groups with excess 

2-chloro-4,4,5,5-tetramethyl dioxaphospholane and using bisphenol A (BPA) as an internal 

standard.
42,43 

The end groups of the polymers before and after the propagation of 

P(SA-alt-ME3MO) block were characterized (see Figure 5.5). After propagation of the 

P(SA-alt-ME3MO) block, the signal  assigned to the –OH end group of PCL (147.85 ppm) 

completely disappeared, while new signals at 147.05 ppm and 135.50 ppm appeared, which 

are assigned to the –OH and –COOH end groups of PCL-b-P(SA-alt-ME3MO). In previous 

research, it was observed that steric effects of the bulky organometallic catalyst and the 

nature of –OH groups resulted in ring-opening polymerization being initiated from one or 

two of the –OH end groups of diols.
44

 In the case of the macroinitiator PCL-OH, the end 

groups analysis suggested that all chains initiate the second block. 
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Figure 5.4 A representative 
1
H NMR DOSY spectrum of PCL-b-P(SA-alt-ME3MO) in 

toluene-d8. (Table 5.1, entry 5). 

 

Figure 5.5 (A) A typical 
31

P{
1
H} NMR spectrum in CDCl3 of (a) PCL-OH (Table 5.1, entry 

1) and (b) PCL-b-P(SA-alt-ME3MO) (Table 5.1, entry 5) after being reacted with 

2-chloro-4,4,5,5-tetramethyl dioxaphospholane (using bisphenol A as internal reference); (B) 

the enlarged 
31

P{
1
H} NMR spectrum corresponding to the highlighted area in (A). The 

signals at 147.85 ppm and 147.05 ppm are assigned to the primary –OH end groups of the 

PCL-OH macroinitiator and the –OH end group of PCL-b-P(SA-alt-ME3MO) block 
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copolyester, respectively. The carboxylate acid signal in (b) is also assigned to the 

PCL-b-P(SA-alt-ME3MO) block copolyester (end capped by the succinic acid unit). 

5.2.4 Investigation of the self-assembly of the amphiphilic block copolyesters 

Self-assembled nanostructures were formed via the commonly used ‘Solvent Switch’ 

method.
36

 The amphiphilic block copolyesters were first dissolved in THF at a concentration 

of ~1.25 mg/mL, followed by the dropwise addition of excess DI water at 25 
o
C. As shown in 

Table 5.2 and Figure 5.6, DLS was used to determine that the amphiphilic block 

copolyesters formed self-assemblies with low polydispersities (PDI). The hydrodynamic 

diameter of #1, #2 and #3 were determined to be 53 nm (PDI 0.38), 398 nm (PDI 0.17) and 

277 nm (PDI 0.25), respectively, indicating the formation of micelles in #1 and vesicles in #2 

and #3. The proposed structures were also confirmed by TEM analysis (vide infra). To verify 

the reliability of the DLS results, both the raw correlation data and the cumulant fit curves 

were examined (Figure 5.7). It was observed that there were very low cumulant fit errors (< 

0.005) and the flat baselines observed in the raw correlation data indicate that the 

corresponding DLS results (Dh and PDI) listed in Table 5.2 are reliable. 

Table 5.2 DLS analysis of the self-assemblies of the block copolyesters, prepared as per 

Table 5.1.
a
 

# Block copolymer Dh (nm) PDI Proposed morphology 

1 PCL38-b-P(SA-alt-ME3MO)7 53 0.38 micelles 

2 PCL54-b-P(SA-alt-ME3MO)7 398 0.17 vesicles 

3 PCL54-b-P(SA-alt-ME3MO)5 277 0.25 vesicles 

a)
 All self-assemblies were prepared using the ‘solvent-switch’ method (see the experiments 

chapter for details) 
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Figure 5.6 Dynamic light scattering analyses of nanostructures self-assembled from 

PCL-b-P(SA-alt-ME3MO). Hydrodynamic diameter (Dh) and polydispersity index (PDI) of 

the self-assembled nanostructure formed from (a) PCL38-b-P(SA-alt-ME3MO)7 (Table 5.2, 

entry 1), (b) PCL54-b-P(SA-alt-ME3MO)7 (Table 5.2, entry 2) and (c) 

PCL54-b-P(SA-alt-ME3MO)5 (Table 5.2, entry 3) 



Chapter 5 

171 

 

1 10 100 1000

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0
Cumulant Fit

 Cumulants data of a

 Cumulants fit of a

 Cumulants data of b

 Cumulants fit of b

 Cumulants data of c

 Cumulants fit of c

G
1

 C
o

rr
el

a
ti

o
n

 F
u

n
ct

io
n

Time (s)
 

1 10 100 1000 10000 100000 1000000 1E7

0.0

0.2

0.4

0.6

0.8

1.0

C
o

rr
el

a
ti

o
n

 C
o

ef
fi

ci
en

t

Time (s)

Raw Correlation Data

a
b

c

 

Figure 5.7 (A) Cumulant fit and (B) Correlation functions of DLS studies of the 

self-assemblies (a, b and c correspond to entry 1-3 in Table 5.2, respectively) 

5.2.5 TEM characterization of the self-assembled block copolyesters 

Transmission electron microscopy (TEM) was used to examine the morphology of the 

self-assemblies listed in Table 5.2. All TEM samples were stained with uranium acetate to 

increase the contrast. The sample preparation procedure is described in chapter 8 and the 

characterization was conducted by Dr. Jens Gaitzsch from Prof. Giuseppe Battaglia’s group 

A 

B 
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at UCL. As illustrated in Figure 5.8 and in line with the DLS results, the copolyester with the 

lowest hydrophobic weight content (66 wt% in entry 3, Table 5.1) forms micelles (see 

Figure 5.8C & D), while those with higher hydrophobic weight contents (79 wt% in entry 5, 

Table 5.1) form vesicles with membrane thickness value of ca. 30 nm (see Figure 5.8A & B). 

Furthermore the average diameters observed for the nanostructures, shown in Figure 5.8, are 

in close accordance with the hydrodynamic diameters measured by DLS (see Table 5.2). 

However, it is worth pointing out that TEM images only provide the representative 

morphology of a small part of the sample. SAXS or SANS would be the better techniques to 

evaluate the true morphologies of the self-assembled nanostructures.
24,45

 Also, during the 

conventional TEM characterization, high vacuum is applied, which might change the 

morphology of the nanostructures. Nonetheless, this can be prevented by using the cryo-TEM 

in the future. The TEM and DLS results demonstrate the feasibility to tune the particle 

morphology by changing the quantity of the hydrophilic block in the block copolyesters. The 

concept is already well-known for other amphiphilic copolymers
40

 but has yet to be 

demonstrated for such fully degradable block copolyesters. 
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Figure 5.8. TEM images of representative block copolymer self-assemblies: (A) & (B) 

vesicles formed from PCL54-b-P(SA-alt-ME3MO)5 (Table 5.2, entry 3); (C) & (D) micelles 

formed from PCL38-b-P(SA-alt-ME3MO)7 (Table 5.2, entry 1) 

5.2.6 Thermal stability of the vesicles 

The triethylene glycol side chains in the P(SA-alt-ME3MO) block are known to undergo a 

hydrophilic to hydrophobic transition when the polymer is heated above the LCST 

temperature.
46,47

 The thermoresponsive behaviour of the block copolyester vesicle was 

monitored via a temperature-dependent determination of zeta potential. The zeta potential 
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monitoring revealed that the LCST occurred at ca. 75 
o
C, based on the sharp decrease in the 

absolute value of the zeta potential (|ζ|) observed at temperatures above this value (see Figure 

A5). This LCST temperature is similar with the value (73.3 
o
C) reported in literature.

31
 

Meanwhile, the zeta potential is also widely applied to evaluate the stability of the colloidal 

systems.
2,40,48

 The absolute value of the zeta potential suggests the extent of the electrostatic 

repulsion between neighbouring colloidal nanoparticles.
48

 Therefore, higher zeta potential 

(negative or positive) means higher colloidal stability, as the high electrostatic repulsion 

prevents the colloidal nanoparticles from aggregation. Usually, colloidal systems having zeta 

potentials ranging from ±40 to ±60 is considered as the ‘good stability’.
48

 In this work, the 

rather high ζ (< -42 mV) at temperatures below the LCST indicates a good colloidal stability 

of the PCL54-b-P(SA-alt-ME3MO)7 self-assembled structures at physiological temperature, 

relevant to any use in biomedicine. 

5.2.7 In vitro lipase catalyzed biodegradation of the polyester vesicles 

To demonstrate the polymers’ biodegradability, Pseudomonas cepacia lipase was added to 

the polyester vesicle solutions, which were placed in a shaker at a rate of 600 rpm at 37 
o
C. 

Since the mean count rate given by DLS is proportional to both the size and the number of 

self-assemblies, as long as the attenuator is fixed,
49-51

 the biodegradation process could thus 

be monitored by DLS. As shown in Figure 5.9A (curve b), after the addition of the lipase 

solution, the mean count rate decreased rapidly from 151 kcps to 24 kcps in merely 90 min 

(the attenuator was set at 6, and is a non-dimensional parameter). In contrast, the mean count 

rate of the control enzyme-free polyester vesicle solution remained constant over the entire 

time period (curve a). Additionally, photos were taken ‘before’ and ‘after’ the enzymatic 

degradation (see Figure 5.9A inset). After lipase catalyzed degradation, the solution 

transparency increases (in accordance to the mean count rate given by DLS), indicating the 

disassociation of the self-assemblies, caused by polyester hydrolysis. The change in size 

distribution (see Figure 5.9B), from monomodal narrow distributions to bimodal broad 

distributions, confirms the disruption of the ordered structure (vesicle morphology). The 
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decrease in molecular weight during biodegradation was also monitored by SEC (Figure 

5.10). After 2.0 h, the molecular weight of the block copolyesters decreased from 16.5 kDa to 

1.4 kDa (Table 5.3, entry 1 and 2) along with an increase in dispersity from 1.18 to 3.14. 

After 4.0 h, the polymer signal was no longer detectable by the SEC, indicating the complete 

degradation of polymers into small molecules (Table 5.3, entry 3). 
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Figure 5.9 Lipase catalyzed biodegradation of polyester vesicles monitored by DLS. 

Conditions: Pseudomonas cepacia lipase at 37 °C, the concentration of vesicles and lipase 

were 0.21 mg/mL and 100 unit/mL, respectively. (A) Mean count rate (measured also by 

DLS) variation of polyester vesicle solutions during the experimental period with (b) or 
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without (a) the presence of lipase. Inset: photos of the polyester vesicle solution before (left) 

and after (right) enzymatic degradation. (B) Hydrodynamic diameter variation of polyester 

vesicle solutions during the experimental period.  

1000 10000 100000

2.0 h after degradation

Molecular Weight (Da) Calibrated by polystyrene standards

before degradation

 

Figure 5.10 SEC traces of the biodegradation products during block copolyester reacting 

with lipase. 

Table 5.3 Molecular weights and dispersities of the block copolyesters during biodegradation 

experiments. 

# Block copolymer Lipase conc. 

(unit/mL) 

t (h) Mn (kDa), Mw/Mn 

1 PCL54-b-P(SA-alt-ME3MO)7 

conc. of  the self-assembly 

solution (0.23 mg/mL) 7.7 

0.0 16.5, 1.18 

2 2.0 1.4, 3.14 

3 4.0 N.A. (low 

signal-to-noise ratio) 

 

5.2.8 Model drug release experiments 



Chapter 5 

177 

 

Since the copolyester vesicles were found to be biodegradable and were targeted as 

biocompatible, it was of interest to study their potential in drug delivery. The drug loading 

efficiency was evaluated using doxorubicin hydrochloride (DOX•HCl) which is commonly 

used as a  model drug.
45,52-54

 Before beginning any drug delivery experiments, a 

fluorescence calibration was conducted using known concentrations of DOX in PBS buffer 

(the PO4
3− concentration of the PBS buffer = 10 mM; and the pH value = 7.4). Next, the 

vesicles’ drug loading efficiency (DLE) was determined by          
 e

 f
     , where 

Me represents the weight of drug encapsulated in vesicles, Mf stands for the weight of drug 

used in total. The DLE was found to be 20.5% (see equation 3 in chapter 7). The value is 

moderate compared to those reported in the literature
55-58

 but could perhaps be improved with 

experimental condition optimization. The in vitro release profiles of DOX-loaded polyester 

vesicles were conducted in 10.0 mM PBS buffer, at 37 
o
C and pH 7.4. The detailed 

experimental procedure is described in chapter 7. As shown in Figure 5.12, the release of the 

encapsulated DOX (Figure 5.12, curve b) was much slower than that of the free DOX control 

solution (Figure 5.12, curve a), though the initial burst release behaviors were similar. After 

ca. 20 h, the DOX in the control experiment was almost completely released (Figure 5.12, 

curve a). However, at the same time, only ca. 60% of DOX was released when it was 

encapsulated by the vesicles, indicating the controlled release of DOX. Lipases are 

over-expressed in certain aggressive cancer cells.
59

 To demonstrate the passive targeting 

capability of the polyester vesicles, the in vitro release profiles of DOX-loaded polyester 

vesicles in the presence of lipase were also recorded (Figure 5.12, curve c). Due to the 

disruption of the hollow sphere structure by the lipase, the DOX was not fully encapsulated 

by the self-assembly. Therefore, the corresponding cumulative release profile demonstrated 

yet faster release, compared to the one without any enzyme presence. Despite there being no 

active targeting mechanism, the potential for ‘burst’ release behaviour inside an aggressive 

cancer cell may be a potential strength of using this type of block copolyesters. The work also 

sets the foundation for an indepth study focussed on attaching cell targeting groups to the 

self-assemblies, which could be investigated in the future. 



Chapter 5 

178 

 

500 550 600 650 700 750 800

0

100

200

300

400

500

600

700

800

900

4.0 g/mL 

F
lu

o
re

sc
en

ce
 i

n
te

n
si

ty
 (

a
.u

.)

Wavelength (nm)

0.5 g/mL 

 

0 1 2 3 4 5

0

100

200

300

400

500

600

700

800

900

F
lu

o
re

sc
e
n

c
e
 (

a
.u

.)

Concentration (g/mL)

y = 213.55935x - 5.45385

R
2
 = 0.99899

 

Figure 5.11 The fluorescence spectrum (A) and calibration curve (B) of DOX•HCl in PBS 

solution (10.0 mM, pH 7.4). (λex = 461 nm) 
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Figure 5.12 Cumulative drug release profiles of DOX-loaded copolyester vesicles at 37 
o
C in 

PBS buffer (10.0 mM, pH 7.4). 

5.2.9 Cytotoxicity Tests 

To investigate the biocompatibility of the micelles, vesicles (polymersomes) and the 

corresponding degradation products, cytotoxicity tests were conducted using three different 

cell lines, including cancer cells, FaDu (a hypopharyngeal carcinoma cell line) and HeLa (a 

cervical carcinoma cell line), and the normal cells, HDF (human dermal fibroblasts). These 

B A 
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experiments are conducted by Dr Alessandro Poma and Dr Loris Rizzello as part of the 

collaboration with Prof. Giuseppe Battaglia at UCL. The cell viability was quantified in each 

case by a 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) assay. Each 

cell line was treated with micelles, vesicles (polymersomes) and the corresponding 

degradation products, at three different concentrations for 48 hours. Compared to the negative 

control (cells treated with DMSO which is known to be toxic), none of the samples exhibited 

cytotoxicity (Figure 5.13) as observed by the cell viability remaining high (> 80%). However, 

some unexpected cell behavior was observed in the case of FaDu and HDF cells. Instead of a 

decrease in cell viability, the cell viability values of these two cell lines increased 

significantly. For Fadu cells, the value increased to ca. 150% after being treated with the 

degradation products for 24 h, and with micelles and polymersomes the same increase was 

observed after 48 h. For HDF cells, the cell viability values also increased to > 150% in 

certain cases. The MTT assay reflects the general cell metabolic activity which relates to both 

cell number and the rate of metabolism, thus, the increase in cell viability value could either 

due to the proliferation of cells or an inflammation response, during which the metabolic rate 

increases. To evaluate the true cause of the increase in the ‘viability’, a cell counting method 

was also used (Figure 5.14). Again, the HDF cells were treated with micelles, vesicles 

(polymersomes) and the corresponding degradation products for 48 h (see the experiment 

section for details). Instead of cell proliferation, a slight decrease in cell number was 

observed in all three cases from ca. 1.2×10
5
 cells/mL to ca. 1.0×10

5 
cells/mL. However, it is 

noteworthy that all these decreases were in the margin of error. Also, the significance of the 

values requires further evaluation. The cell counting results suggest that the apparent increase 

in cell viability, measured by MTT assay, is likely caused by an inflammation response.
60

 

Nonetheless, the ‘slight’ decrease (described above) in cell number also confirms that the 

micelles, vesicles (polymersomes) and the corresponding degradation products are generally 

non-toxic, in accordance to the results given by the MTT assay. The inflammation response 

was studied using the nuclear translocation of Nf-kB. Nf-kB is a protein complex which 

controls the transcription of DNA and cytokine production; it regulates the cell immune 



Chapter 5 

180 

 

response to infection.
61

 In short, Nf-kB usually locates evenly in both the cell cytoplasm and 

nucleus.
61

 However, during inflammation Nf-kB present in the cytoplasm translocates into 

the nucleus.
62

 Therefore, the translocation of Nf-kB can be used as an indication of 

inflammation.
62

 Fluorescence agents (nuclear: blue; Nf-kB: red) were used to image the 

translocation of Nf-kB using confocal microscopy (Figure 5.15). After 48 hours, the 

translocation of Nf-kB from cytoplasm to nucleus was observed (near complete overlapping 

between blue and red signals) in all three HDF samples. The amount of signal overlap was 

measured and is listed in Table 5.4. The signal overlap in cells treated by the degradation 

products and micelles are broadly similar. However, the value for cells treated by 

polymersomes decreases from 98.9% to 82.5%. The slower translocation is probably due to a 

slower endocytosis rate of large polymersomes compared to small micelles or degradation 

products, leading to cells exhibiting less inflammation response over time in the former 

sample. 
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Figure 5.13 Cell viability tests using 3 different cell lines, including cancer cells, FaDu and 

HeLa, and normal cells, HDF and quantified by an MTT assay. Each cell line was treated 

with micelles, vesicles (polymersomes) and the corresponding degradation products at three 

different concentrations for 48 hours. 
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Figure 5.14 Cytotoxicity tests quantified by the cell counting method, using HDF cells 

treated with the degradation products, micelles, and polymersomes, respectively. 
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Figure 5.15 Confocal microscopy images of the nuclear translocation process observed for 

Nf-kB in HDF cells treated with degradation products, micelles, and polymersomes, 

respectively for 48 hours. Both the nucleus and Nf-kB were marked with fluorescent agents 

(nucleus: blue; Nf-kB: red). The signal overlap values were measured and are listed in Table 

5.4. 

Table 5.4 Signal overlap values for the nucleus and Nf-kB in control cells and cells treated 

with degradation products, micelles, and polymersomes, respectively. 

 
Control Degradation Products Micelles  Polymersomes  

24 hours 22.3 ± 7.9% 91.7 ± 7.9% 98.3 ± 1.1% 98.9 ± 0.3% 

48 hours 25.1 ± 1.3% 93.4 ± 4.4% 99.6 ± 0.5% 82.5 ± 0.5% 

 

5.3 Conclusions 

The combination of ROP and ROCOP methods allowed the preparation of amphiphilic block 

polymers using fully by aliphatic polyester blocks and featuring metabolic intermediates as 

monomers or degradation products. The relative proportions of hydrophilic/hydrophobic 

blocks were controlled and the materials afforded different self-assembly morphologies, 

including micelles and vesicles (polymersomes) as determined by DLS and TEM imaging. In 

the presence of lipases, the self-assembled structures were rapidly disrupted and the polyester 

itself also displayed fast degradation, as monitored by DLS and SEC. It was established that 

both the polyester self-assemblies and the corresponding degradation products demonstrate 

no appreciable cytotoxicity against a range of cell lines, including cancer cells and normal 

cells. However, an inflammation response was observed in some cases and was confirmed 

using combined cell counting and confocal microscopy. Both the loading and release 

characteristics using DOX and biodegradation results of the polyesters demonstrate the 

potential for the materials to be applied as non-cytotoxic vehicles for controlled drug release. 

Most importantly, this work expands the scope of the building blocks for the field of 
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self-assembly because succinic acid is one of several metabolic intermediates that could be 

applied, including maleic acid, citric acid, glycerol, etc. 
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6.1 Overviews 

Polyester represent a significant volume and value of materials for textiles, packaging, as 

engineering materials, and as polyol precursors for making polyurethane, foams and 

adhesives. There is a drive to investigate methods and raw materials which allow more 

polyesters to be formed from renewable resources. Though robust and currently widely 

applied in industry, the traditional polycondensation route to make polyesters is limited by 

requiring precise stoichiometry, high thermodynamic constraints, a lack of polymerization 

control, and slow polymerization rate. Alternatively, both the ring-opening polymerization 

(ROP) of lactones and the ring-opening copolymerization (ROCOP) of epoxides and cyclic 

anhydrides can deliver polyesters with good polymerization control. For the ROP, high 

molecular weight polyesters can be produced and the manufacturing is compatible with 

currently used industrial process. For the ROCOP, it can yield alternating polyesters using 

commercially available epoxides/cyclic anhydrides. Both polymerization methods are able to 

include aromatic functionality into the polymer backbone and to even incorporate bio-based 

monomers. However, whether it is possible to make block copolyesters with various 

thermal/mechanical properties via the combination of ROP and ROCOP remains unexplored. 

Therefore, this thesis has focused on investigating ROCOP as a means to deliver polyesters 

with particular chemical functionality and physico-chemical properties. In particular, the 

thesis investigates whether it is possible to combine ROP and ROCOP to make well 

controlled block copolymers. Although there are methods by which independent ROP and 

ROCOP reactions could be run and the polymer products ‘coupled’ together or used as 

‘macroinitiators’, the goal was to develop a ‘one-pot, one-step’ procedure allowing both 

processes to occur, either sequentially or concurrently, to deliver copolymers. The concept 

relies on being able to use a single catalyst for both polymerization reactions. There was very 

little investigation of this concept prior to this thesis, although a related ‘switchable’ catalysis 

was known for CO2/epoxide ROCOP and lactone ROP using di-zinc catalysts.  
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6.2 Conclusions 

Chapter 2 describes the ROP of ɛ-caprolactone using a di-zinc catalyst and various diols. The 

catalyst system delivered controlled polymerization, where the polymer molecular weight 

could be predicted from [monomer]/[chain transfer agent]. Nonetheless, an unexpected result 

was that the nature of the hydroxyl groups on diols, influenced significantly the nature of the 

end groups of the PCL chains. The studies highlight the importance of the catalyst system in 

controlling the relative rates of initiation vs. propagation, and thereby the ability to produce 

chains terminated by or extended from the diol. The di-zinc catalyst showed a kinetic 

selectivity for primary hydroxyl groups and delivered only chains extended from diol. When 

secondary –OH or sterically hindered primary –OH groups were present, then mixtures of 

chains extended from and terminated by the diols were produced. The composition of the 

mixtures could be controlled by manipulating the monomer:catalyst loading or by selecting 

the chemistry of the diol. Such selectivity may be an interesting means to control and target 

specific polymer chain end groups. The findings set the foundation for the research into 

polymerizations using mixture of epoxides/cyclic anhydrides/lactones to deliver well-defined 

block copolyesters. 

Given that the key propagating alkoxide is a secondary cyclohexylene species, in order to 

achieve well-defined block copolyesters architectures, a lactone monomer (ε-DL) with 

secondary alkoxide propagating species was selected. Furthermore, a new di-zinc complex, 

[LZn2(Ph)2], with phenyl co-ligands was developed because it allowed better control over the 

initiating species. The new di-zinc catalyst was established to independently catalyze the 

ring-opening copolymerization of anhydrides/epoxides and ring-opening polymerization of 

lactones. When polymerizing mixtures of PA/CHO/ɛ-DL, pure ABA type triblock 

copolyesters were prepared, in one-pot and occurring, via a sequence selective method. The 

new copolyesters were characterized including by NMR spectroscopy, SEC and DSC 

measurements. The experiments showed high catalytic selectivity with epoxide/cyclic 

anhydride enchainment occurring before any ROP of ɛ-DL. The experiments also confirmed 

the formation of triblock copolymers. The monomers were selected to yield materials of the 
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‘soft block-hard block-soft block’ composition and this was confirmed by 

thermal/mechanical measurements in the forth chapter. It was interesting to observe that the 

PDL-b-PCHPE-b-PDL triblocks might showed two separate Tg values at some block 

compositions. The results suggest there might be  microphase separation between the hard 

PCHPE and soft PDL domains. The catalysis was also applied to prepare multi-block 

copolyesters comprising up to seven blocks of PCHPE and PDL. The third chapter allowed 

the determination of the ‘ground rules’ for implementing the selective process. It also 

demonstrated the ability to apply the catalysis using a range of other monomers. 

The new catalytic method simplifies the preparation of block copolyesters and was next 

investigated for the preparation of materials with tailored properties. A range of 

PCHPE-b-PDL multiblocks were chain extended using urethane linkages and 

thermal/mechanical characterization was conducted. For materials having low incorporation 

of hard block (26 wt% PCHPE), the polymers were excellent thermoplastic elastomers. The 

materials showed impressive elongations at break (ca. 2450%) with comparable stress at 

break (11.5 MPa) to many existing thermoplastic elastomers, such as SBS or SIS. The 

multiblock copolyester, having the highest proportion of the hard block (59 wt% PCHPE), 

exhibited shape memory properties over repeated cycles. The process involved a cold-draw, 

at ambient temperature, and subsequent heating to 55 
o
C allowed near complete recovery 

from the deformation. Instead of the transition temperature corresponding to the Tg of PCHPE 

blocks, as is common in shape memory polymers, a rather rare transition consistent with the 

enthalpy of relaxation was the trigger to the recovery. The materials are interesting as a low 

transition temperature combined with a high Tg should allow access to materials useful for 

(bio)medicine. The materials showed high strain fixity (> 250%) and excellent recovery 

ratios (> 96%), which are important criteria for any applications. These new multi-block 

copolyesters are all expected to be degradable, although the rigid blocks are likely more 

slowly biodegraded. Furthermore, there are precedents for preparing and sourcing all the 

monomers from renewable raw materials.
1-3

 Thus, the new materials merit further 
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development and investigation as renewable and degradable alternatives to the widely applied 

SBS elastomers and related materials.  

The final chapter examines the block copolyesters’ applications in biomedicine, especially in 

drug delivery. The alternating copolymerization of cyclic anhydrides and epoxides is 

attractive as a means to make block copolyesters with tailored amphiphilicity, 

stimuli-responsive behaviour and biocompatibility. As a first step to demonstrate the 

bio-application potential of such block copolyesters, a proof-of-concept study of their 

self-assembly, drug delivery and biodegradation behaviour was investigated. The preparation 

of amphiphilic block polymers was achieved using aliphatic polyester blocks (ROP) and 

featuring metabolic intermediates as monomers or degradation products (ROCOP). The 

relative proportions of hydrophilic/hydrophobic blocks were controlled. The copolymers 

afforded different self-assembly morphologies, including micelles and vesicles 

(polymersomes), in aqueous solutions. The self-assembled structures underwent rapid 

disruption in the presence of lipases, due to the degradation of the aliphatic polyester blocks. 

It was established that both the polyester self-assemblies and the corresponding degradation 

products demonstrated no appreciable cytotoxicity against a range of cell lines, including 

cancer cells and normal cells. An inflammation response was observed in some cases. Both 

the loading and release characteristics using DOX and the biodegradation results of the 

polyesters demonstrate the potential for the materials to be applied as non-cytotoxic vehicles 

for controlled drug release. Most importantly, succinic acid is one of several metabolic 

intermediates that could be applied, including maleic acid, citric acid, glycerol, etc., 

providing scope for future studies. 

Overall, the thesis focussed on applying di-zinc catalysts to selectively polymerize lactones, 

epoxides and cyclic anhydrides. A new switchable and selective catalysis was developed 

allowing access to well controlled block copolymers featuring alternating (semi-aromatic) 

polyester blocks and aliphatic polyester blocks. The switchable catalysis was established to 

be generally applicable to other lactones/epoxides/cyclic anhydrides. It was rationalized to 
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arise due to both kinetic and thermodynamic factors. The synthesis was exploited to prepare 

various new amorphous block copolymers which functioned as thermoplastic elastomers, 

shape memory materials or as self-assembled micelles or vesicles. The polymers were fully 

characterized and various application areas are proposed. 

6.3 Future Outlook 

As discussed in Chapters 2-5, more work needs to be conducted to investigate the influences 

of both the nature of the hydroxyl groups, on the chain transfer agent, and catalysts on the 

polyester architecture. In addition, studies also need to be carried out to exploit the catalytic 

selectivity as a means to target particular chain architectures for application. 

The switchable catalytic method, developed in the thesis, shows potential both to allow new 

types of chemistry and to deliver interesting new materials. There are a number of directions 

for future applications. Firstly, the catalysis should be expanded to other metal-ligand 

combinations, such as metal-salen or metal-porphyrin complexes (Figure 6.1). The target 

future catalysts are known to be effective for epoxide/cyclic anhydride ROCOP,
4,5

 although 

they require addition of co-catalysts. There are also some reports of ‘switch on’ of ROP using 

metal-porphyrin catalysts and epoxides,
6
 results which were reported after the di-zinc 

selective catalysis. Thus, it is important to establish whether the metal-salen or 

metal-porphyrin catalysts show the same ability to link ROP and ROCOP processes and to 

deliver block copolyesters. The structures of some lead candidates are shown in Fig. 6.1 
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Figure 6.1 The structures of some typical metal-salen and metal-porphyrin complexes.
7,8

  

Moreover, this thesis focussed exclusively on di-zinc catalysts, but the development of more 

highly active catalysts showing the same selectivity would allow both more switching and a 

greater diversity of products.  A clear future direction should be to prepare magnesium 

analogues of the di-zinc di(phenyl) catalysts, such as [LMg2(Ph)2] which would be expected 

to be more active and to maintain control over chain end-groups.
9
 Furthermore, the 

switchable catalysis needs to be tested using a broader monomer pool (Figure 6.2) to afford 

block copolyesters with various thermal/mechanical properties. For monomers with C=C, it 

would be possible to apply post-polymerization modification to further tune the properties. 

So far, the ‘switch’ is usually activated by the addition or depletion of the key monomer (e.g. 

cyclic anhydride or epoxide in this thesis). Thus, it is also of great interest in the field to 

develop ‘smart’ catalysts that respond to external stimuli, such as light and temperature.
10

 

Such switches might allow more precise control, leading to multi-block polyesters with 

tuneable block sequence, length and even architecture, which could be used as materials for 

coding information (Scheme 6.1). 
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Figure 6.2 Potential monomers which can be used to make block copolyesters via 

chemoselective polymerization method. 

 

Scheme 6.1 Copolyesters with sequence controlled architecture for information coding. 

To improve further the mechanical properties of the thermoplastic elastomers, the properties 

of the ‘hard’ block are critical. In this thesis, multi-block copolyesters comprise PCHPE as 

the ‘hard’ blocks were described. The blocks already exhibit superior glass transition 

temperature, comparable tensile strength and Young’s modulus to most of the polyesters and 

polycarbonates currently used.
11,12

 However, compared to the values obtained using 

polyolefins as commodity TPEs, PCHPE remains at the lower end of values for its 

temperature stability, degradation temperature and Young’s modulus. Thus, new monomer 

combinations need to be developed to make polyesters with crystalline domains (such as 

stereocontrolled ROCOP) so as to improve the overall polymers’ thermal resistance and 

stability. 

Furthermore, despite the thermoplastic elasticity and shape memory behaviour, the 

multi-block copolyesters, comprising PA, CHO and ɛ-DL, are expected to generate a toxic 

compound, phthalic acid, after degradation and thus may not be suitable for biomedical 

applications in vivo. The development of multi-block copolyesters with chemical 

functionality is attractive as this would allow modification to introduce biomedical properties, 

including for areas like drug loading/release, antimicrobials and cell affinity. Therefore, 

screening other aliphatic monomers, especially monomers with functionalities such as 

vinyl-CHO and vinyl-PO,
13

 could be worth investigating to prepare biodegradable, 

multifunctional TPEs or shape memory materials for biomedicine. 
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There also remain challenges prior to biomedical applications of the polyester self-assemblies, 

especially developing means to overcome the unexpected inflammation response. It will also 

be important to investigate more fully the biomedical potentials of polymers prepared from 

other metabolites, such as CO2, maleic anhydride and glycidyl compounds (Figure 6.3). The 

process benefits from a large monomer pool of both cyclic anhydrides and epoxides, it should 

therefore be possible to introduce a wide range of functionalities via post-polymerization 

modification methods. For example, reactions like the thiol-ene chemistry or hydroboration 

could be used to efficiently transform alkenes in vinyl-CHO and vinyl-PO monomers (Figure 

6.4). Further, it might also be possible to introduce two different functional groups with high 

degrees of alternation on the polymers prepared by ROCOP (Figure 6.5). Such a material 

might function as a dual stimuli-responsive polymer. Potentially, it might even be possible to 

achieve new stimuli-responsive behaviour, such as upper critical solution temperature (UCST) 

in aqueous solution, by introducing functional groups that interact with each other. 

 

Figure 6.3 Schematic illustration of the synthesis, post-polymerization modification and 

degradation of metabolite polymers. 

 

Figure 6.4 Proposed post-polymerization modification routes to afford metabolite polymers 

with various functionalities. 
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Figure 6.5 Proposed route to afford metabolite polymers with the neighbouring dual 

functionality. 
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7.1 General Procedures 

7.1.1 Materials 

All solvents and reagents were obtained from commercial sources (Aldrich and Fisher) and 

used as received unless stated otherwise. The zinc catalyst [LZn2(OAc)2] was synthesized 

according to the procedure reported previously.
1
 Cyclohexene oxide (CHO) was fractionally 

distilled over calcium hydride once prior to use and stored under an inert atmosphere. 

4-Vinyl-1-cyclohexene-1,2-epoxide (vCHO) was dried over calcium hydride prior to the 

distillation under reduced pressure and stored under N2 protection at -35 
o
C. ɛ-Caprolactone 

(ɛ-CL) was dried over calcium hydride and stored under nitrogen. ɛ-Decalactone (ɛ-DL), 

δ-valerolactone (δ-VL) was also dried over calcium hydride and stored under nitrogen. 

rac-Lactide (rac-LA) was recrystallized three times using dry toluene prior to use and stored 

under an inert atmosphere. THF and toluene were distilled from sodium and stored under 

nitrogen. Trans-1,2-cyclohexanediol (CHD) was recrystallized from ethyl acetate and kept 

under nitrogen atmosphere. Ethylene glycol (EG) was distilled over anhydrous Na2SO4 and 

stored under nitrogen. 2-Methyl-1,3-propanediol (MPD) was distilled over CaO and stored 

under nitrogen. Poly(ethylene glycol) (PEG 1500) was purified as following: dissolved in 

methylene dichloride, precipitated using ethyl ether and dried using toluene azeotropic 

distillation. 1,2-Propane diol and 2-chloro-4,4,5,5-tetramethyl dioxaphospholane were used 

as received. Phthalic anhydride (PA) was purified via dissolving in benzene and filtering the 

insoluble impurity (phthalic acid, by 
1
H NMR) followed by a recrystallization from CHCl3 

and sublimation once. 1,5,7-Triazabicyclo[4.4.0]dec-5-ene (TBD) was used as received. 

Methylene diphenyl diisocyanate (MDI) was purified via dissolving in hexane and filtering 

the insoluble impurity, followed by removing all the solvent. Succinic anhydride (SA) was 

recrystallized from benzene, prior to sublimation, under vacuum, at 100 
o
C. 

Bis(triphenylphosphine)iminium chloride (PPNCl) was purified by recrystallization from 

diethyl ether and acetonitrile. Dialysis tubing (14 kDa molecular weight cutoff) was obtained 

from BioDesign Inc. of New York. 
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7.1.2 Syntheses of Polymers and Catalysts 

Preparation of 4-tert-butyl-2,6-diformylphenol (compound 4, Scheme 7.1)
1
 

4-tert-Butyl-phenol (20.00 g, 133.2 mmol) and hexamethylenetetramine (29.88 g, 213.2 

mmol) were placed in a round bottom flask and TFA (104 mL, 1384.0 mmol) was added 

slowly to this reaction mixture whilst stirring. The reaction mixture was left to reflux for 17 h 

at 125 
o
C. Then the mixture was refluxed for 4 hours at 150 

o
C using a Dean-Stark condenser 

to remove water (which formed as a side product). The reaction mixture was cooled to 100 
o
C 

and 3M HCl was added (100 mL). The resulting mixture was refluxed for another 40 min, at 

100 
o
C, and then cooled to room temperature and placed in the freezer overnight. The 

precipitate produced was filtered, washed twice with cold MeOH (-78 
o
C) and dried, under 

vacuum to yield yellow crystals (12.57 g, 45 %); δH (CDCl3, 400 MHz) 11.50 (s, 1H, -OH), 

10.26 (s, 2H, -C(O)H), 8.00 (s, 2H, Ar-H), 1.37 (s, 9H,Ar-C-(CH3)3). 
1
H NMR spectrum is 

shown in Figure 7.1. 

Preparation of [H4L
’
](ClO4

-
)2 (Compound 3, Scheme 7.1)

1
 

4-tert-Butyl-2,6-diformylphenol (2.40 g, 11.6 mmol), NaClO4 (5.62 g, 46.4 mmol), acetic 

acid (1.32 mL, 23.2 mmol) and MeOH (180 mL) were placed in a round bottom flask and 

heated to 70 
o
C. When the solution began to boil, 2,2-dimethyl-1,3-propanediamine (0.70 mL 

5.8 mmol) dissolved in MeOH (60 mL) was added, dropwise. After the addition of the amine, 

the reaction mixture was cooled to room temperature and stirred overnight. The volume of 

the resulting red/orange solution was reduced to ca. 120 mL and left to stand for two days. 

The red crystalline precipitate that formed was filtered and washed with cold MeOH (-78
o
C) 

to yield red/orange crystals (2.75 g, 65 %); δH (DMSO-d6, 400 MHz) 13.60 (br s, 4H, 

NH/OH), 8.70 (d, 4H, N=CH), 7.66 (s, 4H, Ar-H), 3.88 (s, 8H, CH2), 1.29 (s, 12H, CH3), 

1.15 (s, 18H, CH3). 
1
H NMR spectrum is shown in Figure 7.2. 

Preparation of [H2L] (Compound 2, Scheme 7.1)
1
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[H4L](ClO4)2 (2.70 g, 3.62 mmol) was suspended in MeOH (270 mL) and NaBH4 (3.97 g, 

104.94 mmol) was added slowly to the reaction mixture. After the addition of NaBH4, the 

red/orange suspension turned to a colorless solution and was left to stir for another 1 h. Then 

water was added to the solution, slowly, until a white precipitate persistently appeared and 

the mixture was left to crystallize overnight. White crystals were obtained (1.2 g, 69%). δH 

(CDCl3, 400 MHz) 6.96 (s, 4H, Ar-H), 3.76 (s, 8H, CH2), 2.54 (s, 8H, CH2), 1.27 (s, 18H, 

CH3), 1.03 (s, 12H, CH3). 
1
H NMR spectrum is shown in Figure 7.3. 

Preparation of [LZn2(OAc)2]
1
 

H2L (0.40 g, 0.72 mmol) was dissolved in dry THF (10 mL) and transferred into a Schlenk 

tube containing KH (0.04 g, 1.08 mmol), and cooled to -78 °C, under nitrogen. The 

suspension was allowed to warm to room temperature and left to stir for 1 h. The excess KH 

was filtered and the solution transferred to a Schlenk tube containing Zn(OAc)2 (0.27 g, 1.48 

mmol). The reaction was left to stir for 16 h, after which the THF was removed in vacuo, and 

the product taken up in dry CH2Cl2 (10 mL). The suspension was filtered and the CH2Cl2 

removed, in vacuo, to yield the compound as a white powder (0.51 g, 83 %). δH (Toluene-d8, 

400 MHz, 383 K) 7.00 (4 H, s, Ar-H), 4.12 (4 H, br s, NH), 3.55 (4 H, br d, CH2), 3.23 (4 H, 

br s, CH2), 2.79 (4 H, br s, CH2) 2.19 (~ 4 H, br s, CH2), 1.75 (~ 6 H, s, OAc), 1.24 (18 H, s, 

Ar-C-CH3), 0.64 (12 H, br d, CH2-C-CH3). 
1
H NMR spectrum is shown in Figure 7.4. 
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Scheme 7.1 Synthetic route of bimetallic zinc catalyst [LZn2(OAc)2]. 
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Figure 7.1 
1
H NMR spectrum of 4-tert-butyl-2,6-diformylphenol in CDCl3. 
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Figure 7.2 
1
H NMR spectrum of [H4L

’
](ClO4

-
)2 in DMSO-d6. 
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Figure 7.3 
1
H NMR spectrum of [H2L] in CDCl3. 
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Figure 7.4 
1
H NMR spectrum of [LZn2(OAc)2] in toluene-d8 at 110 

o
C. 

Monitoring the formation of zinc alkoxide (Figure 7.5) via in-situ ATR-IR spectroscopy 

CHO (1200.0 L, 12.0 mmol) and [LZn2(OAc)2] (48.0 mg, 6.0 10
-2

 mmol) were added into 

a Schlenk tube, under N2, at ambient temperature. A background spectrum was recorded 

when the detector was just above the liquid level. Then, the reaction temperature was 

increased to 80 
o
C and the mixture was allowed to react for 2 h. Thereafter, the temperature 

was slowly cooled to ambient temperature and the red solution was left to stir for another 3 h. 

The molar ratio of [CHO]/[LZn2(OAc)2] is 200 : 1. The resonances at 1611 cm
-1

 and 1742 

cm
-1

 are assigned to the asymmetric stretch of the carboxylate group (
2
) and to a 

CHO-bound acetate resonance
3
, respectively. These two resonances were monitored by 

ATR-IR spectroscopy. 
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Figure 7.5 The formation of the zinc alkoxide intermediate. 

Polymerization of ɛ-caprolactone (ɛ-CL) using the ‘one-pot’ method 

In a typical polymerization of ɛ-CL using the ‘one-pot’ method, the [LZn2(OAc)2] (10.0 mg, 

1.3  10
-2

 mmol) and ɛ-CL (277.0 L, 2.5 mmol) were dissolved in CHO (1.1 mL, 11.3 

mmol), under N2 protection in a Schlenk tube, charged with a stir bar. The relative molar 

ratio of [LZn2(OAc)2]/[CHO]/[ɛ-CL] was 1/900/200. The solution was then heated to 80 
o
C, 

and allowed to react for 2.5-3.0 h. Aliquots were taken every 30 min, for 
1
H NMR 

characterization. After 2.5-3.0 h, the polymerization was cooled to room temperature and 

exposed to air.  The final polymer solution was diluted with dichloromethane (DCM, ca. 0.5 

mL) and the PCL was purified by precipitation from cold MeOH to yield a white semisolid. 

Polymerization of ɛ-caprolactone (ɛ-CL) using the sequential method without the addition of 

chain transfer agents 

In a typical polymerization of ɛ-CL using the sequential method without the addition of chain 

transfer agents, the [LZn2(OAc)2] (10.0 mg, 1.3  10
-2

 mmol) was dissolved in CHO (1.1 mL, 

11.3 mmol), under N2 protection, in a Schlenk tube, charged with a stir bar. The reaction 

mixture was then left to react for 1.5 h at 80 
o
C, to form the zinc alkoxide intermediate. The 

reaction mixture was then cooled to room temperature. and  ɛ-CL (277.0 L, 2.5 mmol) was 

carefully transferred to the solution under dynamic N2 flow.  The mixture was allowed to 

react at 80 
o
C. The relative molar ratio of [LZn2(OAc)2]/[CHO]/[ɛ-CL] was 1/900/200. 

Aliquots were taken every 30 min, for 
1
H NMR characterization. After 1.0 h, The 

polymerization was cooled to room temperature and exposed to air. The final polymer 
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solution was diluted with dichloromethane (DCM, approximately 0.5 mL) and the polymer 

was precipitated using MeOH (ca. 200 mL) to yield a white solid. 

General Procedure for the polymerization of ɛ-caprolactone (ɛ-CL) in the presence of 

chain transfer agents (CTAs) (Table 2.1 and Figure 7.6) 

Typically, the [LZn2(OAc)2] (5.0 mg, 6.25  10
-3

 mmol) and trans-1,2-cyclohexanediol (7.3 

mg, 6.25  10
-2

 mmol, CHD as CTA) were dissolved in CHO (695.0 L, 6.25 mmol), in a 

Schlenk tube charged with a stir bar. The reaction mixture was then heated to 80 °C, and left 

to stir at this temperature for 1.5 h, to enable complete formation of the zinc alkoxide 

intermediate. Then, ɛ-CL (340.0 L, 3.14 mmol) was added into the solution. The mixture 

was allowed to react at 80 °C. The relative molar ratios, in this case, were 

[LZn2(OAc)2]/[CHD]/[CHO]/[ɛ-CL] = 1/10/1000/500. Aliquots were taken every 30 min for 

1
H NMR characterization. After 2.5-3.0 h, the polymerization was cooled to room 

temperature and exposed to air. The final polymer solution was diluted with DCM (ca. 1.0 

mL). The crude polymer was purified by precipitation from cold MeOH (ca. 200 mL) to 

afford PCL as a white solid. 

 

Figure 7.6  Synthetic route of PCL in the presence of chain transfer agent, CHD. 

Table 7.1 Relative quantities of reagents used in ɛ-CL ROP listed in Table 2.1 

# Molar ratio Loadings CTA 

type 

t (h)
a
 

[LZn2(OAc)2]/[

CTA]/[ɛ-CL]/[C

HO] 

LZn2(OAc)2 CTA ɛ-CL CHO 

1 1/10/300/1000 5.0 mg 7.3 mg 210.0 L 695.0 L CHD 2.5 

2 1/10/500/1000 5.0 mg 7.3 mg 340.0 L 695.0 L CHD 2.5 
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3 1/10/700/1000 5.0 mg 7.3 mg 485.0 L 695.0 L CHD 2.5 

4 1/10/900/1000 5.0 mg 7.3 mg 625.0 L 695.0 L CHD 3.0 

5 1/10/300/1000 5.0 mg 3.5 L 210.0 L 695.0 L EG 2.5 

6 1/10/300/1000 5.0 mg 4.5 L 210.0 L 695.0 L PD 2.5 

7 1/10/300/1000 5.0 mg 94.0 mg 210.0 L 695.0 L PEG 2.5 

8 1/10/300/1000 5.0 mg 5.5 L 210.0 L 695.0 L MPD 2.5 

a) 
Polymerization time after the addition of  ɛ-CLProcedure for monitoring the relative 

quantities of Type I and Type II during the polymerization of ɛ-caprolactone (ɛ-CL) (Section 

2.2.5) 

The [LZn2(OAc)2] (50.0 mg, 6.3  10
-2

 mmol) and trans-1,2-cyclohexanediol (73.0 mg, 6.3  

10
-1

 mmol, CHD as CTA) were dissolved in CHO (7.0 mL, 62.5 mmol), in a Schlenk tube 

charged with a stir bar. The reaction mixture was then heated to 80 °C, and left to stir at this 

temperature for 1.5 h, to enable complete formation of the zinc alkoxide intermediate. Then, 

ɛ-CL (3.2 mL, 31.4 mmol) was added into the solution. The mixture was allowed to react at 

80 °C. The relative molar ratios were [LZn2(OAc)2]/[CHD]/[CHO]/[ɛ-CL] = 1/10/1000/900. 

The polymerization was kept at 80 
o
C for a further 4.5 h after complete ɛ-CL conversion (3.0 

h after the addition of ɛ-CL). Aliquots were taken at predetermined time intervals for 
1
H 

NMR and SEC characterization. Then, the polymerization was cooled to room temperature 

and exposed to air. The final polymer solution was diluted with DCM (ca. 4.0 mL), followed 

by the addition of cold MeOH (ca. 200 mL) to precipitate the PCL as a white solid. 

General Procedure for the polymerization of ɛ-caprolactone (ɛ-CL) in the presence of  

monofunctional chain transfer agents (CTAs) (Table 2.5) 

Typically, the [LZn2(OAc)2] (10.0 mg, 1.3  10
-2

 mmol) and 1-hexanol (7.3 mg, 2.6  10
-1

 

mmol, as CTA) were dissolved in CHO (1.3 mL, 13.0 mmol), in a Schlenk tube charged with 

a stir bar. The reaction mixture was then heated to 80 °C, and left to stir at this temperature 

for 1.5 h, to enable complete formation of the zinc alkoxide intermediate. Then, ɛ-CL (715.0 

L, 6.5 mmol) was added into the solution. The mixture was allowed to react at 80 °C and the 

polymerization was monitored by in situ ATR-IR spectroscopy. The relative molar ratios, in 
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this case, were [LZn2(OAc)2]/[CHD]/[CHO]/[ɛ-CL] = 1/20/1000/500. Aliquots were also 

taken for 
1
H NMR characterization to check the monomer conversion. After 2.5 h, the 

polymerization was cooled to room temperature and exposed to air. The final polymer 

solution was diluted with DCM (ca. 1.0 mL). The crude polymer was purified by 

precipitation from cold MeOH (ca. 200 mL) to afford PCL as a white solid. 

Table 7.2 Relative quantities of reagents used in ɛ-CL ROP listed in Table 2.5. 

# Molar ratio Loadings CTA type t (h)
a
 

[LZn2(OAc)2]/[

CTA]/[ɛ-CL]/[C

HO] 

LZn2(OAc)2 CTA ɛ-CL CHO 

1 1/20/500/1000 10.0 mg 31.5 L 715.0 L 1.3 mL 1-hexanol 2.5 

2 1/20/500/1000 10.0 mg 31.5 L 715.0 L 1.3 mL 2-hexanol 2.5 

3 1/20/500/1000 10.0 mg 30.5 L 715.0 L 1.3 mL 2-methyl-2

-pentanol 

2.5 

a) 
Polymerization time after the addition of ɛ-CL 

Typical Procedure for the Ring-opening Copolymerizations (ROCOP) of CHO and PA 

to prepare poly(cyclohexylene phthalate) (PCHPE) (Figure 7.7, Table 7.X) 

Typically, the zinc complex 1 ([LZn2(OAc)2] 10.0 mg, 1.3  10
-2

 mmol) and phthalic 

anhydride (186.0 mg, 1.3 mmol) were dissolved in CHO (980.0 μL, 10.0 mmol), under N2 

protection, in a screw-cap vial, charged with a stir bar. The solution was then heated to 100 

o
C, and left to react at 100 

o
C for 3.5 h. The relative molar ratios of 

[LZn2(OAc)2]/[CHO]/[PA] were 1/800/100. After the complete consumption of phthalic 

anhydride, the polymerization was terminated by cooling it to ambient temperature and 

exposed to air. The crude polymer was isolated by removal of the excess volatiles (CHO) and 

the sample was analyzed by NMR spectroscopy and SEC. A sample of the crude polymer 

was also precipitated using pentane to yield a white powder. The purified sample was used 

for the DSC characterization experiments. 



Chapter 7 

209 

 

 

Figure 7.7 Synthetic route to PCHPE. 

Table 7.3 Relative quantities of reagents used in ɛ-CL ROP listed in Table 3.1. 

# Molar ratio Loadings t (h) 

[LZn2(OAc)2]/[CHO]/[PA] LZn2(OAc)2 CHO PA 

1 1/800/100 10.0 mg 980.0 L 715.0 L 3.5 

2 1/500/100 10.0 mg 615.0 L 715.0 L 3.0 

3 1/800/100 10.0 mg 980.0 L 715.0 L 4.0 

 

Synthesis of PCHPE-b-PCL block copolyesters via the sequential method (Figure 7.7) 

The [LZn2(OAc)2] (10.0 mg, 1.25  10
-2

 mmol) and phthalic anhydride (37.0 mg, 0.25 mmol) 

were dissolved in CHO (505.0 μL, 5.00 mmol), under N2 protection, in a screw vial, charged 

with a stir bar. The mixture was then heated to 100 
o
C and left to react, under inert 

atmosphere, for 2 h. After the complete consumption of PA, the reaction temperature was 

reduced to 80 
o
C, followed by the addition of ɛ-CL into the reaction (210.0 μL, 1.88 mmol). 

The mixture was allowed to react for 2 h and monitored by 
1
H NMR spectroscopy. The 

relative molar ratios of [LZn2(OAc)2]/[CHO]/[PA]/[ɛ-CL] were 1/400/20/150. The block 

copolymer was precipitated from the solution using cold MeOH (ca. 200 mL). 

 

Figure 7.7 Synthesis of PCHPE-b-PCL via the sequential method. 
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Table 7.4 Relative quantities of reagents used in Table 3.2. 

# Molar ratio Loadings t1 (h)
a
 t2 (h)

a
 

[LZn2(OAc)2]/[

CHO]/[PA]/[ɛ-

CL] 

LZn2(OAc)2 CHO PA ɛ-CL 

1 1/400/20/100 10.0 mg 505.0 μL 37.0 mg 140.0 μL 2.0 h 2.0 h 

2 1/400/20/150 10.0 mg 505.0 μL 37.0 mg 210.0 μL 2.0 h 2.0 h 

3 1/400/20/200 10.0 mg 505.0 μL 37.0 mg 280.0 μL 2.0 h 2.0 h 

4 1/400/20/0 10.0 mg 505.0 μL 37.0 mg 0.0 μL 2.0 h 2.0 h 

5
b
 1/400/20/150 10.0 mg 505.0 μL 37.0 mg 210.0 μL 2.0 h 2.0 h 

a) 
the polymerization of PCHPE block is conducted at 100 

o
C for 2.0 h (t1) before the addition 

of ε-CL at 80 
o
C.  The ROP of ε-CL is conducted at 80 

o
C for another 2.0 h (t2); 

b)
 both the 

polymerization of PCHPE block and PCL block are conducted at 100 
o
C. 

Synthesis of PCHPE-b-PCL block copolyesters from a mixed monomer feedstock of PA, CHO 

and ɛ-CL. 

Typically, the [LZn2(OAc)2] (10.0 mg, 1.25  10
-2

 mmol), phthalic anhydride (37.0 mg, 0.25 

mmol) and ɛ-CL (210.0 μL, 1.88 mmol) were dissolved in CHO (505.0 μL, 5.00 mmol), 

under N2 protection, in a screw vial, charged with a stir bar. The mixture was then heated to 

100 
o
C and left to react, under inert atmosphere, for 2.0 h. The relative molar ratios of 

[LZn2(OAc)2]/[CHO]/[PA]/[ɛ-CL] were 1/400/20/150. The crude polymer was purified by 

precipitation using cold MeOH (ca. 200 mL). 

Table 7.5 Relative quantities of reagents used in Table 3.3. 

# Molar ratio Loadings t (h) 

[LZn2(OAc)2]/[

CHO]/[PA]/[ɛ-

CL] 

LZn2(OAc)2 CHO PA ɛ-CL 

1 1/400/20/100 10.0 mg 505.0 μL 37.0 mg 140.0 μL 2.0 h 

2 1/400/20/150 10.0 mg 505.0 μL 37.0 mg 210.0 μL 2.0 h 

3 1/400/20/200 10.0 mg 505.0 μL 37.0 mg 280.0 μL 2.5 h 

4 1/400/10/150 10.0 mg 505.0 μL 19.0 mg 210.0 μL 1.5 h 

5
b
 1/400/40/150 10.0 mg 505.0 μL 74.0 mg 210.0 μL 3.5 h 
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Typical Procedure for the Combined ROP and ROCOP to yield the block copolyesters 

(PDL-b-PCHPE-b-PDL) using [LZn2(OAc)2] (Figure 7.8) 

Typically, the zinc complex 1 ([LZn2(OAc)2] 10.0 mg, 1.25  10
-2

 mmol), phthalic anhydride 

(37.0 mg, 0.25 mmol) and ɛ-DL (205.0 μL, 1.26 mmol) were dissolved in CHO (1010.0 μL, 

10.00 mmol), under N2 protection, in a screw-cap vial charged with a stir bar. The mixture 

was then heated to 100 
o
C and left to react, under an inert atmosphere, for 4.0 h. The relative 

molar ratios of [LZn2(OAc)2]/[CHO]/[PA]/[ɛ-DL] were 1/800/20/100. The polymerization 

was terminated by cooling it to ambient temperature. The crude polymer was isolated by 

removal of the excess volatiles (CHO) and a sample of this material was used for NMR 

spectroscopy and SEC analysis. A purified sample was also prepared by precipitation from a 

sample of the reaction solution using cold MeOH (ca. 200 mL), this sample was used for the 

DSC characterization experiments. 

 

Figure 7.8 Synthesis of PCHPE-b-PDL using a mixed monomer feedstock. 

Table 7.6 Relative quantities of reagents used in Table 3.4. 

# Molar ratio Loadings t (h) 

[LZn2(OAc)2]/[CHO

]/[PA]/[ɛ-DL] 

LZn2(OAc)2 CHO PA ɛ-DL 

1 1/2/800/20/0 10.0 mg 1010.0 μL 37.0 mg 0.0 L 1.0 

2 1/2/800/20/100 10.0 mg 1010.0 μL 37.0 mg 205.0 L 2.0 

3 1/2/800/20/150 10.0 mg 1010.0 μL 37.0 mg 308.0 L 2.0 

4 1/2/800/20/200 10.0 mg 1010.0 μL 37.0 mg 410.0 L 2.5 

 

Preparation of [LZn2(Ph)2] (Complex 1)
4
 



Chapter 7 

212 

 

To a precooled THF solution (-40 °C, 5 mL) of H2L (318.0 mg, 0.57 mmol) was added a 

pre-cooled THF solution (-40 °C, 2 mL) of diphenyl zinc (253 mg, 1.15 mmol). After a few 

minutes, the solution became cloudy. The mixture was allowed to react for 20 h at 25 C and 

then, the product was filtered. It was washed with cold THF (10 mL) and was isolated as a 

white powder (381 mg, 0.46 mmol, 81% yield). 

1
H NMR (TCE-d2, 403 K) d: 7.40 (br, aryl-H, 6H), 7.00 (br, aryl-H, 4H), 5.22-3.90 (br, 4H), 

3.60-2.30 (br, 16 H), 1.36 (br, 
t
Bu, 18H), 1.31 (br, CH3, 6H), 1.06 (br, CH3, 6H). 

13
C NMR 

(TCE-d2, 403 K) d: 128.1, 126.8, 63.5, 56.8, 31.4, 27.9 and 21.5. (To avoid signals being 

broadened due to the different complex conformations at low temperature, NMR was 

conducted at 403 K) Elemental Analysis: Calcd. (%): C, 66.10; N, 7.72; H, 6.70; Found (%): 

C, 66.03, H, 7.72, N, 6.66. 

Typical Procedure for the Ring-opening Copolymerizations (ROCOP) of CHO and PA 

to prepare poly(cyclohexylene phthalate) (PCHPE) using complex 1, [LZn2(Ph)2]  

(Figure 7.9) 

The zinc complex 1 ([LZn2(Ph)2] 10.0 mg, 1.25  10
-2

 mmol), phthalic anhydride (186.0 mg, 

1.26 mmol) and a stock solution of CHD (116.0 μL; 24.0 mg/mL in CHO) were dissolved in 

CHO (884.0 μL, 8.91 mmol), under N2 protection, in a screw-cap vial, charged with a stir bar. 

The solution was then heated to 100 
o
C, and left to react at 100 

o
C for 3.5 h. The relative 

molar ratios of [1]/[CHD]/[CHO]/[PA] were 1/2/800/100. After the complete consumption of 

phthalic anhydride, the polymerization was terminated by cooling it to ambient temperature. 

The crude polymer was isolated by removal of the excess volatiles (CHO) and the sample 

was analyzed by NMR spectroscopy and SEC. A sample of the crude polymer was also 

precipitated using pentane (ca. 200 mL) to yield a white powder. The purified sample was 

used for the DSC characterization experiments. 
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Figure 7.9 Synthetic route to PCHPE. 

Table 7.7 Relative quantities of reagents used in Table 3.5 

# Molar ratio Loadings t (h) 

[LZn2(Ph)2]/[CTA]/[CHO]/[

PA] 

LZn2(Ph)2 CHD CHO PA 

1 1/2/800/100 10.0 mg 2.8 mg 884.0 L 186.0 mg 3.0 

2 1/4/800/100 10.0 mg 5.6 mg 884.0 L 186.0 mg 

L 

3.0 

3 1/6/800/100 10.0 mg 8.4 mg 884.0 L 186.0 mg 3.5 

4 1/8/800/100 10.0 mg 11.2 mg 884.0 L 186.0 mg 4.0 

5 1/10/800/100 10.0 mg 14.0 mg 884.0 L 186.0 mg 4.0 

 

Typical Procedure for the Ring-opening polymerizations (ROP) of ɛ-DL to prepare 

poly(ɛ-decalactone) (PDL) using complex 1, [LZn2(Ph)2]  (Figure 7.10) 

The zinc complex 1 ([LZn2(Ph)2] 10.0 mg, 1.25  10
-2

 mmol), ɛ-DL (410.0 L, 2.50 mmol) 

and a stock solution of CHD (116.0 μL; 24.0 mg/mL in CHO) were dissolved in CHO (885.0 

μL, 8.91 mmol), under N2 protection, in a screw-cap vial, charged with a stir bar. The 

solution was then heated to 100 
o
C, and left to react at 100 

o
C for 1.25 h. The relative molar 

ratios of [1]/[CHD]/[CHO]/[ɛ-DL] were 1/2/800/200. The polymerization was terminated by 

cooling it to ambient temperature. The crude polymer was isolated by removal of the excess 

volatiles (CHO) and the sample was analyzed by NMR spectroscopy and SEC. A sample of 

the crude polymer was also precipitated using cold methanol (ca. 200 mL) to yield viscous 

liquid. The purified sample was used for the DSC characterization experiments. 
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Figure 7.10 Ring-opening polymerization of ε-DL, using [LZn2(Ph)2]. 

Table 7.8 Relative quantities of reagents used in Table 3.6. 

# Molar ratio Loadings t (h) 

[LZn2(Ph)2]/[CTA]/[CHO]

/[ɛ-DL] 

LZn2(Ph)2 CHD CHO ɛ-DL 

1 1/2/800/200 10.0 mg 2.8 mg 884.0 L 410.0 L 1.25 

2 1/4/800/200 10.0 mg 5.6 mg 884.0 L 410.0 L 1.25 

3 1/6/800/200 10.0 mg 8.4 mg 884.0 L 410.0 L 1.25 

4 1/8/800/200 10.0 mg 11.2 mg 884.0 L 410.0 L 1.25 

5 1/10/800/200 10.0 mg 14.0 mg 884.0 L 410.0 L 1.25 

 

Typical Procedure for the Combined ROP and ROCOP to yield the block copolyesters 

(PDL-b-PCHPE-b-PDL) using complex 1, [LZn2(Ph)2] (Figure 7.11) 

Typically, the zinc complex 1 ([LZn2(Ph)2] 10.0 mg, 1.25  10
-2

 mmol), phthalic anhydride 

(186.0 mg, 1.26 mmol), ɛ-DL (205.0 μL, 1.26 mmol) and a stock solution of CHD (116.0 μL; 

24.0 mg·mL
-1

 in CHO) were dissolved in CHO (885.0 μL, 8.91 mmol), under N2 protection, 

in a screw-cap vial charged with a stir bar. The mixture was then heated to 100 
o
C and left to 

react, under an inert atmosphere, for 4.0 h. The relative molar ratios of 

[1]/[CHD]/[CHO]/[PA]/[ɛ-DL] were 1/2/800/100/100. The polymerization was terminated by 

cooling it to ambient temperature. The crude polymer was isolated by removal of the excess 

volatiles (CHO) and a sample of this material was used for NMR spectroscopy and SEC 

analysis. A purified sample was also prepared by precipitation from a sample of the reaction 

solution using cold MeOH (ca. 200 mL), this sample was used for the DSC characterization 

experiments. 
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Figure 7.11 Synthesis of PCHPE-b-PDL using a mixed monomer feedstock. 

Table 7.9 Relative quantities of reagents used in Table 3.7 

# Molar ratio Loadings t (h) 

[LZn2(Ph)2]/[CTA]/[

CHO]/[PA]/[ɛ-DL] 

LZn2(Ph)2 CHD CHO PA ɛ-DL 

1 1/2/800/0/100 10.0 mg 2.8 mg 884.0 L 0.0 mg 205.0 L 1.0 

2 1/2/800/50/100 10.0 mg 2.8 mg 884.0 L 93.0 mg 205.0 L 3.0 

3 1/2/800/100/200 10.0 mg 2.8 mg 884.0 L 186.0 mg 410.0 L 5.5 

4 1/2/800/100/100 10.0 mg 2.8 mg 884.0 L 186.0 mg 205.0 L 5.0 

5 1/2/800/150/50 10.0 mg 2.8 mg 884.0 L 280.0 mg 105.0 L 6.5 

6 1/2/800/100/0 10.0 mg 2.8 mg 884.0 L 186.0 mg 0.0 L 4.5 

 

Typical procedure for the preparation of PCHPE-b-PDL heptablock copolyesters, using 

complex 1, [LZn2(Ph)2] 

The zinc catalyst 1 (10.0 mg, 1.25  10
-2

 mmol), phthalic anhydride (186.0 mg, 1.26 mmol), 

ɛ-DL (410.0 μL, 2.50 mmol) and a stock solution of CHD (116.0 μL; 24.0 mg·mL
-1

 in CHO) 

were dissolved in CHO (884.0 μL, 8.91 mmol), under N2 protection, in an ampoule charged 

with a stir bar. The mixture was then heated to 100 
o
C and left to react, under an inert 

atmosphere, for 4.0 h to reach full conversion of phthalic anhydride and ɛ-DL. Then, 

additional phthalic anhydride (93.0 mg, 6.3  10
-1

 mmol) and ɛ-DL (410.0 μL, 2.50 mmol) 

were added into the ampoule, under a N2 flow. The mixture was allowed to react for another 

3.0 h, under N2 protection, at 100 
o
C The relative molar ratios of 

[1]/[CHD]/[CHO]/[PA]/[ɛ-DL]/[PA (2
nd 

addition)]/[ɛ-DL (2
nd 

addition)] were 

1/2/800/100/200/50/200. The polymerization was terminated by cooling to ambient 

temperature. The crude polymer was isolated by removal of the excess volatiles (CHO) and a 
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sample of this material was used for NMR and SEC analysis. Purified polyesters can also be 

obtained by precipitation from the reaction solution using cold MeOH (ca. 200 mL). 

Table 7.10 Relative quantities of reagents used in Table 3.9. 

# Molar ratio Loadings t (h) 

[LZn2(Ph)2]/[CTA]/[

CHO]/[PA]/[ɛ-DL]/ 

[PA (2
nd 

addition)]/[ɛ-DL (2
nd 

addition)] 

LZn2(Ph)2 CHD CHO PA ɛ-DL 

1 1/2/800/100/200/50/

200 

10.0 mg 2.8 mg 884.0 L 186.0 mg 410.0 L 4.0 

 2
nd

 addition 

2    93.0 mg 410.0 L 3.0 

 

Typical Procedure for the Combined ROP and ROCOP to yield the block copolyesters 

using complex 1, [LZn2(Ph)2] (Table 3.10) 

Typically, the zinc complex 1 ([LZn2(Ph)2] 10.0 mg, 1.25  10
-2

 mmol), phthalic anhydride 

(186.0 mg, 1.26 mmol), ɛ-DL (205.0 μL, 1.26 mmol) and a stock solution of CHD (116.0 μL; 

24.0 mg·mL
-1

 in vCHO) were dissolved in vCHO (885.0 μL, 8.91 mmol), under N2 

protection, in a screw-cap vial charged with a stir bar. The mixture was then heated to 100 
o
C 

and left to react, under an inert atmosphere, for 5.0 h. The relative molar ratios of 

[1]/[CHD]/[vCHO]/[PA]/[ɛ-DL] were 1/2/800/100/200. The polymerization was terminated 

by cooling it to ambient temperature. The crude polymer was isolated by removal of the 

excess volatiles (vCHO) and a sample of this material was used for NMR spectroscopy and 

SEC analysis. A purified sample was also prepared by precipitation from a sample of the 

reaction solution using cold MeOH (ca. 200 mL), this sample was used for the DSC 

characterization experiments. 

 

Table 7.11 Relative quantities of reagents used in Table 3.10. 

# Molar ratio Loadings t (h) 



Chapter 7 

217 

 

[LZn2(Ph)2]/[CTA]/[

expoxide]/[PA]/[lact

one] 

LZn2(Ph)2 CHD Epoxide PA Lactone 

1 1/2/800/100/200 10.0 mg 2.8 mg 1165.0L 

(vCHO) 

186.0 mg 410.0 L 

(ɛ-DL) 

5.0 

2 1/2/800/100/200 10.0 mg 2.8 mg 884.0 L 

(CHO) 

186.0 mg 360.0 mg 

(rac-LA) 

5.5 

3 1/2/800/100/200 10.0 mg 2.8 mg 884.0 L 

(CHO) 

186.0 mg 235.0 L 

(δ-VL) 

6.0 

4 1/2/800/100/200 10.0 mg 2.8 mg 1165.0L 

(vCHO) 

186.0 mg 235.0 L 

(δ-VL) 

6.0 

 

Measurement of the Shape-memory Effect 

The shape-memory properties (fixed strain εf, residual strain εr, strain recovery capability, etc.) 

are defined and quantified using the following equations: 

εf: the fixed strain after being stretched to εmax = 300 % and left to relax freely at ambient 

temperature (18 
o
C). 

Strain fixity ratio   
  

    
                            (1) 

εr: the remaining strain after being heated to 55 
o
C for 30 s and left to cool to ambient 

temperature (18 
o
C). 

                 Strain recovery ratio   
       

    
                          (2) 

Shape memory effect as monitored by SAXS: preparation procedure 

Sample bars were stretched to 300% and left to relax at ambient temperature (20 
o
C) to ca. 

280% (fixed strain). Thereafter, the stretched sample bars were placed on hot plate (55 
o
C) 

for a predetermined time duration to reach different extents of recovery, followed by 

immediate quenching in liquid nitrogen. Sample bars with a range of strain values (ca. 0%, 

75%, 185% and 280%) were then submitted for SAXS characterization. 
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The Colloidal Self-assembly Protocol 

Self-assemblies of the block copolyesters were generally prepared according to the following 

protocol. The non-solvent, deionized water (4.0 mL) was added dropwise to the block 

copolyester solution (at a predetermined polymer concentration) in THF (2.0 mL) over a 

period of 10 min under vigorous stirring (1400 rad/min). Then, de-ionized water (2.0 mL) 

was poured into the solution to ‘quench’ the self-assembled nanostructures. The residual THF 

solvent was removed by dialysis with de-ionized water (6 × 500 mL) over 2 days. 

Synthesis of the hydrophilic epoxide monomer (ME3MO) (Figure 7.12) 
5
 

The synthesis was conducted according to the procedure reported by Wang et al.
5
 A mixture 

of tetrabutylammonium hydrogen sulfate (TBAHS, 2.53 g, 7.50  10
-3

 mmol), 

epichlorohydrin (41.41 g, 4.47  10
-1

 mmol) and NaOH aqueous solution (36.0 mL, 50 wt%) 

was vigorously stirred, at 0 
o
C. Triethylene glycol monomethyl ether (24.00 g, 1.49  10

-1
 

mmol) was added to the mixture, dropwise. After the addition of the triethylene glycol 

monomethyl ether, the mixture was left to react, at 25 
o
C, for a further 5 h. DCM (100 mL  3) 

was used to extract the product. The collected organic phases were then washed with brine 

(200 mL  3) and dried (anhydrous Na2SO4, overnight). After filtration, the solvent was 

removed in vacuo to yield a bright yellow liquid as the crude product. The pure product was 

isolated after distillation, from CaH2, and stored under nitrogen (24.57 g, yield: 65.0 %, see 

Figure 5.1 for 
1
H NMR spectrum) 

 

Figure 7.12 Synthesis of the hydrophilic epoxide monomer, ME3MO. 
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Synthesis of PCL-OH Macroinitiator (Figure 7.13) 

Typically, PCL38-OH macroinitiator was synthesized according to the following procedure. 

The organo catalyst TBD (10.0 mg, 7.20  10
-2

 mmol), ε-CL (5.0 mL, 4.31  10 mmol) and 

1-hexanol (147.0 μL, 1.44 mmol) were dissolved in dry toluene (8.6 mL), under N2 

protection, in a Schlenk tube charged with a stir bar. The reaction mixture was allowed to 

react at 25 
o
C for 6.5 h. Then benzoic acid (200.0 mg, 1.64 mmol) was added into the mixture, 

under a N2 flow to terminate the polymerization. The relative molar ratios of 

[TBD]/[1-hexanol]/[ε-CL] were 1/20/600. The crude PCL was purified by precipitation from 

the reaction solution by addition of MeOH (50 mL × 3) to yield white powder. 

 

Figure 7.13 Ring-opening polymerization of ɛ-CL, in toluene, using TBD as the catalyst and 

1-hexanol as the chain transfer agent. 

Table 7.12 Relative quantities of reagents used in Table 5.1, entry 1-2. 

# Molar ratio Loadings t (h) 

[TBD]/[n-hexanol]/[ε-CL] TBD n-hexanol ε-CL 

1 1/20/600 10.0 mg 145.0 L 5.0 mL 6.5 

2 1/20/1000 10.0 mg 145.0 L 8.3 mL 10.0 

All polymerizations were run in toluene with the initial concentration of ɛ-CL at 5.0 M using 

n-hexanol as the CTA at 25 
o
C. 

Synthesis of PCL-b-P(SA-alt-ME3MO) (Figure 7.14) 

Typically, PCL-b-P(SA-alt-ME3MO) was synthesized according to the following procedure. 

[SalenCrCl] (10.0 mg, 1.58  10
-2

 mmol), PPNCl (9.1 mg, 1.58  10
-2

 mmol), PCL38-OH 

macroinitiator (640.0 mg, 1.58  10
-1

 mmol), succinic anhydride (237.0 mg, 2.37 mmol) and 

ME3MO (600.0 μL, 2.69 mmol) were dissolved in toluene (1.5 mL), in a Schlenk tube, 

charged with a stir bar inside the glovebox. The reaction mixture was allowed to react at 80 



Chapter 7 

220 

 

o
C for 6 h. Aliquots were taken regularly to monitor the conversion of succinic anhydride 

(~80 %). Polymerization was stopped before the full conversion of succinic anhydride. The 

relative molar ratio of [salenCrCl]/[PPNCl]/[PCL-OH]/[succinic anhydride]/[ME3MO] were 

1/1/10/150/170. The crude polymer was purified by precipitation repeatedly from MeOH (50 

mL × 5), to remove any (co)catalysts, residual monomers and free P(SA-alt-ME3MO) chains, 

until the integral ratio of the PCL and P(SA-alt-ME3MO) remained constant in 
1
H NMR. 

Figure 7.14 Ring-opening copolymerization of SA and ME3MO, in toluene, using a 

[SalenCrCl]/PPNCl catalyst system and monofunctional PCL as macroinitiator. 

Table 7.13 Relative quantities of reagents used in Table 5.1, entry 3-5. 

# Molar ratio Loadings t (h) 

[SalenCrCl]/[PPNCl]

/[PCL-OH]/[SA]/[M

E3MO] 

SalenCrCl PPNCl PCL-OH SA ME3MO 

1 1/1/10/200/220 

(PCL38-OH) 

10.0 mg 9.1 mg 640.0 mg 237.0 mg 600.0 μL 9.0 

2 1/1/10/200/220 

(PCL54-OH) 

10.0 mg 9.1 mg 910.0 mg 237.0 mg 600.0 μL 9.0 

3 1/1/10/150/170 

(PCL54-OH) 

10.0 mg 9.1 mg 910.0 mg 178.0 mg 465.0 μL 6.0 

All polymerizations were run in toluene as the reaction solvent, at 80 C for 6.0-9.0 h, with 

an initial concentration of SA at 1.0 M. 

7.1.3 Procedures for the evaluation of the drug loading and release 

Procedure of making the calibration curve of DOX·HCl in PBS solution 

The procedure was previously reported by another group using tris buffer.
2
 In this work, a 

stock PBS solution (10.0 mM, pH 7.4) of DOX·HCl (500 µg·mL
-1

) was carefully diluted to a 

range of concentrations (0.5, 1.0, 2.0, 3.0 and 4.0 µg·mL
-1

) also using PBS solution (10.0 
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mM, pH 7.4). The fluorescence intensities of these samples were measured using the 

Fluorescence Spectrometer described above. The PMT (photomultiplier tube) voltage was set 

to be 570 V. 5 nm was selected as the excitation slit and 5 nm was set as the emission slit. 

Emission scan (500~800 nm) mode was used during the experiment and the λex was fixed to 

be 461 nm. The peak intensities at 591 nm were taken to prepare the calibration curve. The 

linear fitting of the calibration curve was conducted in Origin 8.1 and reported in Figure 

5.11B. The same instrument settings were used for the investigation of drug releasing 

profiles. 

Colloidal self-assembly drug-loading procedure and in vitro release.  

The loading of DOX was performed according to the following protocol. The polymer stock 

solution (2.00 mL, 1.25 mg/mL in THF) was mixed with a DOX stock solution (0.50 mL, 

0.05 mg/mL). Then, DI water (5.00 mL) was added, dropwise, to form the polyester vesicles. 

The organic solvent was removed by flushing the solution with N2 for 2 h. The residual THF 

and free DOX (not encapsulated) were removed via dialysis using a dialysis tube (MWCO = 

14000) against PBS solutions (1.0 L) at 25 
o
C. The PBS solution was renewed 6 times every 

30 min and the concentration of the PBS solutions was increased gradually from 1.0 mM, 2.0 

mM, 4.0 mM, 6.0 mM, to 8.0 mM and finally 10.0 mM, to prevent any sudden change in 

osmotic pressure across the vesicle membrane. Thereafter, the obtained solution was weighed 

and the fluorescence characterization was conducted to determine the drug loading efficiency 

(DLE). The in vitro drug releasing profile was conducted according to the following 

procedure. The DOX loaded vesicle solution (5.00 mL) was transferred immediately, to a 

clean dialysis tube (MWCO = 14000) and dialyzed against PBS solution (100.00 mL of a 

10.00 mM solution at pH 7.4) at 37 
o
C. Aliquots were taken for fluorescence characterization 

(λex = 461 nm; λem = 591 nm) at pre-determined time intervals. In the control experiment of 

free DOX delivery, a PBS solution containing DOX was prepared first. The DOX 

concentration was adjusted to a similar value with the DOX loaded vesicle solution based on 

the drug loading efficiency measured by the fluorescence spectroscopy. Then, this DOX 
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solution (5.00 mL) was transferred to a clean dialysis tube (MWCO = 14000 Da) and 

dialyzed against PBS solution (100.00 mL of a 10.00 mM solution at pH 7.4) at 37 
o
C. 

Aliquots were taken for fluorescence characterization (λex = 461 nm; λem = 591 nm) at 

pre-determined time intervals. The calibration for DOX emission was already determined and 

was applied to determine the value of Me. The drug loading efficiency (DLE) was calculated 

according to the following equation. 

                                                             
 e

 f
                               (3) 

Where Me represents the weight of drug encapsulated in vesicles, Mf stands for the starting 

weight of drug added to the solution. 

Enzymatic Biodegradation of the polyester vesicles 

Biodegradation of the polyester vesicles was conducted according to the following procedure. 

The polyester vesicle solution (1.0 mL of a solution of concentration 0.42 mg/mL) was mixed 

with of Pseudomonas cepacia lipase solution (1.0 mL, 200 unit/mL). Control samples were 

also prepared by mixing the polyester vesicle solution (1.0 mL, 0.42 mg/mL) with DI water 

(1.0 mL). The mixtures were then placed on a shaker (Eppendorf ThermoMixer, 600 rpm at 

37 
o
C) and aliquots were taken for DLS and SEC measurements at predetermined time 

intervals. 
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8.1 Techniques and methods 

In the formation of block copolymers, it is important to accurately determine the structure. 

Particularly, it is important to distinguish the block structures of ABA type and AB type 

block copolymer by analysing the end groups. The methods which are used to characterize 

the block structures are described in this section below. 

SEC: Size Exclusion Chromatography (SEC) is used to determine the molecular weight and 

dispersity (Ð) of a polymer sample. Different species can be separated according to their 

hydrodynamic size, which is achieved by passing the sample through column packed by 

porous materials. The species with smaller size enters the pores and therefore it takes more 

time for this species to pass through the column. However, the species with larger size cannot 

enter the pores and therefore it takes less time for this species to pass through the column. 

Therefore, the elution time of certain species is related to its hydrodynamic size and can be 

converted into the relative molecular weight by using standards to calibrate the column, 

assuming that all the polymer chains in solution have spherical shape. In this work, narrow 

polystyrene standards purchased from PSS were used for calibration. It is noteworthy that 

SEC converts the hydrodynamic size of a species into molecular weight using polystyrene as 

the reference, so it is strongly influenced by the structure of the polymer. For well-known 

polymers, correction factors (X) can be applied to the MWs determined using the PS 

standards.  

                          

When the polymer chains in one polymer sample have closely related lengths, the SEC trace 

is usually a Gaussian distribution with a narrow distribution. However, when the SEC trace 

appears to be broad or lopsided, this indicates that not all of the chains have the same 

propagation rates, which is often due to the presence of different chain structures. SEC is the 

most commonly applied method to confirm the formation of block copolymers. For an ABA 
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type block copolymer, SEC trace of ABA shifts to a higher MW than that of the 

macroinitiator (the B block). 

The molecular weights and dispersities were characterized using an Agilent PL GPC-50 

instrument, with HPLC grade THF as the eluent at a flow rate of 1.0 mL·min
-1

 at 40 
o
C. Two 

PLgel Mixed D columns (particle size: 5 µm; linear MW operating range: 200-400000 

g·mol
-1

) were used in series. Near monodispersed polystyrene standards (Polymer Standards 

Service) were used to calibrate the instrument. The polyesters were dissolved in HPLC grade 

THF and filtered prior to analysis. In some cases, a different SEC instrument was used: A 

Shimadzu LC-20AD, was used to characterize the molecular weights and dispersities, using a 

Multi-Angle Laser Light Scattering Detector (MALLS) detector, with two Mixed Bed PSS 

SDV linear S columns and THF as the eluent, at a flow rate of 1.0 mL·min
-1

 at 30 °C. This is 

due to the fact that MALLS detector is connected to the Shimadzu system. This instrument 

was used when the MALLS detector was required to determine the absolute molecular 

weights. The MALLS detector was calibrated by polystyrene standards and the dn/dc values 

were measured using an external RID detector (Knauer) with at least 3 different 

concentrations of the polymer to be analysed (Figure A2 and A4). Basically, the refractive 

index values of the polymer solutions were plotted against the corresponding concentrations. 

Linear fitting was applied to the plots (software: Astra 6.1 from Wyatt Technology) and the 

dn/dc value was taken from the slope of the linear fitting. The limitation of this method is that 

the dn/dc value of a polymer changes over MW.
1
 Therefore, it is important to check the dn/dc 

value of individual polymers. Crude polymers were used for SEC characterization unless 

stated otherwise. 

NMR: NMR spectroscopy of polymers is usually complicated due to the fact that a polymer 

sample is a mixture of polymer chains with different MWs, leading to the peak broadening. It 

is possible to characterize the final repeat unit at the chain end as the chemical shift of that 

final repeat unit is often distinct. Therefore, it might be possible to calculate the molecular 

weight of the polymer using the normalized integral of the 
1
H NMR signals of both the end 
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groups and the backbone signals. It is noteworthy that due to the weak signals of the end 

groups, the MWs calculated via 
1
H NMR may not be accurate. For polymers with high 

molecular weight, it could be very hard to detect the end group signals. 

1
H, 

13
C{

1
H}, 

31
P{

1
H} and 2D NMR (COSY & HSQC) spectra were recorded using a Bruker 

AV 400 spectrometer at room temperature (unless otherwise stated). Spectra were processed 

and analyzed using Mestrenova software (version 8.0). All the 
1
H NMR data used for end 

group calculation were recorded with extended relaxation delay (d1) of 25s. All the 
31

P{
1
H} 

NMR data used for end group determination were recorded with extended relaxation delay 

(d1) of 15 s (longest t1 was determined to be 3s). It is not always possible to detect the 

hydroxyl signals in 
1
H NMR spectroscopy due to the fast proton exchange of hydroxyl 

groups with residual water or other protic sources. Therefore, the reaction between hydroxyl 

groups and 2-chloro-4,4,5,5-tetra-methyldioxaphospholane is used to characterized the nature 

of the end groups.
2
 This method can be used to characterize polymeric species featuring 

hydroxyl end groups, by reacting the hydroxyl terminated polymers with a dioxaphospholane, 

using Bis-phenol A (138.57 ppm) as the internal reference. Typically, hydroxyl groups have 

31
P signals ranging from 146 ppm to 148 ppm (usually, 146.4-147.8 ppm for primary 

hydroxyls and 146.1-146.2 ppm for secondary hydroxyls).
2
 Carboxylic acid end groups 

appear at ca. 135.5-135.7 ppm.
2
 

Sample preparation procedure for end group (–OH) determination using 
31

P NMR 

The preparation procedure was according the procedure reported previously by Spyros et al.
2
 

Typically, a stock solution was prepared by dissolving 400 mg of Bisphenol A (BPA) and 5.5 

mg of Cr(acac)3 in 10 mL of pyridine. A polymer solution in CDCl3 with the concentration of 

30 mg/mL was then prepared. A 400 μL of the polymer solution and 40 μL of the stock 

solution were mixed in a 5 mm NMR tube. Thereafter, excess 2-chloro-4,4,5,5-tetramethyl 

dioxaphospholane (40 μL) was transferred into the NMR tube. The mixture was allowed to 

react for 6.0 h prior to characterization. 
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1
H DOSY NMR Spectroscopy: Diffusion ordered spectroscopy (DOSY) distinguishes the 

NMR signals based on the different diffusion coefficients of the species, which provides a 

means to determine whether all NMR signals belong to one species. Spin-echo spectra, with 

different pulsed field gradient strengths are collected and the signal decays are measured. The 

spin-echo intensity of a spin active nucleus, (I), relates to the diffusion coefficient (D) of the 

molecule by the following equation: 

   
 

  
             

 

 
   

where γ is the gyromagnetic ratio, δ is the length of the gradient pulse, G is the gradient 

strength, and Δ is the delay between gradient midpoints, D is diffusion coefficient, I is spin 

echo intensity. 

From the diffusion coefficient of a species, its hydrodynamic radius (Rh) can be calculated 

using Stokes-Einstein equation: 

    
   

    
 

where kB is the Boltzmann constant, T is the temperature, and η is the solvent viscosity at the 

measured temperature, D is the diffusion coefficient, Rh is the hydrodynamic radius. 

DOSY measures the diffusion coefficient which can be converted to the hydrodynamic radius 

using Stokes-Einstein equation, based on assumptions. In polymer chemistry 
1
H DOSY NMR 

spectrum can be used to characterise block copolymers. For a block copolymer, all the 
1
H 

NMR signals should have the same diffusion coefficient. However, if the block copolymer 

sample also contains homopolymer species, 
1
H NMR signals would show different diffusion 

coefficients. 

In this thesis, 
1
H DOSY experiments were performed on a Bruker AV 500 spectrometer at a 

steady temperature of 298 K with at least 32 gradient increments using the ledbpgp2s 

sequence. Complete diffusion was ensured using the T1/T2 module of Topspin and DOSY 
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transformations using either mono, bis- or tri-exponential fitting were performed using the 

same software after zero filling. Further processing was achieved using the topspin software 

(version 3.1); DOSY data collection and analysis were carried out by Mr. Peter Haycock at 

Imperial College London. 

MALDI-ToF: Matrix-assisted laser desorption/ionization time of flight analysis 

(MALDI-ToF) is a soft ionization technique for mass spectrometry. Typically, each polymer 

chain with a specific molecular weight contributes a separate signal. The difference in m/z 

between two neighboring signals should equal to the molar mass of the repeat unit of that 

polymer. When all polymer chains have the same structure but different chain length, only 

one distribution can be observed. However, if the polymer chains have different end groups, 

several distributions can be observed. These distributions usually separated by the same 

repeat unit but differ in the end group mass. In this thesis, potassium ions are used as the 

ionizing agent in order to generate the spectrum. Therefore, K
+
 ion must be taken into 

account when calculating the theoretical mass. In the case when polymers are end-capped by 

an anionic end group, e.g. -COO
-
 , then it is possible that one potassium ion forms a salt with 

the end group and another potassium ion acts as the ionizing agent, leading to the detection of 

a polymer structure of P-2K
+
. Although MALDI-ToF is a powerful technique to determine 

the polymer structure, it is noteworthy that different species are ionized or accelerated in 

different ways. The intensity of a signal should not be used to quantify the relative 

concentration of the polymeric species 

MALDI-ToF spectra of polyesters were carried out on Waters/Micromass MALDI micro MX 

spectrometer. For homopolyesters, samples were dissolved in THF along with a dithranol 

matrix, at a loading of 1:5, using potassium trifluororacetate (KTFA) as the cationizing agent. 

For alternating polyesters, samples were dissolved in THF, at a concentration of 1 mg·mL
-1

. 

Trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) was used 

as the matrix, at a concentration of 10 mg·mL
-1

 in THF. Potassium trifluoroacetate (KTFA) 

was used as the cationizing agent, at a concentration of 1 mg·mL
-1

. In both cases, the 
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solutions of polymer, matrix and salt were mixed in a ratio of 1/1/1 (v/v/v), respectively. The 

mixed solution was spotted on a stainless steel MALDI plate repeatedly (5 times) and left to 

dry in the fume hood, overnight. The spectrum was recorded using reflectron mode. 

In situ ATR-IR Spectroscopy: In situ ATR-IR spectroscopy allows a reaction to be 

monitored in real time, by monitoring the intensity changes of the vibrational modes of 

certain compounds. An ATR-IR probe is placed inside the reaction mixture and spectra are 

recorded at predetermined time intervals. In this thesis, it was used to determine whether or 

not the two polymerisation approaches (ROCOP and ROP) are occurring simultaneously or 

sequentially. Characteristic peaks are assigned to the species (monomers or polymers) via 

control experiments (conventional ATR-IR of the pure species). 

The conversion at specific time points can be determined using 
1
H NMR spectroscopy of 

aliquots and the following relation used. 

            
    
    

                     

where I = Intensity, I0 = Initial intensity, Imax = Intensity at complete conversion. 

The polymerizations were monitored using a Mettler-Toledo ReactIR 4000 spectrometer 

equipped with a MCT detector and a silver halide DiComp probe. The data was calibrated by 

independent determination of the conversion of the monomer, using 
1
H NMR spectroscopy. 

Typically, PA (89.0 mg, 0.6 mmol), CHO (2.0 mL, 19.2 mmol), ɛ-DL (210.0 µL, 1.2 mmol) 

and [LZn2(Ph)2] (10.0 mg, 0.012 mmol) were added into a two neck Schlenk tube under 

nitrogen, inside the glove box. Then, the React-IR probe was placed in this two neck Schlenk 

tube. The reaction mixture was allowed to react at 100 
o
C under nitrogen. Aliquots were 

taken at certain intervals under a positive flow of N2 to check the monomer conversion. The 

reaction was quenched by exposure to air. The polymer was purified by precipitation from 

excess cold MeOH (ca. 200 mL). 
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Thermal Analyses: Differential Scanning Calorimetry (DSC) compares the heat required to 

increase the temperature of a sample against the reference, which can be used to characterise 

the thermal transitions of polymer samples. Typically, the sample and reference are 

maintained at the same temperature, while the temperature is increased linearly. The amount 

of heat required to keep the sample temperature the same as the reference temperature is 

measured. When a thermal transition of the polymer sample occurs, endothermic or 

exothermic heat flow can be detected. Glass transition is related to a change in heat capacity 

of a sample and causes a baseline shift. Melting is an endothermic process and crystallisation 

is an exothermic process. A typical DSC curve is a plot of heat flow (Y axis) against 

temperature (X axis). The enthalpies associated with the thermal phase transitions can be 

calculated by integration of a certain transition, given that the mass of the sample is known 

and accurate. 

      

where ΔH is the enthalpy of the transition, K is the calorimetric constant and A is the area of 

the transition. 

For amorphous polymers studied in this thesis, the main transition determined by DSC is the 

glass transition temperatures (Tg). The glass transition temperature is related to the chain 

mobility and is affected by the chain length, the backbone structure, the nature of the side 

chains and end groups. Polymers with high Tg values are usually rigid plastics, while 

polymers with low Tg values (< room temperature) are usually soft materials. 

The thermal properties of a copolymer can indicate its structure. For instance, distinct Tg 

values can be observed in DSC when the blocks are not miscible. Also, these Tg values of the 

blocks should appear in the similar region to the Tg values of their homopolymer analogues. 

However, when the blocks are completely miscible, only a single Tg can be observed. In this 

case, the Fox-Flory equation can be used to predict the Tg value. 
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where w1 = weight fraction of 1
st
 block; Tg,1 = glass transition temperature of 1

st 

homopolymer at infinite chain length; w2 = weight fraction of 2
nd

 block; Tg,2 = glass transition 

temperature of 2
nd

 homopolymer at infinite chain length; Tg = glass transition temperature of 

the copolymer. 

However, the results given by the Fox-Flory equation are only correct when the blocks are 

fully miscible. Therefore, if the experimental Tg value is in poor agreement with the 

Fox-Flory result, this indicates that the blocks may not be fully miscible. 

The thermal properties were measured using DSC Q2000 (TA Instruments, UK). A sealed 

empty crucible was used as a reference, and the DSC was calibrated using indium. Samples 

(usually, 5-10 mg) were heated from room temperature to the predetermined temperature, at a 

rate of 10 
o
C·min

-1
, under helium flow (50 mL·min

-1
), and were kept at that temperature for 2 

min to erase the thermal history. Subsequently, the samples were cooled to another 

predetermined temperature, at a rate of 10 
o
C·min

-1
, and kept at that temperature for further 2 

min, followed by a heating procedure from the predetermined lower temperature to the higher 

temperature, at a rate of 10 
o
C·min

-1
. Each sample was run for three heating−cooling cycles. 

The glass transition temperatures (Tg) reported are taken from the third cycle. Usually, the 

heat capacity of the polymer increases above the glass transition temperature. Therefore, DSC 

is a good method to determine the glass transition temperature, Tg. However, the glass 

transition usually occurs over a range of temperatures rather than at one unique temperature. 

Thus, glass transition temperature is usually defined as the temperature in the middle of the 

inclined temperature range. The DSC data collection and analysis in this work were carried 

out using Universal Analysis 2000 (verison 4.3A from TA Instruments). It is important to 

note that the glass transition temperature determined by DSC also depends on the heating rate. 

Using high heating rate (> 10 
o
C·min

-1
) benefits the Tg detection because the heat flow signal 

during the glass transition can be enhanced with less increase in noise. However, the glass 
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transition temperature shifts to higher temperature at higher heating rate due to the fact that 

the glass transition is a ‘structural relaxation’. If the heating rate is much larger than the 

relaxation time of the polymer, the ‘structural relaxation’ does not have enough time to occur 

during the observation time, leading to the increase in the Tg value.
3
 Considering that most of 

the DSC measurements in literature were conducted at a rate of 10 
o
C·min

-1
,
 
the same heating 

rate was also applied in this work to allow the comparison between the value reported in this 

work and in literature. 

Thermo-gravimetric analysis (TGA) measures the weight change of a sample against 

temperature, which usually use to characterize the thermal degradation of a material. 

Typically, a sample (10-20 mg) is placed in a sample pan and heated linearly (constant 

heating rate) to a predetermined temperature in air or an inert gas (N2 in this work), while the 

weight of the sample is monitored over the experimental period. Usually, the furnace 

temperature is calibrated using standard materials like alumel, zinc or perkalloy. The 

microbalance is calibrated using a standard weight (100 mg). A TA instrument (TGA 550) 

was used to characterize all the multiblock copolymer samples in this work. All 

measurements were conducted under nitrogen with a heating rate of 20 °C·min
-1

, from the 

ambient temperature to 450 
o
C. 

Mechanical Measurements: Solvent-cast polyester sheets were prepared by pouring DCM 

solutions of the polymer into a Teflon mold. The solvent was slowly evaporated, in the fume 

hood, at room temperature for 2 months. 
1
H NMR spectroscopy was used to check for any 

solvent residues. After 2 months, the DCM peak could no longer be observed, indicating the 

polyester sheets are sufficiently dry for mechanical tests. Dumbbell-shaped sample bars were 

then cut from the polyester sheet (35 mm in length, 2.1 mm in gauge width as described in 

the standard, ISO 527) using a Zwick Punch (Zwick D-7900, Ulm-Einsingen Type 7102, 

Werk-Nr. 85688) with cutting blades in the lab of Prof. Milo Shaffer. The operation training 

of the Zwick Punch was conducted by Dr. David Anthony from Prof. Milo Shaffer’s group at 

Imperial College London. Approximately 6 months after the solvent-casting experiments, the 
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mechanical properties including strength, elongation and Young’s modulus (Table 4.2 and 

Figure 4.4) were measured in the lab of Prof Marc Hillmyer at the University of Minnesota. 

The operation training was conducted by Mr. Guilhem De Hoe from Prof Marc Hillmyer’s 

group. The measurements were conducted at ambient temperature and humidity (22.0 
o
C and 

16 %) on a Shimadzu AGS-X 500N Tensile Stress Tester instrument, at 10 mm/min extension 

rate, using the ISO-527 standard. The results were analyzed using TRAPEZIUMX V1.4.0 

software. The thickness of a sample bar was measured using a caliper and the average value 

was calculated using the thickness measured at three different positions on an individual 

sample bar. The length of a sample bar between two pneumatic grips was also measured 

using a caliper. The average thickness, width and the length between grips were input into the 

software prior to testing. The stress, strain values and Young’s modulus were calculated using 

the same software. 

The plastic-to-rubber transition (Figure 4.5) were measured at ambient temperature and 

humidity (21.8 
o
C and 21 %) on a Linkam TST350 Tensile Stress Tester instrument at 10 

mm/min extension rate and 10 mm/min retraction rate, in the lab of Prof. Milo Shaffer. The 

operation training was conducted by Dr. David Anthony from Prof. Milo Shaffer’s group at 

Imperial College London. The cross section has to be set as 0.001 x 0.001 mm
2
 in the 

software prior to testing. Therefore, the strain and stress values given by the software need to 

be corrected manually using the original values of the cross section. The thickness and width 

of a sample bar were measured using a caliper and the average value was calculated using the 

values measured at three different positions on an individual sample bar for further 

calculation. Also, the starting length of a sample bar between two grips was also measured 

using a caliper for further calculation. 

In this thesis, only the engineering stress and the engineering strain were calculated and 

plotted, instead of the true stress and the true strain. The engineering stress is the applied 

force divided by the original area of the cross section of a material, while the true stress is the 
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applied force divided by the actual cross section area of the sample bar at that force. The 

engineering stress values were calculated using the following equation: 

       

Where σ is the engineering stress value, F is the applied force and A0 is the original area of 

the cross section. 

The engineering strain values were calculated using the following equation: 

        

Where ɛ is the engineering strain value, Δl is the change in length and l0 represents the 

original value of the gage length. 

It is noteworthy that the crosshead displacement value was used to calculate the engineering 

strain, which overestimates the true displacement value. Therefore, the upper bound of the 

engineering strain was calculated based on the crosshead displacement, assuming that 

machine compliance and any slip in the grips are negligible. 

Dynamic Mechanical Thermal Analysis (DMTA): DMTA is a very versatile and sensitive 

technique to measure the polymer viscoelastic mechanical properties. The viscoelastic 

properties can be studied either over a set temperature or a set frequency. In a typical DMTA 

experiment, a sinusoidal stress is applied to the sample and the strain is measured. For a 

completely elastic material, the strain will be perfectly in phase with the stress, (phase angle 

= 0°). However, for a viscous fluid, a 90° phase lag of the strain will be observed, comparing 

to the stress. Viscoelastic materials, like polymers, exhibit a phase lag in between these 2 

values. 

In this thesis, DMTA tests were performed on the solvent cast samples using an RSA (RSA 

G2, TA instrument). The dynamic moduli were measured as a function of temperature, at a 

frequency of 1 Hz, a strain value of 1%, and a ramp rate of 3 °C·min
-1 

from -55 to 100 
o
C. 
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The tests were conducted under the tensile mode. Therefore, to avoid the sample bar turning 

into viscous liquid inside the instrument, the upper temperature was set to be 100 
o
C based on 

the Tg value given by DSC measurements. The characterization conditions (e.g. frequency, 

heating rate and strain value) were chosen from literatures to allow the comparison between 

the values in this work and the values reported in the literatures. During the DMTA analysis, 

the viscoelastic properties of the material are characterized via the application of a sinusoidal 

deformation at certain frequencies and the response of the material is monitored. Polymers 

are viscoelastic materials. This means the response of a polymer to an applied deformation 

depends on the speed of the deformation.
4
 By definition, frequency is the inverse of time (1/t), 

thus high frequency means short time while low frequency means long time. Therefore, the 

storage modulus and the glass transition temperature of a polymer increase with frequencies.
4
 

Although the Tg values measured by DMTA are not discussed in this thesis, it is important to 

note that the glass transition is a ‘structural relaxation’, involving the segmental motion. 

Since the rate of the segmental motion depends on temperature, the relaxation occurs at 

higher temperature with increasing frequency. This results in the increase of Tg values with 

increasing frequency. The increase of Tg values can also be observed when the heating rate is 

increased in DSC measurements, as discussed in the DSC section. 

SAXS characterization: SAXS is a technique which can be used to evaluate the structure 

with the length scales of 1~100 nm. The scattering vector, q, is used in scattering 

characterizations. The scattering vector is defined by the following equation: 

  
      

 
 

where q is the scattering vector; λ is the wavelength of the X-ray; θ is the Bragg scattering 

angle. 

The scattering vector can be converted into the real space (d) using the following equation: 
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Since SAXS provides the morphology information from a much greater volume than TEM, it 

is more statistically representative. Highly intense X-rays can be acquired from a synchrotron 

X-ray source. Using the synchrotron X-ray facility, large detector distances can be used to 

facilitate the detection of signals at very low q, which allows the evaluation of morphologies 

at the scale of hundreds of nanometres. 

SAXS analysis in this thesis was conducted in collaborations with Prof. Marc Hillmyer and 

was performed by Dr Madalyn R. Radlauer at the Advanced Photon Source (APS) at 

Argonne National Laboratory at the DuPont-Northwestern Dow Collaborative Access 

Team (DND-CAT) Synchrotron Research Centre located at Sector 5 of the APS. For these 

experiments, the energy was 16.4000 keV, and scattering intensities were monitored using a 

CCD area detector, at a sample to detector distance of 850 cm. All experiments were 

conducted at ambient temperature using solvent-cast polymer sheets. The solvent was slowly 

evaporated, in the fume hood, at room temperature for 2 months. The solvent peak (DCM) 

can no longer be observed after 2 months, indicating the polyester sheets are sufficiently dry. 

Some dry polymer sheets were further annealed at 130 
o
C under N2 over 48.0 h, prior to 

SAXS characterization. To obtain 1-D spectra, the 2-D scattering patterns were azimuthally 

integrated to give the scattering intensity with respect to the scattering vector (q). 

WAXS characterization: The scattering of X-rays by the crystalline structure generates a 

characteristic pattern. The intensities and positions of the scattering pattern can be used to 

evaluate the crystallographic information and in terms of polymeric materials, the 

crystallinity. The relationship between the scattering angle and the real space distance can be 

described using the Bragg’s Law: 

          

where n is a positive integer; λ is the wavelength of X-ray; θ is the scattering angle and d is 

the real space distance. 
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WAXS analysis is usually performed at wide angle (2θ ≥ 5
o
), which is corresponding to the 

length scale of ca. 1 nm. Although WAXS should be considered as a non-destructive 

technique, it might be destructive to polymers having weak inter-chain bonds or low melting 

temperature. In this thesis, WAXS was used to check whether the multiblock copolyesters 

discussed in chapter 4 is amorphous. The WAXS characterization was conducted by Mr 

Richard Sweeney from the Department of Materials at the Imperial College London. All 

characterizations were conducted at ambient temperature using the same samples as the ones 

previously used for SAXS characterization 

Transmission Electron Microscope (TEM): Instead of using photons, TEM uses electrons to 

characterize the microstructure of the samples. At sufficiently high accelerating voltages, the 

de Broglie wavelength of an electron is significantly less than interatomic distances. By using 

electron optical lenses, it is possible to illuminate and form images of samples at much higher 

resolution than is possible in a conventional light microscope. By changing the accelerating 

voltage of an electron source, the electron energy can be easily controlled. In order to avoid 

the interaction between electrons and atmosphere atoms, it is critical to apply high vacuum to 

the TEM column (usually, 10
-4

 mbar to 10
-13

 mbar). The electrons are generated from the 

sharp tip of the electron filaments (thermionic emitters) when heat is applied to the filaments. 

Usually, a field emitter has a tungsten filament and an electric field. After the generation of 

electrons, several electromagnetic lenses are used to focus the electron beam to the samples 

within the TEM column. The interaction between the sample and the electron beam produces 

the image. It is important to prepare the sample with very thin thickness (< 100 nm) to allow 

the electrons to transmit through the sample. The final image can be seen on a fluorescent 

screen and can also be captured using a CCD camera. 

Microtoming and TEM for TPEs and Shape Memory Polymers. Samples were trimmed by 

hand to reveal a stub with a superficial area of 250×250 µm
2
, then stained with ruthenium 

tetroxide (RuO4) vapour for 4 hours, to enhance contrast between microphases.
5
 RuO4 

selectively stains the aromatic PCHPE domains, resulting in the (PCHPE) phase appearing 
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darker than the PDL domain during imaging. Furthermore, the RuO4 vapor also hardens the 

polymer samples, allowing for room-temperature microtoming.
6
 After staining, the samples 

were microtomed, at room temperature, and cut speeds of 2 to 4 mm/s, using a Leica EM 

UC6 ultramicrotome and a MicroStar diamond knife. Usually, the microtoming of soft 

materials like polymer needs to be conducted using liquid N2 to prevent the morphology 

being scrambled by the shear force applied during the microtoming This unconventional 

procedure (sample hardening via heavy metal staining) permitted the blends to be readily and 

rapidly microtomed to give sections approximately 80 nm thick. These sections were then 

collected on a tabbed copper grid (PELCO, 300 mesh), and imaged using a FEI Tecnai G2 

Spirit BioTWIN transmission electron microscope operating at a 120 kV accelerating voltage. 

TEM for Self-assembled Nanostructures. Copolyester solutions were diluted 10 fold at 20 
o
C, 

prior to sample preparation. Amorphous carbon-coated copper TEM grids (Agar Scientific) 

were plasma glow-discharged for 30 s, to generate a hydrophilic surface. Individual samples 

(10 μL) were placed onto the freshly discharged grids for 1 min, before being blotted with a 

filter paper to remove any excess liquid. Uranium acetate (0.75 w/v %) was used to stain the 

aggregates; by soaking the sample-loaded grids for 20 s. Then, the excess staining solution 

was carefully removed and the grids were dried under vaccum. The sample-loaded grids were 

further dried inside the fume hood overnight prior to characterization. Characterization was 

conducted by Dr. Jens Gaitzsch from Prof. Giuseppe Battaglia’s group at UCL on a Phillips 

CM100 instrument at 100 kV, equipped with a Gatan 1 k CCD camara. The TEM images 

were collected and processed using the Gatan Microscopy Suite software. 

Dynamic light scattering (DLS): DLS was used to determine the hydrodynamic radius (Rh) 

and polydispersity of the self-assemblies formed from PCL-b-P(SA-alt-ME3MO) block 

copolymers in aqueous solution. The DLS measurements were conducted using a Zetasizer 

Nano series instrument (Malvern Instruments Zen1600). The scattering angle was fixed at 

173
o
. Data processing was carried out using cumulant analysis of the experimental correlation 

function and analyzed using the Stokes−Einstein equation to calculate the hydrodynamic 
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radius of the aggregates. All the aqueous aggregate solutions were analyzed using disposable 

polystyrene cuvettes. 

The field correlation function, g
(1)

(t), is calculated from the measured intensity auto 

correlation function, g
(2)

(t) through the Siegert equation below. 

)()( )()(  12 1 gg 
 

In a polydispersed spheres solution, the g
(1)

(t) (first-order electric field correlation function) is 

related to G(Г) (the line width distribution function) by the following equation
7
 

 


 deGtg t

0

)1( )()(
 

where t refers to the delay time. Both the cumulant analysis and the CONTIN analysis are 

employed as data processing methods. The cumulant analysis (the following equation) can be 

applied to describe logarithm of g
(1)

(t) as a series expansion of time (t). 

...)()()]([ )(  33221

62
ttttgIn



 

 <Г>, the first cumulant, is the decay rate of the process which yields the z-averaged 

diffusion coefficient and the second cumulant (μ2) is correlated to the second moment of the 

distribution of relaxation times by the following equation: 

 


dG 2

0
2 )()(

 

where G(Г) is a line width distribution function and Г is given by the following equation 

2Dq  

where D is the translation diffusion coefficient, and q [=(4πn/λ0) sin (θ/2)] is the scattering 

vector, θ is the scattering angle, n is the refractive index of the solvent, and λ0 is the 

wavelength of the incident light. 
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<Г> and μ2 can be acquired directly by the cumulant methods and meanwhile the 

hydrodynamic radius distribution ƒ(Rh) can be obtained by the CONTIN program in the 

correlator. Then with the assistance of the Laplace inversion, the line width distribution 

function G(Г) can be calculated based on the measured g
(1)

(t). For a diffusive relaxation, Г 

can be interrelated to D (the translational diffusion coefficient) by Eq. 6. Based on the 

mathematical relation mentioned above, G(Г) can be converted to ƒ(Rh) according to the 

following equation, namely the Stokes-Einstein equation. 

D

Tk
R B

h
6



 

where kB is the Boltzmann constant, T is the absolute temperature, and η is the viscosity of 

the solvent. 

Zeta Potential: The particle charge controls the physical stability of emulsions and 

suspensions. Higher particle charge means higher electrostatic repulsion between the particles, 

leading to better physical stability. Typically, the particle charge is evaluated by the zeta 

potential. In this thesis, the physical stabilities of the micelles or vesicles as a function of 

temperature are characterized by the zeta potential. Generally, due to the presence of surface 

functional groups, particles have surface charge, also known as the Nernst potential. The 

degree of the dissociation of the surface functional groups is influenced by the pH value of 

the colloid solution, thus zeta potential is a pH-dependent value. 

In the media containing electrolytes, ions adsorb onto the particle surface. The first adsorbed 

monolayer of ions is the inner Helmholtz layer and the second layer is the outer Helmholtz 

layer. The combination of the inner and outer Helmholtz layers is the Stern layer. Outside the 

Stern layer, there is a ‘diffuse layer’ consisting of freely diffusing ions. The interface between 

the ‘diffuse layer’ and the media is where the surface charge of the particle is completely 

compensated. The zeta potential is measured based on the electrophoretic particle mobility in 

an electrical field. During the movement of the particle, the ‘diffuse layer’ of the particle is 
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sheared off and this potential at the plane of shear is defined as the zeta potential. 

Zeta potential studies were conducted over the temperature range 20-85 
o
C (temperature 

interval: 5 
o
C), using a ZETASIZER Nano series instrument (Malvern Instruments). Data 

collection and processing were carried out using Zetasizer software (version 7.11 from 

Malvern Instruments). All experiments were conducted using clear disposable zeta cells using 

distilled water as the dispersant. The pH value was measured prior to the monitoring. The 

temperature equilibrium time was set to be 120 s. The zeta potential data were taken from the 

average values of three individual runs and reported in Figure A5. 

Fluorescence Spectroscopy: A fluorophore can be excited to an excited state when it absorbs 

a photon of light at a specific wavelength. Then another photon at a higher wavelength will 

be emitted by the fluorophore when it relaxes to its ground state. This photon is detected by 

the detector and the signal is converted into the intensity of the fluorescence. The brightness 

of a fluorophore is influenced by the quantum yield and the molar extinction coefficient. The 

molar extinction coefficient indicates the ability of a fluorophore absorbing light at a certain 

wavelength, while the quantum yield suggests the efficiency of a fluorophore. Beer-Lambert 

law (see below) can be used to determine the concentrations of dilute fluorophores: 

         

where A = absorption, ε = molar extinction coefficient (L·mol
-1

·cm
-1

), l = path length (cm)  

C = concentration (mol·L
-1

). 

Fluorophores are characterised by their specific excitation and emission spectra. In this thesis, 

fluorescence experiments were carried out to evaluate the drug-loading efficiency, DOX was 

used as the anti-cancer drug (also as the fluorophore). Experiments were conducted using a 

Cary Eclipse Fluorescence Spectrometer (VARIAN). 
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Appendix A − Data 
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Figure A1. SEC traces of PCHPE-b-PCL and PCHPE. The low molecular weight shoulders 

can be assigned to free PCHPE. Curves correspond to entries 1-4 in Table 3.2, respectively. 
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Figure A2. Plots of differential refractive index against the concentration of the alternating 

polyester (PCHPE) in THF at 25 
o
C. The dn/dc value is determined via linear fitting as 0.133 

± 0.001 mL·g
-1

. 

 

Figure A3. 
1
H NMR spectrum of PDL homopolymer (Table 3.6, entry 5) in CDCl3. 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5

0.2

0.3

0.4

0.5

0.6

 Experimental data

 Linear Fitting

D
if

fe
re

n
ti

a
l 

re
fr

a
c
ti

v
e
 i

n
d

e
x

Concentration (g/mL)

y = 0.0668x + 0.2229

R
2
 = 0.999

 



Appendices 

246 

 

Figure A4. Plots (Table 3.6, entry 2) of the differential refractive index against the 

concentration of the polyester, poly(decalactone) (PDL) in THF at 25 
o
C. The dn/dc value is 

determined via linear fitting as 0.067 ± 0.001 mL·g
-1

. 
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Figure A5. The thermoresponsive behavior monitored by the change in zeta potential at 

different temperature in distilled water. The pH value at 20 
o
C was measured to be 6.8. The 

LCST of the hydrophilic block in the copolyester vesicles is 75 
o
C, suggesting that the 

hydrophilic corona of the vesicles is stable at physiological temperature. 

 

 

Figure A6. The chemical structure of the di-zinc complex with acetate co-ligand. 
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Figure A7. 1
H NMR spectrum of [LZn2(Ph)2] in TCE-d2 at 403 K.  
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Figure A8. 
13

C{
1
H} NMR spectrum of [LZn2(Ph)2] in TCE-d2 at 403 K. Free benzene was 

formed due to the reaction between [LZn2(Ph)2] and trace of water in the TCE-d2 solvent at 

403 K. 

 

Figure A9. 
1
H-

13
C HSQC spectrum of [LZn2(Ph)2] in TCE-d2 at 403 K. 
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Figure A10. The ATR-IR spectra of pure ε-DL monomer and PDL homopolymer. 

Absorptions at 1735 and 1190 cm
-1

 are assigned to ε-DL and PDL, respectively. Although 

there are other absorptions of ε-DL monomer at lower wavenumbers, they overlap with the 

solvent (cyclohexene oxide) absorptions. 
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Figure A11. The 
13

C{
1
H} NMR spectrum of the (A) PDL-b-PCHPE-b-PDL copolyester 

treated with 1,5,7-Triazabicyclo[4.4.0]dec-5-ene (TBD) at 60 
o
C for 48 h in an NMR tube, 

using toluene-d8 as solvent, under N2; (B) Enlarged carbonyl region corresponding to the 

selected area in (A), the new carbonyl signals evolving after transesterification are 

highlighted. 
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Figure A12. SAXS profiles of PDL-b-PCHPE-b-PDL triblock copolyesters. Domain spacing 

(D) values are calculated (D = 2π/q) to be 10.6 nm, 12.1 nm and 11.8 nm, corresponding to 

#2, #3 and #4 in Table 4.1, respectively. 
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Figure A13. SAXS profiles of PDL-b-PCHPE-b-PDL multiblock copolyesters after 

thermally annealed at 130 
o
C for 48.0 h. Domain spacing (D) values are calculated (D = 2π/q) 

to be 14.1 nm, 12.1 nm, 13.5 nm and 11.9 nm, corresponding to #1, #2, #3 and #4 in Table 

4.1, respectively. Secondary peaks can be observed in the 49 wt% and 59 wt% samples after 

annealing, indicating long range order. 
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Figure A14. WAXS profiles of PDL-b-PCHPE-b-PDL multiblock copolyesters after 

thermally annealed at 130 
o
C for 48.0 h. corresponding to #1, #2, #3 and #4 in Table 4.1, 

respectively. 
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Appendix B − Permissions 

Figure 1.8 
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Figure 1.14 
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Figure 1.16 
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Figure 1.17 
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Figure 1.18 
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