
 

warwick.ac.uk/lib-publications  
 

 

 

 

 

 

A Thesis Submitted for the Degree of PhD at the University of Warwick 

 

Permanent WRAP URL: 

http://wrap.warwick.ac.uk/145278 

 

Copyright and reuse:                     

This thesis is made available online and is protected by original copyright.  

Please scroll down to view the document itself.  

Please refer to the repository record for this item for information to help you to cite it. 

Our policy information is available from the repository home page.  

 

For more information, please contact the WRAP Team at: wrap@warwick.ac.uk  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

http://go.warwick.ac.uk/lib-publications
http://wrap.warwick.ac.uk/
mailto:wrap@warwick.ac.uk


Ring-Opening (Co)-Polymerisation of 

Functional Cyclic Ester & 

Carbonate Monomers: Towards Novel 

Stereocomplexed Materials of Enhanced 

Thermal Resistance 

 

 

Panagiotis Bexis 

 

Submitted for the degree of Doctor of Philosophy 

 

 

 

 

 

Department of Chemistry 

January 2020  



ii 

TABLE OF CONTENTS 
 

List of Figures, Tables, and Schemes ................................................................................................ vii 

Figures ........................................................................................................................................... vii 

Tables ............................................................................................................................................ xv 

Schemes ....................................................................................................................................... xvi 

Acknowledgements ................................................................................................................................ 1 

Declaration of Authorship .................................................................................................................... 2 

List of Publications ................................................................................................................................ 3 

Published work during the undertaking of this thesis ....................................................................... 3 

List of Abbreviations ............................................................................................................................. 4 

Abstract .................................................................................................................................................. 9 

1. Introduction ..................................................................................................................................... 13 

1.1 Overview ..................................................................................................................................... 13 

1.2 General Introduction ................................................................................................................... 13 

1.3 Ring-Opening Polymerisation ..................................................................................................... 17 

1.3.1 Thermodynamics of ROP ..................................................................................................... 18 

1.3.2 Metal-based ROP catalysis ................................................................................................... 22 

1.3.3 Organocatalysis in ROP ....................................................................................................... 25 

1.3.4 Transesterification side-reactions ......................................................................................... 28 

1.4 Degradable polymers: Polylactide (PLA) – Overview and Biomedical Applications ................. 29 

1.4.1 Functional polyesters from cyclic diesters (lactide analogues) and O-carboxyanhydrides .. 31 

1.4.2 The stereochemistry of PLA ................................................................................................. 35 

1.4.3 PLA stereocomplexation ...................................................................................................... 38 

1.4.4 Lactide co-polymerisation with other functional families of co-monomers & exploitation of 

stereocomplexation ....................................................................................................................... 40 

1.5 Degradable polymers: Functional Aliphatic Polycarbonates....................................................... 44 

1.6 Degradable polymers: Functional Aliphatic Polyphosphates ...................................................... 46 

1.7. Conclusion.................................................................................................................................. 50 

1.8. Aims and Research Objectives ................................................................................................... 51 



iii 

1.9 References ................................................................................................................................... 53 

2. Isotactic Degradable Polyesters derived from O-Carboxyanhydrides of L-Lactic and L-Malic 

acids using a Single Organocatalyst/Initiator System ...................................................................... 71 

2.1 Introduction ................................................................................................................................. 72 

2.2 Results and Discussion ................................................................................................................ 75 

2.2.1 Synthesis and Purification of (S)-5-methyl-1,3-dioxolane-2,4-dione (L-lacOCA). .............. 75 

2.2.2 Synthesis and Purification of 5-(S)-[(benzyloxycarbonyl)methyl]-1,3-dioxolane-2,4-dione 

(L-malOCA) .................................................................................................................................. 77 

2.2.3 Synthesis and Purification of Organocatalytic Ion-Pairs (pyridine and 4-methoxy pyridine 

salts of L-lactic acid and β-benzyl α-(L)-malate) ........................................................................... 79 

2.2.4 Ring-Opening Polymerisation of L-lacOCA catalysed by Organocatalytic Ion Adducts ..... 80 

2.2.5 Ring-Opening Polymerisation of L-malOCA catalysed by Organocatalytic Ion Adducts ... 85 

2.2.6 Investigation of the Stereoregularity of P(L-BMA) and PLLA Polymers ............................ 95 

2.2.7 Thermal Analysis of PLLA and P(L-BMA) Polymers by TGA and DSC ............................ 99 

2.3 Conclusions ............................................................................................................................... 103 

2.4 References ................................................................................................................................. 104 

3. Organocatalytic Synthesis of Functional Poly(ester-carbonate)s & Poly(ester-phosphate)s with 

Defined Microstructure .................................................................................................................... 107 

3.1 Introduction ............................................................................................................................... 108 

3.2 Results and Discussion .............................................................................................................. 111 

3.2.1. Synthesis of 2-isoproxy-1,3,2-dioxophospholane 2-oxide, (iPP) ...................................... 111 

3.2.2 Ring-Opening Copolymerisation of iPP with L-lactide. ..................................................... 112 

3.2.3 Synthesis and purification of 5-methyl-5-allyloxycarbonyl-1,3-dioxan-2-one, MAC ....... 122 

3.2.4 Synthesis and purification of 2-allyloxymethyl-2-ethyltrimethylene ................................. 123 

carbonate (AOMEC) ................................................................................................................... 123 

3.2.5 Ring-Opening Homo-Polymerisation of L-lactide and MAC catalysed by DPP/DMAP. .. 124 

3.2.6 ROCOP of L-lactide and MAC/AOMEC catalysed by DPP/DMAP.................................. 127 

3.2.7 ROCOP of L-lactide and MAC catalysed by DPP/DBU. ................................................... 135 

3.2.8 ROCOP of L-lactide and MAC catalysed by trifluoromethanesulfonic acid salts. ............. 137 

3.2.9 ROCOP of L-lactide and MAC catalysed by benzoic acid salts and derivatives ................ 140 

3.2.10 Thermal analysis of poly(ester-carbonate)s. ..................................................................... 144 

3.3 Conclusions ............................................................................................................................... 147 

3.4 References ................................................................................................................................. 149 



iv 

4. Organocatalytic Synthesis of Alkene- and Alkyne-Functional Aliphatic Polycarbonates and 

Statistical poly(ester-carbonate)s via ROCOP of 8-Membered-N-Cyclic Carbonates (8NCs) and 

Lactide ................................................................................................................................................ 155 

4.1 Introduction ............................................................................................................................... 156 

4.2 Results and Discussion .............................................................................................................. 159 

4.2.1 Synthesis of allyl 2-oxo-1,3,6-dioxazocane-6-carboxylate (A-8NC). ................................ 159 

4.2.2 Synthesis of prop-2-yn-1-yl 2-oxo-1,3,6-dioxazocane-6-carboxylate P-8NC) .................. 161 

4.2.3 Homo-ROP of A-8NC & P-8NC ........................................................................................ 162 

4.2.3.1 Optimisation and extension of the homo-ROP of P-8NC ............................................... 170 

4.2.4 ROCOP of A-8NC with Lactide ........................................................................................ 178 

4.2.4.1 Catalyst Screening ........................................................................................................... 179 

4.2.4.2 Copolymerisation studies of A-8NC with lactide catalysed by Diphenyl Phosphate & 4-

Dimethylaminopyridine .............................................................................................................. 182 

4.2.5 Thermal analysis of the alkene functional poly(ester-carbonate)s ..................................... 192 

4.2.6 ROCOP of P-8NC with Lactide & Thermal Analysis ........................................................ 201 

4.2.6.1 Copolymerisation studies of P-8NC with lactide catalysed by Diphenyl Phosphate & 4-

Dimethylaminopyridine .............................................................................................................. 201 

4.3 Conclusions ............................................................................................................................... 211 

4.4 References ................................................................................................................................. 213 

5. Post-Polymerisation Modification of Alkene-Functional Statistical Poly(ester-carbonate)s and 

Stereocomplexation Studies .............................................................................................................. 220 

5.1 Introduction ............................................................................................................................... 221 

5.2 Results and Discussion .............................................................................................................. 226 

5.2.1 Stereocomplexation of statistical semi-crystalline alkene- and alkyne- functional poly(ester-

carbonate)s .................................................................................................................................. 226 

5.2.2 Post-ROP modification of statistical alkene-functional poly(ester-carbonate)s via radical 

photo-initiated addition of a thiol. ............................................................................................... 249 

5.2.3 Thermal analysis of thiol-functional poly(ester-carbonate)s .............................................. 255 

5.2.4 Stereocomplexation of thiol-functional poly(ester-carbonate)s ......................................... 257 

5.3 Conclusions ............................................................................................................................... 261 

5.4 References ................................................................................................................................. 262 

6. Conclusions & Outlook ................................................................................................................. 266 

6.1 Conclusions ............................................................................................................................... 267 



v 

6.2 Outlook ...................................................................................................................................... 269 

6.3 References ................................................................................................................................. 271 

7. Experimental ................................................................................................................................. 272 

7.1 Materials .................................................................................................................................... 273 

7.2 General Considerations ............................................................................................................. 274 

7.2.1 NMR spectroscopy ............................................................................................................. 274 

7.2.2 Mass spectrometry .............................................................................................................. 274 

7.2.3 Size exclusion chromatography .......................................................................................... 275 

7.2.4 FT-IR spectroscopy ............................................................................................................ 276 

7.2.5 UV light source for post-polymerisation modifications ..................................................... 276 

7.2.6 Thermal analysis ................................................................................................................ 276 

7.3 Experimental protocols of Chapter 2 ......................................................................................... 276 

7.3.1 Synthesis of (S)-5-methyl-1,3-dioxolane-2,4-dione, (L-lacOCA) ..................................... 276 

7.3.2 Synthesis of 2-[2,2-dimethyl-5-oxo-1,3-dioxolan-4-yl]acetic acid, (2).............................. 277 

7.3.3 Synthesis of 2-[2,2-dimethyl-5-oxo-1,3-dioxolan-4-yl]acetic acid benzyl ester, (3) ......... 278 

7.3.4 Synthesis of 2-hydroxy-succinic acid 4-benzyl ester, (4) ................................................... 279 

7.3.5 Synthesis of 5-(S)-[(benzyloxycarbonyl)methyl]-1,3-dioxolane-2,4-dione, (L-malOCA) 280 

7.3.6 Synthesis of pyridine adduct with L-lactic acid .................................................................. 281 

7.3.7 Synthesis of pyridine adduct with (4) ................................................................................. 281 

7.3.8. Synthesis of 4-methoxypyridine adduct with L-lactic acid ................................................ 282 

7.3.9 General procedure for the ring-opening polymerization of L-malOCA ([M]o/[I]o = 250, [L-

malOCA]o = 2.0 M) ..................................................................................................................... 282 

7.4 Experimental protocols of Chapter 3 ......................................................................................... 283 

7.4.1 Synthesis of 5-methyl-5-allyloxycarbonyl-1,3-dioxan-2-one (MAC) ............................... 283 

7.4.2 Synthesis of 2-allyloxymethyl-2-ethyltrimethylene carbonate (AOMEC) ........................ 284 

7.4.3 Synthesis of 2-isoproxy-1,3,2-dioxophospholane 2-oxide (iPP) ........................................ 285 

7.4.4 General procedure for the synthesis of 1:1 acid/base salts. ................................................ 286 

7.4.5 General procedure for the co-ROP of L-lactide and MAC ([M]o/[I]o = 50, [L-lactide + 

MAC]0 = 3.0 M), fLA = 0.75, fMAC = 0.25). ................................................................................. 288 

7.4.6 General procedure for the co-ROP of L-lactide and iPP ([M]o/[I]o = 50, [L-lactide + iPP]0 = 

3.0 M, fLA = 0.75, fiPP = 0.25). ..................................................................................................... 288 

7.4.7 General procedure for all the bulk polymerizations of L-lactide and MAC ([M]o/[I]o = 30).

 ..................................................................................................................................................... 289 

7.5 Experimental protocols of Chapter 4 ......................................................................................... 290 

7.5.1 Synthesis of allyl bis(2-hydroxyethyl)carbamate. .............................................................. 290 



vi 

7.5.2 Synthesis of allyl 2-oxo-1,3,6-dioxazocane-6-carboxylate (A-8NC). ................................ 291 

7.5.3 Synthesis of prop-2-yn-1-yl bis(2-hydroxyethyl)carbamate............................................... 292 

7.5.4 Synthesis of prop-2-yn-1-yl 2-oxo-1,3,6-dioxazocane-6-carboxylate (P-8NC). ................ 293 

7.5.5 General procedure for the ROP of A-8NC, [A-8NC]0 = 1.0 M, [A-8NC]0/[BnOH]0/[DBU]0 

= 50/1/1, 25 °C. ........................................................................................................................... 294 

7.5.6 General procedure for the ROP of P-8NC, [P-8NC]0 = 1.0 M, [P-8NC]0/[1,3-PDO]0/[DBU]0 

= 50/1/1, 25 °C. ........................................................................................................................... 294 

7.5.7 General procedure for the ROCOP of A-8NC with L-lactide, [A-8NC + L-LA]0 = 3.0 M, [A-

8NC + L-LA]0/[BnOH]0/[DPP]0/[DMAP]0 = 25+25/1/5/10, 25 °C. ............................................ 295 

7.5.8 General procedure for the ROCOP of P-8NC with L-lactide, [P-8NC + L-LA]0 = 3.0 M, [P-

8NC + L-LA]0/[BnOH]0/[DPP]0/[DMAP]0 = 25+25/1/5/10, 25 °C. ............................................ 296 

7.6 Experimental protocols of Chapter 5 ......................................................................................... 298 

7.6.1 General procedure for all the stereocomplexation experiments ......................................... 298 

7.6.2 General procedure for the post-ROP photo-initiated thiol-ene modifications of P(LLA-co-

A8NC) or P(DLA-co-A8NC) copolymers with monofunctional thiols ...................................... 298 

7.7 References ................................................................................................................................. 300 

Appendix ............................................................................................................................................ 301 

  



vii 

List of Figures, Tables, and Schemes 

Figures 

Figure 1. 1. Difference in ΔG as a function of ring-size at normal pressure and at 25 °C; blue squares 

and red triangles represent different extracted values from the literature.33, 40 (used with permission 

from the American Chemical Society).39 ..................................................................................... 19 

Figure 1. 2. Representative organometallic complexes used for the controlled and stereospecific ROP 

of cyclic esters: a) Aluminum tetraphenylporphyrin; b) Aluminum salen; c) Aluminum salan; d) 

(b-Diketiminatato)zinc; e) Amino-alkoxy (bisphenolate)yttrium.45 (Figure used with permission 

from the Royal Society of Chemistry). ........................................................................................ 25 

Figure 1. 3. PLA microstructures produced via the stereoregular ROP of different enantiomers of lactide.

 ..................................................................................................................................................... 36 

Figure 1. 4. Crystal structure of stereocomplex of poly(L-lactide) and poly(D-lactide).212 .................. 39 

Figure 1. 5. Degradable polymers with defined stereochemistry as replacements to polyolefins. ....... 42 

Figure 1. 6. Sub-categories of main-chain poly(phosphoester)s. ......................................................... 47 

Figure 1. 7. The synthetic platform of poly(phosphoester)s highlights the handles and possibilities for 

the design of versatile materials. .................................................................................................. 47 

 

Figure 2. 1.  1H-NMR spectra of 1 (400 MHz, D2O) and 2, L-lacOCA (400 MHz, CDCl3); (*H2O, 

**CHCl3). .................................................................................................................................... 76 

Figure 2. 2. 13C NMR spectrum of 2 (100 MHz, CDCl3); (*CHCl3). ................................................... 76 

Figure 2. 3. 1H-NMR spectra of 6 and 7, L-lacOCA (400MHz, CDCl3); (*CHCl3). ............................ 78 

Figure 2. 4. 13C NMR spectrum of 7 (100 MHz, CDCl3); (*CHCl3). ................................................... 78 

Figure 2. 5. Organocatalytic ion-pair adducts used for the ROP of functional OCAs; A) pyridine/L-lactic 

acid; B) pyridine/ β-benzyl α-(L)-malate; C) 4-methoxy pyridine/ L-lactic acid. ........................ 79 

Figure 2. 6. Stacked 1H NMR spectra of an organocatalytic ion pair consisted of 4-methoxy pyridine/ L-

lactic acid and its corresponding acid and base precursors (400MHz, CDCl3); (*CHCl3, **D2O).

 ..................................................................................................................................................... 80 

Figure 2. 7. 1H-NMR spectrum of a poly(L-lacOCA) polymer (DP = 97, Table 2.1 entry 4) realised via 

the ROP of L-lacOCA initiated/catalysed by an L-lactic acid/pyridine (400MHz, CDCl3). ........ 81 

Figure 2. 8. A) Semi-logarithmic plot of monomer consumption for the ROP of L-lacOCA, [M]0/[I]0 = 

100; B) Number-average molar mass (Mn) and dispersity (ĐM = Mw/Mn) against monomer-to-

initiator concentration ratio ([M]0/[I]0) for the ROP of L-lacOCA. ............................................. 83 

Figure 2. 9. Size exclusion chromatograms of PLLA polymers of different DPs initiated by L-lactic 

acid/pyridine ion pairs (in THF against PS standards); (a Initiated by pyridine/β-benzyl α-(L)-

malate adduct).............................................................................................................................. 84 



viii 

Figure 2. 10. MALDI-ToF MS spectrum of PLLA (DP 16) initiated by pyridine/L-lactic acid (reflectron 

mode). .......................................................................................................................................... 85 

Figure 2. 11. 1H NMR stacked spectra of the course of the ROP of L-malOCA over time (400MHz, 

CDCl3). ........................................................................................................................................ 86 

Figure 2. 12. 1H NMR spectrum of P(L-BMA)50 (Table 2.2 entry 3) initiated by pyridine/L-lactic acid 

adduct (CDCl3; 400 MHz); (*CHCl3). ......................................................................................... 87 

Figure 2. 13. DOSY-NMR spectrum of an L-lactic-acid-initiated P(L-BMA)50 (400MHz, CDCl3). .... 87 

Figure 2. 14. Size exclusion chromatograms of P(L-BMA) polymers of different DPs initiated by L-

lactic acid/pyridine ion pairs (in THF against PS standards); (a Initiated by pyridine/β-benzyl α-

(L)-malate adduct). ...................................................................................................................... 89 

Figure 2. 15. A) Monomer conversion (%) vs time; and B) Semi-logarithmic plot of monomer 

consumption vs time for a DP100 P(L-BMA) initiated by pyridine/ L-lactic acid adduct. .......... 90 

Figure 2. 16. Number-average molar mass (Mn by SEC) and dispersity against A) monomer conversion 

and B) [M]0/[I]0 for the ROP of L-malOCA. ............................................................................... 90 

Figure 2. 17. Chain extension experiment of a P(L-BMA)20 macroinitiator towards a final P(L-BMA)40 

polymer (in THF against PS standards). ...................................................................................... 91 

Figure 2. 18. MALDI-ToF MS spectrum of P(L-BMA)49 initiated by pyridine/ β-benzyl α-(L)-malate 

adduct (reflectron mode). ............................................................................................................. 92 

Figure 2. 19. A) MALDI-ToF MS spectrum of a P(L-BMA)235 initiated by pyridine/ L-lactic acid; B) 

Expansion of region from m/z 16510 to 16710 (purple) and simulated mass distributions (brown, 

black, green and red).................................................................................................................... 93 

Figure 2. 20. Size exclusion chromatogram of a P(L-BMA) initiated by the L-lactic acid/4-

methoxypyridine ion pair (in THF against PS standards). ........................................................... 95 

Figure 2. 21. 13C NMR spectrum of a P(L-BMA)50 initiated by L-lactic acid/pyridine adduct (100MHz, 

CDCl3); (*CHCl3). ....................................................................................................................... 96 

Figure 2. 22. Homo-decoupled 1H NMR spectrum of a PLLA100 initiated by L-lactic acid/pyridine adduct 

(500MHz, CDCl3); (*CHCl3). ..................................................................................................... 97 

Figure 2. 23. Stacked quantitative 13C NMR spectra of various DPs of PLLA homopolymers, zoomed 

in at the carbonyl region (100MHz, CDCl3). ............................................................................... 97 

Figure 2. 24. Quantitative 13C NMR spectra of various DPs of P(L-BMA) homopolymers, zoomed in at 

the carbonyl region (100MHz, CDCl3). ....................................................................................... 99 

Figure 2. 25. TGA and DTG thermograms of A) PLLA100 B) P(L-BMA)100 both initiated by L-lactic 

acid/pyridine adduct. (Heating rate of 10 °C/min). .................................................................... 100 

Figure 2. 26. DSC thermogram of a PLLA97 (heating/cooling rate at 10 °C/min, N2 atmosphere). ... 101 

Figure 2. 27. DSC thermogram of annealed P(L-BMA)100 (3 consecutive heating scans). Tg at 20-22 °C 

(midpoint). (Heating rate at 10 °C/min). .................................................................................... 102 

 



ix 

Figure 3. 1. 1H NMR spectrum of iPP (400MHz, CDCl3). ................................................................ 111 

Figure 3. 2. 31P NMR spectrum of iPP (120MHz, CDCl3). ................................................................ 112 

Figure 3. 3. Stacked 1H NMR spectra of purified P(iPP-co-LLA) copolymers; A) FiPP = 0; B) FiPP = 

0.27; C) FiPP = 0.89 (see Table 3.1); (*CHCl3), (400MHz, CDCl3). .......................................... 115 

Figure 3. 4. A) Monomer conversion (%) vs time; and B) Semi-logarithmic plot of monomer 

consumption vs time for the ROCOP of L-lactide and iPP (fiPP = 0.8) catalysed by DBU and 

initiated by benzyl alcohol. ........................................................................................................ 117 

Figure 3. 5. SEC chromatogram of a PiPP40 polymer initiated by BnOH and catalysed b DBU; (in CDCl3 

calibrated against PS standards). ............................................................................................... 117 

Figure 3. 6. Chemical structures of the screened organocatalysts. ..................................................... 118 

Figure 3. 7. A) Conversion (%) vs time; B) Semi-logarithmic plot of monomer consumption for the co-

ROP of L-lactide with iPP (Table 3. 2, entry 2); (CDCl3, [M]/[I] = 50, [M]0 = 3.0 M). ............ 120 

Figure 3. 8. SEC chromatograms of P(LLA-co-iPP) catalysed by A) 10% DPP/20% DMAP (Table 3.2, 

entry 2); B) 10% DPP/20% DBU (Table 3.2, entry 5); (in CHCl3, calibrated against PS standards).

 ................................................................................................................................................... 120 

Figure 3. 9. 1H NMR spectrum of 5-methyl-5- allyloxycarbonyl-1,3-dioxan-2-one (MAC); (400 MHz, 

CDCl3). ...................................................................................................................................... 122 

Figure 3. 10. 1H NMR spectrum of 2-allyloxymethyl-2-ethyltrimethylene carbonate (AOMEC); (400 

MHz, CDCl3) (*CHCl3). ............................................................................................................ 123 

Figure 3. 11. A) Conversion vs Time; B) Semi-log plot of monomer consumption for the homo-ROP of 

MAC catalysed by DPP/DMAP. ............................................................................................... 125 

Figure 3. 12. MALDI-ToF MS spectrum of low molar mass A) poly(MAC); B) PLLA as realised by the 

ROP of MAC and L-LA catalysed by DPP/DMAP (in reflectron mode). ................................. 126 

Figure 3. 13. Quantitative 13C NMR spectrum of PLLA50 (zoomed in at the carbonyl region) prepared 

via the ROP of L-lactide catalyzed by DPP/DMAP; (500MHz, CDCl3). .................................. 127 

Figure 3. 14. Top: Conversion (%) of both comonomers vs time (h) (A) and the semi-logarithmic plot 

of monomer consumption vs time (h) (B) for a ROCOP of L-LA and MAC (fMAC = fL-LA = 0.5) 

catalysed by DPP/DMAP (10 mol%/20mol%) as in entry 1 of Table 3.4; Bottom: Conversion (%) 

of both comonomers vs time (h) (C) and the semi-logarithmic plot of monomer consumption vs 

time (h) (D) for a ROCOP of L-LA and MAC (fMAC = fL-LA = 0.5) catalysed by DPP/DMAP (15 

mol%/15mol%) as in entry 2 of Table 3.4. ................................................................................ 130 

Figure 3. 15. A) Conversion (%) vs time (hours); B) Semi-logarithmic plot of monomer consumption 

vs time (hours), Table 3.4 entry 8. ............................................................................................. 132 

Figure 3. 16. 1H NMR spectrum of the P(LLA-co-MAC23%) (Table 3.4, entry 2); (*CHCl3, **last 

repeating unit of the copolymer); (CDCl3, 400MHz). ............................................................... 132 

Figure 3. 17. Stacked quantitative 13C NMR spectra of PLLA18, PMAC22 and a P(LLA-co-PMAC21%); 

(CDCl3, 125MHz). ..................................................................................................................... 133 



x 

Figure 3. 18. DOSY-NMR spectrum of a P(LLA-co-MAC21%); (*CHCl3) (CDCl3, 500MHz). ........ 134 

Figure 3. 19. SEC chromatograms of two P(LLA-co-MAC) copolymers realised from the ROCOP of L-

LA and MAC catalysed by DPP/DBU with loadings A) (2%/4%); B) (1%/1.5%). Both initiated 

by BnOH (in CHCl3, calibrated against PS standards). ............................................................. 137 

Figure 3. 20. Sulfonic acids and cyclic guanidines from literature. ................................................... 138 

Figure 3. 21. SEC chromatograms of two P(LLA-co-MAC) copolymers realised from the ROCOP of L-

LA and MAC catalysed by 6 or 7 corresponding to Table 3.6 A) entry 4; B) entry 5; C) entry 6; 

All initiated by BnOH (in CHCl3, calibrated against PS standards). ......................................... 140 

Figure 3. 22. Substituted benzoic acid salts and derivatives available for the ROCOP of L-lactide and 

MAC or AOMEC. ..................................................................................................................... 141 

Figure 3. 23. DSC thermogram of P(LLA-co-MAC7.0%) obtained by melt crystallisation showing a clear 

glass transition (A), cold-crystallisation (B) and melting transition (C). ................................... 145 

 

Figure 4. 1. 1H NMR spectra (CDCl3, 400 MHz) of A) purified allyl-functional diethanolamine 

precursor; B) allyl 2-oxo-1,3,6-dioxazocane-6-carboxylate (A-8NC); C) 13C NMR spectrum of A-

8NC monomer (CDCl3, 125 MHz). (*CHCl3). .......................................................................... 160 

Figure 4. 2. 1H NMR spectra (CDCl3, 400 MHz) of A) purified propargyl-functional diethanolamine 

precursor; B) prop-2-yn-1-yl 2-oxo-1,3,6-dioxazocane-6-carboxylate (P-8NC); C) 13C NMR 

spectrum of P-8NC monomer (CDCl3, 125 MHz). (*CHCl3).................................................... 162 

Figure 4. 3. Chemical structure of the screened organocatalysts. ....................................................... 163 

Figure 4. 4. Size exclusion chromatogram of the P(A-8NC)50 polymer (Table 4.1, entry 1); (in CHCl3, 

calibrated against PS standards). ............................................................................................... 165 

Figure 4. 5. 1H NMR spectrum of a P(A-8NC)50 polymer (CDCl3, 400 MHz). (*CHCl3). ................ 165 

Figure 4. 6. MALDI-ToF mass spectrum of the P(A-8NC) homopolymer realised from the ROP of A-

8NC catalysed by TU / (−)-sparteine (Table 4.1, entry 3); (reflectron mode). .......................... 167 

Figure 4. 7. Size exclusion chromatogram of a P(P-8NC) homopolymer realised by the ROP of P-8NC 

catalysed by DPP/DMAP (Table 4.3, entry 4); (in CHCl3, calibrated against PS standards). ... 169 

Figure 4. 8. 1H NMR spectrum of a P(P-8NC)44 polymer (Table 4.3 entry 1) (CDCl3, 400 MHz); 

(*CHCl3). ................................................................................................................................... 170 

Figure 4. 9. Initiators (ROH) used for the homo-ROP of P-8NC. ...................................................... 171 

Figure 4. 10. A) Size exclusion chromatograms of P(P-8NC) homopolymers (Table 4.4, entries 1-6); B) 

[M]0/[I]0 vs Mn, SEC (in CHCl3, calibrated against PS standards). ............................................... 172 

Figure 4. 11. 1H NMR spectrum of a 1,3-PDO initiated P(P-8NC) homopolymer; (CDCl3, 400 MHz).

 ................................................................................................................................................... 173 

Figure 4. 12. A) Conversion (%) vs time; B) Semi-logarithmic plot of monomer consumption vs time 

for the ROP of P-8NC catalysed by DBU (Table 4.4, entry 4); (in CDCl3, [M]0/[I]0 = 75, [M]0 = 

0.4 M). ....................................................................................................................................... 173 



xi 

Figure 4. 13. Mn vs conversion graph for a DP150 homo-ROP of P-8NC catalysed by DBU........... 174 

Figure 4. 14. Size exclusion chromatograms of the parent macro-CTA P(P-8NC)45 and the resultant 

living chain-extended P(P-8NC)95; (in CHCl3, calibrated against PS standards). ..................... 175 

Figure 4. 15. 1H NMR spectrum of a triblock P(P-8NC)-block-PEG-block-P(P-8NC) copolymer (Table 

4.4 entry 7); (CDCl3, 500 MHz). ............................................................................................... 175 

Figure 4. 16. SEC traces of the parent PEG-macroinitiator and the triblock P(P-8NC)-block-PEG-block-

P(P-8NC) copolymer (Table 4.4 entry 7); (in CHCl3, calibrated against PS standards). ........... 176 

Figure 4. 17. MALDI-ToF MS spectrum of a P(P-8NC)20 homopolymer (reflector mode); A) zoomed-

out spectrum; B) Computer-model of a sodium-charged cyclic species zoomed-in at the 10th 

repeating unit; C) Computer-model of a sodium-charged H2O-initiated linear polymer zoomed-in 

at the 10th repeating unit; D) Computer-model of a telechelic linear species initiated by 1,3-PDO 

zoomed-in at the 10th repeating unit; E) MALDI-Tof MS spectrum zoomed-in at the 10th repeating 

unit. ............................................................................................................................................ 177 

Figure 4. 18. ROCOP of A-8NC with LLA catalysed by DPP/DMAP (Table 4.6, entry 4); A) Conversion 

(%) vs Time (h); B) Semi-log plot of monomer consumption vs time (h); C) Evolution of molar 

mass distributions vs time (ĐM values in brackets; in CHCl3, calibrated against PS standards). 181 

Figure 4. 19. 1H NMR spectrum of a P(LLA-co-A8NC24%) copolymer (Table 4.7, entry 8); (*CHCl3); 

(CDCl3, 500 MHz). .................................................................................................................... 183 

Figure 4. 20. Evolution of 1H NMR spectra of P(LLA-co-A8NC) copolymers of increasing carbonate-

content; (CDCl3, 500MHz). ....................................................................................................... 184 

Figure 4. 21. 13C NMR spectrum of a P(LLA-co-A8NC24%) copolymer (Table 4.7, entry 8); (CDCl3, 

500MHz). ................................................................................................................................... 185 

Figure 4. 22. Stacked 13C NMR spectra of the P(LLA-co-A8NC) copolymers of increasing carbonate 

content zoomed-in at the A) carbonyl region of the polyester (left) and B) polycarbonate (right) 

segments (CDCl3, 500MHz). ..................................................................................................... 186 

Figure 4. 23. 1H NMR spectra of a A) statistical P(LLA-co-A8NC48%) B) diblock P(A8NC-block-LLA) 

copolymer copolymer; (CDCl3, 500MHz). ................................................................................ 187 

Figure 4. 24. 13C NMR spectra focused on the carbonyl region of the polyester and polycarbonate of A) 

a statistical P(LLA-co-A8NC48%) copolymer; B) a diblock P(A8NC-block-LLA) copolymer; 

(CDCl3, 125MHz). ..................................................................................................................... 188 

Figure 4. 25. A) Graphical representation of the Kelen - Tüdos reactivity ratio calculation; B) Graphical 

representation of the Fineman-Ross reactivity ratio calculation. ............................................... 189 

Figure 4. 26. DOSY NMR spectrum of a P(LLA-co-A8NC) copolymer (*CHCl3); (CDCl3, 500 MHz).

 ................................................................................................................................................... 190 

Figure 4. 27. A) MALDI-ToF MS spectrum of a low molar mass P(LLA-co-A8NC) copolymer (fA8NC 

= 0.5); B) Zoom-in and further analysis of separate mass peaks; (reflector mode). .................. 191 



xii 

Figure 4. 28. Plot of theoretical Tg values of the obtained copolymers calculated from the Fox equation 

and the experimental values versus the molar fraction of the carbonate unit in the copolymer chain 

(Tg values are from the 2nd heating scans).................................................................................. 193 

Figure 4. 29. Chart of Tm1 vs FLLA. This shows the linearity of the melting temperatures of the obtained 

poly(ester-carbonate)s during the 1st heating scan vs the final incorporation of the carbonate in the 

polymer chain. ........................................................................................................................... 195 

Figure 4. 30. A representative full DSC thermogram of a P(LLA-co-A8NC9%) copolymer. Both Tgs can 

be observed (A, C) as well as both Tms (B, E) of the two heating cycles. A small cold crystallisation 

peak during the 2nd heating scan (D) can also be identified; (10 °C/min, N2 atmosphere). ....... 196 

Figure 4. 31. Graphical depiction of the evolution of lactoyl and carbonate average block length values 

vs the molar feed of lactide. The gradient blue coloured area covers the semi-crystalline region of 

the copolymers. .......................................................................................................................... 197 

Figure 4. 32. Plot of Xc vs ŁLA for the semi-crystalline P(LLA-co-A8NC) copolymers. .................... 198 

Figure 4. 33. DSC thermogram (1st run) of a diblock P(A8NC)30-block-PLLA30. The P(A-8NC) Tg (A), 

the PLLA Tg (B) and the PLLA Tm (C) can be observed. (10 °C/min, N2 atmosphere). ........... 199 

Figure 4. 34. A) TGA thermograms (thermal decomposition profiles); B) 1st derivative of % weight vs 

temperature (DTG) of pure PLLA and P(LLA-co-A8NC) copolymers of varying carbonate 

incorporation. ............................................................................................................................. 200 

Figure 4. 35. ROCOP of P-8NC with LLA catalysed by DPP/DMAP; A) Conversion (%) vs time (h); 

B) Semi-log plot of monomer consumption vs time (h). ........................................................... 202 

Figure 4. 36. 1H NMR spectrum of a P(LLA-co-P8NC26%) copolymer (*residual CHCl3, **polymer 

chain-end), (CDCl3, 500 MHz). ................................................................................................. 204 

Figure 4. 37. SEC chromatogram of a P(LLA-co-P8NC26%) copolymer; (CHCl3, calibrated against PS 

standards). .................................................................................................................................. 205 

Figure 4. 38. 13C NMR spectrum of a P(LLA-co-P8NC26%) copolymer; (CDCl3, 500 MHz). ........... 206 

Figure 4. 39. Experimental Tg values of all P(LLA-co-P8NC) copolymers (black dots) against the 

theoretical model (red line) derived from the Fox equation. ..................................................... 208 

Figure 4. 40. TGA and DTG thermograms of a P(LLA-co-P8NC14%) copolymer; (10 °C/min, N2 

atmosphere). .............................................................................................................................. 210 

 

Figure 5. 1. 6- and 8-Membered cyclic carbonates bearing a small selection of available 

functionalities.34, 47 ..................................................................................................................... 223 

Figure 5. 2. DSC thermogram (1st heating run) of a PLLA or PDLA polymer realised by the ROP of L-

LA or D-LA ([LA]0/[BnOH]0/[DBU]0 = 100/1/1, [LA]0 = 0.7 M, Mn, SEC = 20. 0 kDa, ĐM = 1.19) 

showing the A: Tg and B: Tm of these polymers; (N2 atmosphere, heating/cooling rate of 10 °C 

min-1 unless stated otherwise). ................................................................................................... 227 

Figure 5. 3. DSC thermogram of an equimolar blend of PLLA and PDLA obtained from the .......... 228 



xiii 

Figure 5. 4. Stacked DSC thermograms of equimolar stereocomplexes of P(LLA-co-A8NC) copolymers 

with PDLA (Table 5.1, entries 1-4, post-annealing 1st heating scans). The thermograms display the 

glass transition (A), homochiral melting (B), crystallisation peak of the stereocomplexes, (C) and 

the melting temperature of the resulting SCs (D); (N2 atmosphere, heating/cooling rate of 10 °C 

min-1 unless stated otherwise). ................................................................................................... 230 

Figure 5. 5. Stacked DSC thermograms of equimolar stereocomplexes of P(LLA-co-A8NC) copolymers 

with PDLA (Table 5.1, entries 1-4, post-annealing 2nd heating scans). The thermograms display 

the glass transition (A), crystallisation peak of the stereocomplexes, (B) and the melting 

temperature of the resulting SCs (C). No homochiral melting is observed; (N2 atmosphere, 

heating/cooling rate of 10 °C min-1 unless stated otherwise). .................................................... 232 

Figure 5. 6. Plots of A) Tm (1) and B) Tm (2) of the 1st and 2nd heating scans of the equimolar respective 

stereocomplexes comprised of P(LLA-co-A8NC) copolymers of different carbonate molar (%) 

incorporation with PDLA (Table 5.1, entries 1-4) against the molar feed ratio of the carbonate.

 ................................................................................................................................................... 233 

Figure 5. 7. TGA thermograms of the equimolar stereocomplexes of [P(LLA-co-A8NC) + PDLA] 

blends (Table 5.1, entries 1-4) compared to a pure PLA-SC; (N2 atmosphere, heating rate of 10 °C 

min-1). ........................................................................................................................................ 234 

Figure 5. 8. Stacked DSC thermograms of equimolar stereocomplexes of P(LLA-co-A8NC) copolymers 

with P(DLA-co-A8NC) copolymers of identical composition, post-annealing (Table 5.1, entries 

5-8, 1st heating scans). The thermograms display the glass transition (A), homochiral melting (B), 

crystallisation peak of the stereocomplexes, (C) and the melting temperature of the resulting SCs 

(D); (N2 atmosphere, heating/cooling rate of 10 °C min-1 unless stated otherwise). .................. 235 

Figure 5. 9. Stacked DSC thermograms of equimolar stereocomplexes of P(LLA-co-A8NC) copolymers 

with P(DLA-co-A8NC) copolymers of identical composition, post-annealing (Table 5.1, entries 

5-8, 2nd heating scans). The thermograms display the glass transition (A), crystallisation peak of 

the stereocomplexes, (B) and the melting temperature of the resulting SCs (C). A small percentage 

of homochiral melting is still present; (N2 atmosphere, heating/cooling rate of 10 °C min-1 unless 

stated otherwise). ....................................................................................................................... 236 

Figure 5. 10. Plots of A) Tm (1) and B) Tm (2) of the 1st and 2nd heating scans of the equimolar 

stereocomplexes comprised of P(LLA-co-A8NC) +  P(DLA-co-A8NC) (Table 5.1, entries 5-8) 

against the molar feed ratio of the carbonate. ............................................................................ 237 

Figure 5. 11. TGA thermograms of the equimolar stereocomplexes of [P(LLA-co-A8NC) + P(DLA-co-

A8NC)] blends (Table 5.1, entries 5-8) compared to a pure PLA-SC; (N2 atmosphere, heating rate 

of 10 °C min-1). .......................................................................................................................... 238 

Figure 5. 12. Stacked DSC thermograms of P(LLA-co-A8NC9.4%) : PDLA blends (post-annealing, 1st 

heating scans). The thermograms display the glass transition (A), crystallisation peak (B), 



xiv 

homochiral melting (C), and the melting temperature of the resulting SCs (D); (N2 atmosphere, 

heating/cooling rate of 10 °C min-1 unless stated otherwise). .................................................... 239 

Figure 5. 13. Stacked DSC thermograms of P(LLA-co-A8NC9.4%) : PDLA blends (post-annealing, 2nd 

heating scans). The thermograms display the glass transition (A), crystallisation peak (B) and the 

melting temperature of the resulting SCs (C); (N2 atmosphere, heating/cooling rate of 10 °C min-

1 unless stated otherwise). .......................................................................................................... 240 

Figure 5. 14. DSC thermograms (1st heating scans) of a [P(LLA-block-A8NC) + PDLA] equimolar 

blend annealed at A) 120 °C and B) 150 °C; (N2 atmosphere, heating/cooling rate of 10 °C min-1).

 ................................................................................................................................................... 241 

Figure 5. 15.  Stacked DSC thermograms of equimolar stereocomplexes of P(LLA-co-P8NC) 

copolymers with PDLA (Table 5.2, entries 1-3, 2nd heating scans). The thermograms display the 

glass transition (A), crystallisation peak of the stereocomplexes, (B) and the melting temperature 

of the resulting SCs (C); (N2 atmosphere, heating/cooling rate of 10 °C min-1)........................ 244 

Figure 5. 16. Stacked DSC thermograms of equimolar stereocomplexes of P(LLA-co-P8NC) 

copolymers with P(DLA-co-P8NC) of identical composition (Table 5.2, entries 4-6, 2nd heating 

scans). The thermograms display the glass transition (A), crystallisation peak of the 

stereocomplexes, (B) and the melting temperature of the resulting SCs (C); (N2 atmosphere, 

heating/cooling rate of 10 °C min-1). ......................................................................................... 245 

Figure 5. 17. Plots of Tm  vs fP-8NC (%) (1st heating scans) of the equimolar stereocomplexes comprised 

of A) [P(LLA-co-P8NC) +  PDLA]; B) [P(LLA-co-P8NC) +  P(DLA-co-P8NC)] (Table 5.2, 

entries 1-3, 4-6). ......................................................................................................................... 246 

Figure 5. 18. DSC thermogram of the blended polymer consisted of an equimolar quantity of P(LLA-

co-A8NC9.4%) and P(DLA-co-P8NC10.7%); A) 1st heating scan; B) 2nd heating scan; (N2 atmosphere, 

heating/cooling rate of 10 °C min-1). ......................................................................................... 246 

Figure 5. 19. TGA (A) and DTG (B) thermograms of [P(LLA-co-P8NC10.7%) + PDLA] and P(LLA-co-

P8NC10.7%) + P(DLA-co-P8NC10.7%)] blends compared to the neat [PLLA+PDLA] stereocomplex 

showcasing the comparison in the thermal degradation profile of these materials; (N2 atmosphere, 

heating rate of 10 °C min-1). ...................................................................................................... 248 

Figure 5. 20. Stacked 1H NMR spectra of a A) P(LLA-co-A8NC25.1%) after photo-initiated radical 

addition of 1-dodecanethiol; B) the parent P(LLA-co-A8NC25.1%) copolymer; (400MHz, CDCl3); 

(*CHCl3, **ester-carbonate sequence PLA protons (methine & methyl region)). ...................... 252 

Figure 5. 21. SEC traces of a A) P(LLA-co-A8NC14.1%) copolymer before and after its functionalisation 

with 1-dodecanethiol; B)  P(LLA-co-A8NC14.1%) copolymer before and after its functionalisation 

with 2-mercaptoethanol (in CHCl3, calibrated against PS standards). ....................................... 253 

Figure 5. 22. Stacked FTIR spectra of A) a parent P(LLA-co-A8NC9.4%) copolymer with the double 

bond alkene absorption annotated; B) a P(LLA-co-A8NC9.4%) after photo-initiated radical addition 



xv 

of 1-dodecanethiol, showing the absence of the alkene signal and the appearance of the thiol 

stretch. ....................................................................................................................................... 254 

Figure 5. 23. TGA thermogram of a 1-dodecanethiol functionalised P(LLA-co-A8NC10.4%) copolymer 

vs a non-functionalised copolymer (N2 atmosphere, heating rate of 10 °C min-1). .................... 257 

Figure 5. 24. Stacked DSC thermograms of equimolar stereocomplexes  (2nd heating runs, N2 

atmosphere, heating/cooling rates of 10 °C min-1).The thermograms display the glass transition 

(A), crystallisation peak of the stereocomplexes, (B) and the melting temperature of the resulting 

SCs (C). ..................................................................................................................................... 259 

Figure 5. 25. Comparative TGA thermograms of equimolar stereocomplexes; (N2 atmosphere, heating 

rate of 10 °C min-1); (DTG graphs can be found at Appendix A.15). ........................................ 260 

 

Tables 

Table 2. 1. Polymerisation of L-lacOCA using L-lactic acid/pyridine ion pairs. .................................. 83 

Table 2. 2. Polymerisation of L-malOCA using L-lactic acid/pyridine ion pairs. ................................. 86 

Table 2. 3. Isotactic enrichment quantification of P(L-BMA) and PLLA polymers. ............................ 96 

 

Table 3. 1. ROCOP of L-lactide with iPP catalysed by DBU and initiated by benzyl alcohol. .......... 114 

Table 3. 2. ROCOP of L-lactide and iPP catalysed by with DPP and tertiary amines, initiated by benzyl 

alcohol. ...................................................................................................................................... 119 

Table 3. 3. Molecular and thermal characterisations of PLLA and PMAC obtained by homo-ROPs of 

lactide and MAC catalysed by DPP/DMAP (10%/20%) and initiated by BnOH. ..................... 125 

Table 3. 4. ROCOP of L-lactide and MAC catalysed by DPP/DMAP and initiated by BnOH. ......... 129 

Table 3. 5. Molecular characterisations of P(LLA-co-MAC) copolymers obtained by ROCOP of L-

lactide and MAC catalysed by DPP/DBU and initiated by BnOH. ........................................... 136 

Table 3. 6. Molecular characterisations of P(LLA-co-MAC) copolymers obtained by ROCOP of L-

lactide and MAC catalysed by TFSA salts and initiated by BnOH. .......................................... 139 

Table 3. 7. Molecular characterisations of P(LLA-co-MAC) copolymers obtained by ROCOP of L-

lactide and MAC catalysed by benzoic acid derivatives and initiated by BnOH. ...................... 142 

Table 3. 8. Thermal analysis (DSC) data of the synthesised poly(ester-carbonate)s. ......................... 146 

 

Table 4. 1. Homo-ROP (catalyst screening) of A-8NC (all initiated by BnOH). ............................... 163 

Table 4. 2. Theoretical and observed m/z values of the two distributions within the polymer realised 

from the ROP of A-8NC catalysed by TU / (−)-sparteine. ........................................................ 166 

Table 4. 3. Screening of available organocatalysts for the homo-ROP of P-8NC initiated by BnOH.169 

Table 4. 4. Initiator versatility and molar-mass expansion for the homo-ROP of P-8NC. ................. 171 

Table 4. 5. Theoretical and observed m/z values of the three different distributions within the 

homopolymer realised from the ROP of P-8NC catalysed by DBU. ......................................... 178 



xvi 

Table 4. 6. Organocatalyst screening for the ROCOP of A-8NC and LLA. ....................................... 180 

Table 4. 7. ROCOP of A-8NC & L-lactide catalysed by DPP/DMAP. .............................................. 182 

Table 4. 8. Thermal analysis of alkene-functional poly(ester-carbonate)s prepared from the DPP/DMAP 

organocatalytic ROP of L-lactide, D-lactide and A-8NC. .......................................................... 194 

Table 4. 9. Recrystallisation events of poly(ester-carbonate)s prepared from the DPP/DMAP 

organocatalytic ROP of L-lactide, D-lactide and A-8NC. .......................................................... 195 

Table 4. 10. ROCOP of L-LA and P-8NC catalysed by DPP/DMAP................................................. 207 

Table 4. 11. Thermal analysis of P(LLA-co-P8NC) copolymers. ...................................................... 208 

 

Table 5. 1. Stereocomplexation of P(LLA-co-A8NC) copolymers with PDLA and with copolymers of 

identical composition and opposite chirality, P(DLA-co-A8NC)  (equimolar quantities). ....... 229 

Table 5. 2. Stereocomplexation of P(LLA-co-P8NC) copolymers with PDLA and with copolymers of 

identical composition and opposite chirality (equimolar quantities); (Synthesis thermal properties 

of parent polymers and copolymers containing D-LA can be found at Tables 4.11, Figure 5.3 and 

Appendix A.10, A.11). ................................................................................................................ 243 

Table 5. 3. Photoinitiated radical thiol-ene post-polymerisation modification of P(LA-co-A8NC) 

copolymers. ............................................................................................................................... 251 

Table 5. 4. DSC analysis of thiol-functionalised P(LA-co-A8NC) copolymers. ................................ 256 

Table 5. 5. Stereocomplexation of thiol-functionalised P(LA-co-A8NC) type copolymers (copolymer 

numbering from Table 5.3). ....................................................................................................... 258 

 

Schemes 

Scheme 1. 1. Production route of PLA through the fermentation of starch and the subsequent ROP of 

lactide. ......................................................................................................................................... 15 

Scheme 1. 2. Poly(TMC) synthesised by the ROP of the 6-membered cyclic carbonate, trimethylene 

carbonate (TMC). ........................................................................................................................ 15 

Scheme 1. 3. Model ROP reactions involving initiation, propagation and termination steps. .............. 18 

Scheme 1. 4. Metal-catalysed ROP mechanisms of lactide. (A) Anionic polymerisation; (B) 

coordination-insertion polymerisation. ........................................................................................ 23 

Scheme 1. 5. A) Electrophilic “Activated-Monomer Mechanism (AMM); B) Nucleophilic “Activated-

Monomer Mechanism” (AMM); C) Base-catalysed “Activated Chain-End Mechanism” (ACEM).

 ..................................................................................................................................................... 27 

Scheme 1. 6. Bifunctional activation mechanism AM/ACEM in the ROP of cyclic monomers. ......... 27 

Scheme 1. 7. A) Intra-molecular and B) Inter-molecular transesterification side reactions during cyclic 

ester ring-opening polymerisation leading to cyclic species and scrambled polymer chain 

populations respectively. ............................................................................................................. 29 



xvii 

Scheme 1. 8. Typical synthetic routes for A), B) functional cyclic diesters (1,4-dioxane-2,5-diones); C) 

functional O-carboxyanhydrides derived from functional -hydroxy acids. ............................... 32 

Scheme 1. 9. The bifunctional role of DMAP as activator in the case of lac-OCA ROP.175 ................ 34 

Scheme 1. 10. Synthesis and ROP of functional cyclic carbonates and polycarbonates; A) via the 

ROCOP of functional oxiranes (n =1) or oxetanes (n = 2)  and CO2; B) via readily functionalised 

diols and phosgene derivatives. ................................................................................................... 44 

Scheme 1. 11. A) Synthetic route of 5- and 6-membered cyclic phosphate monomers; B) ROP of 5-

membered cyclic phosphate monomers. ...................................................................................... 48 

 

Scheme 2. 1. Mechanism of the stepwise ring-opening and subsequent decarboxylation of an OCA 

monomer mediated via pyridine intermediates (mechanism adjusted to the OCA from lactic 

acid).20 ......................................................................................................................................... 74 

Scheme 2. 2. Synthesis of (S)-5-methyl-1,3-dioxolane-2,4-dione (L-lacOCA, 2) via ring-closure of 

lithium L-lactate. .......................................................................................................................... 75 

Scheme 2. 3. Synthesis of 5-(S)-[(benzyloxycarbonyl)methyl]-1,3-dioxolane-2,4-dione (L-malOCA, 7).

 ..................................................................................................................................................... 77 

Scheme 2. 4. ROP of functional O-carboxyanhydride monomers initiated and catalysed by the organic 

ion pairs. ...................................................................................................................................... 81 

Scheme 2. 5. Possible side-reactions during the ROP of L-malOCA; A) mis-insertion via the attack on 

the carbonate carbon of the monomer; B) monomer self-initiation due to deprotonation by the 

pyridine. ....................................................................................................................................... 88 

 

Scheme 3. 1. Synthesis of 2-isoproxy-1,3,2-dioxophospholane 2-oxide (iPP). .................................. 111 

Scheme 3. 2. ROCOP of L-lactide with iPP catalysed by DBU and initiated by benzyl alcohol. ....... 113 

Scheme 3. 3. Synthetic route of 5-methyl-5- allyloxycarbonyl-1,3-dioxan-2-one (MAC). ................ 122 

Scheme 3. 4. Synthesis of 2-allyloxymethyl-2-ethyltrimethylene carbonate (AOMEC) via ring-closure 

of trimethylolpropane allyl ether diol (TMAD) by carbonylation. ............................................ 123 

Scheme 3. 5. Homo-ROP of L-lactide and MAC catalysed by DPP/DMAP and initiated by BnOH. 124 

Scheme 3. 6. ROCOP of L-lactide and MAC catalysed by DPP/DMAP and initiated by BnOH. ...... 128 

Scheme 3. 7. Proposed mechanism for the bifunctional catalytic acid/base system. .......................... 138 

 

Scheme 4. 1. Two-step synthesis of allyl 2-oxo-1,3,6-dioxazocane-6-carboxylate (A-8NC) monomer.

 ................................................................................................................................................... 159 

Scheme 4. 2. Synthesis of prop-2-yn-1-yl 2-oxo-1,3,6-dioxazocane-6-carboxylate (P-8NC). ........... 161 

Scheme 4. 3. Organocatalysed homo-ROP of A-8NC. ....................................................................... 163 

Scheme 4. 4. Organocatalysed homo-ROP of P-8NC......................................................................... 168 

Scheme 4. 5. Different topologies of polymerisation of P-8NC. ........................................................ 170 



xviii 

Scheme 4. 6. Organocatalytic ROCOP of A-8NC and L-lactide......................................................... 179 

Scheme 4. 7. Synthesis of a diblock P(A8NC)-block-PLLA copolymer. ........................................... 187 

Scheme 4. 8. ROCOP of P-8NC with L-lactide catalysed by DPP/DMAP. ........................................ 202 

 

Scheme 5. 1. Scheme for the simplified mechanism of the photoinitiated thiol−ene coupling reaction 

catalysed by the addition of a chemical photo-initiator (PI), (kP: propagation rate constant, kCT: 

chain transfer rate constant). ...................................................................................................... 224 

 



1 

Acknowledgements 

First off, I would like to express my gratitude to Professor Andrew Dove for giving 

me the opportunity to undertake a PhD in his group. His continuous guidance, advice 

and scientific insight have been incredibly helpful and motivating for me throughout 

my research. You are a cornerstone of my career Andrew and thank you for that. The 

Dove group is a multinational group of wonderful people who have helped me 

immensely all these years. Their good spirit, our occasional stress-relieving pub visits 

and the captivating scientific talks we had starting at the University of Warwick and 

then at the University of Birmingham will be sorely missed.  

The European Union is gratefully acknowledged for funding my research and opening 

new horizons in my career. The vision of the Horizon programme becomes real with 

these doctorate degrees by mobilising and uniting researchers from different 

backgrounds. To all the SUSPOL team (academics and students), I am happy that I got 

the chance to meet and work with you all, and I will never forget the great time we 

spent together. 

The University of Mons and its good people being led by Dr Olivier Coulembier 

played a very important role in the successful outcome of this work. The months I 

spent in Belgium and our collaboration was a definite highlight of this PhD, and I am 

sorry for abusing your DSC! I wish only the best for the Belgian team. 

A special mention to my parents, Konstantinos and Eleni. As I have stated before, none 

of this would be real if it wasn’t for you guys. Your continuous  love and support and 

the constant push of confidence to achieve more in my life to date than I would ever 

have believed possible is mind-blowing. The older I get, the more I admire you for 

that. I love you both. 

Finally, a massive thank you goes to my partner in life, EK. I had warned you that a 

PhD in Chemistry is no joke, and yet we somehow managed to go through it. Thank 

you for your much-needed support. Now that it’s finally finished, I hope I get to spend 

more time with you and can’t wait for what lies ahead for us in the future.  



2 

Declaration of Authorship 

This thesis is submitted to the University of Warwick in support of my application for 

the degree of Doctor of Philosophy. It has been composed by myself and has not been 

submitted in any previous application for any degree. The work presented (including 

data generated and data analysis) was carried out by the author except in the cases 

outlined below: 

▪ High molar mass MALDI-ToF MS analysis of the P(L-malOCA)90 polymer in 

Chapter 2 (Figure 2.16) was performed by Dr Julien De Winter at the 

University of Mons. 

▪ MALDI-ToF MS analysis of the P(P-8NC)20 polymer in Chapter 4 (Figure 

4.17) was performed by Dr Julien De Winter at the University of Mons. 

▪ Quantitative 13C NMR and homo-decoupled 1H NMR spectra were obtained 

by Dr Ivan Prokes and Rob Perry at the University of Warwick. 

 

 

  



3 

List of Publications  

Published work during the undertaking of this thesis 

1) P. Bexis, A. W. Thomas, C. A. Bell and A. P. Dove, Polym. Chem., 2016, 7, 7126-

7134. 

2) P. Bexis, J. De Winter, O. Coulembier and A. P. Dove, Eur. Polym. J., 2017, 95, 

660-670. (Chapter 2) 

3) M. C. Arno, R. J. Williams, P. Bexis, A. Pitto-Barry, N. Kirby, A. P. Dove and R. 

K. O'Reilly, Biomaterials, 2018, 180, 184-192. 

4) J. C. Worch, H. Prydderch, S. Jimaja, P. Bexis, M. L. Becker and A. P. Dove, Nat. 

Rev. Chem., 2019, 3, 514-535. 

  



4 

List of Abbreviations 

[M]0:[I]0   Monomer:intiator ratio 

3-MPA   3-Mercaptopropionic acid 

AHA    α-Hydroxy acid 

AIBN    Azobis(isobutyronitrile) 

AOMEC   2-Allyloxymethyl-2-ethyltrimethylene carbonate 

bis-MPA   2,2’-Bis(hydroxymethyl) propionic acid 

BnSH    Benzyl mercaptan 

CDSA    Crystallisation-driven self-assembly 

CL    ε-Caprolactone 

CuAAC   Copper-catalysed azide-alkyne cycloaddition 

d    Doublet 

DBU    1,8-Diazabicyclo[5.4.0]undec-7-ene 

DCTB    Trans-2-[3-(4-tertbutylphenyl)-2-methyl-2-

propylidene]malonitrile 

dd    Doublet of doublets 

DDT    1-Dodecanethiol 

DL    ε-Decalactone 

ÐM    Dispersity (in molar mass) 

DMAP   4-Dimethylaminopyridine 

DMF    Dimethylformamide 

DMPA   2,2-Dimethoxy-2-phenylacetophenone 
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DMTA   Dynamic mechanical thermal analysis 

DNA    Deoxyribonucleic acid 

DOX    Doxorubicin 

DP    Degree of polymerisation 

DPC    Diphenyl carbonate 

DSC    Differential scanning calorimetry 

DTG   Derivative thermogravimetry 

E    Young’s modulus 

E′    Storage modulus 

E″    Loss modulus 

eq.    Equivalents 

ESI    Electrospray Ionisation 

F    Experimental molar fraction 

f    Feed molar fraction 

FT-IR    Fourier transform-infrared spectroscopy 

h    Hextet 

J    Proton coupling constant 

kB    Boltzmann constant 

kinit    Rate of initiation 

kprop    Rate of propagation 

kx    Rate of reaction 

LCST    Lower critical solution temperature 

L-LA    L-Lactide 
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m    Multiplet 

MAC    5-Methyl-5-allyloxycarbonyl-1,3-dioxan-2-one 

MALDI-ToF   Matrix-assisted laser desorption ionisation time-of-flight 

mCPBA   3-Chloroperoxybenzoic acid 

MeO-PEG-OH  Poly(ethylene glycol) monomethyl ether 

MeO-PEG-SH  Thiol-terminated poly(ethylene glycol) monomethyl ether 

Mn    Number-average molecular weight 

MRI    Magnetic resonance imaging 

MS    Mass spectrometry 

Mw    Weight-average molecular weight 

N    Total degree of polymerisation 

NA    Degree of polymerisation (of monomer A) 

NMR    Nuclear magnetic resonance 

OCA    O-Carboxyanhydride 

OEGMA   Oligo(ethylene glycol) methyl ether methacrylate 

P3HB    Poly(3-hydroxybutyrate) 

P4HB    Poly(4-hydroxybutyrate) 

PBS    Phosphate buffered saline 

PC    Propylene carbonate 

PDLA    Poly(D-lactide) 

PDLLA   Poly(D,L-lactide) 

PDMS    Poly(dimethyl siloxane) 

PDXO    Poly(1,5-dioxepan-2-one) 
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PEG    Poly(ethylene glycol) 

PEI    Poly(ethyleneimine) 

PGA    Poly(glycolide) 

PGS    Poly(glycerol sebacate) 

PHTMC   Poly(2-hydroxyl trimethylene carbonate) 

PLA    Poly(lactic acid) 

PLGA    Poly(lactide-co-glycolide) 

PMOC   Poly(5-methyl-5-oxoethyloxycarbonyl-1,3-dioxan-2-one) 

p-TSA    para-Toluene sulfonic acid 

R    Degree of randomness 

r1    Reactivity ratio (of monomer 1) 

RDRP    Reversible-deactivation radical polymerisation 

RI    Refractive index 

ROCOP  Ring-opening co-polymerisation 

ROP    Ring-opening polymerisation 

s    Singlet 

SEC    Size exclusion chromatography 

SLA    Stereolithography 

SPAAC   Strain-promoted azide-alkyne cycloaddition 

t    Triplet 

T    Temperature 

TBD    1,5,7-Triazabicyclo[4.4.0]dec-5-ene 

Tg    Glass transition temperature 
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TGA    Thermogravimetric analysis 

THF    Tetrahydrofuran 

TMAD   Trimethylolpropane allyl ether diol 

TMC    Trimethylene carbonate 

TPE    Thermoplastic elastomer 

TU    1-(3,5-Bis(trifluoromethyl)-phenyl)-3-cyclohexylthiourea 

UTS    Ultimate tensile strength 

UV    Ultra-violet 

VL    δ-Valerolactone 

VS    Vinyl sulfone 

Z    Number of nearest-neighbour monomers 

δ    Chemical shift 

ΔGmix    Gibbs free energy of mixing 

ΔHmix    Enthalpy of mixing 

ΔSmix    Entropy of mixing 

εb    Strain at break 

λ    Wavelength 

μSL    Micro stereolithography 

φA    Volume fraction 

χ    Flory-Huggins interaction parameter 
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Abstract 

Chapter 1 provides a general introduction to the main concepts which are applied 

throughout this thesis and surveys the reported synthetic routes to functional polyesters 

and polycarbonates as well as applications of alkene-functional polycarbonates 

prepared by ROP in the published literature. 

Chapter 2 describes the organocatalyzed synthesis of P(L-malOCA) and PLLA 

polymers derived from activated monomers (OCAs) of L-lactic and L-malic acids. Ion 

pairs of pyridine and 4-methoxypyridine with L-lactic acid and β-benzyl α-(L)-malate 

were prepared and were employed as single initiator/catalyst systems for the ROP 

process. Analysis of the polymers via MALDI-ToF mass spectrometry provided an 

insight into the different side-reactions which occurred during the ROP, especially for 

the higher molar mass polyesters. The stereoregularity of these polymers was 

investigated via 1H homo-decoupled and 13C NMR spectroscopy techniques. Polymers 

of higher molar mass were found to be almost 100% isotactic, whereas lower molar 

mass polymers displayed an atactic nature. The thermal analysis of these polymers 

revealed the highly crystalline and thermal resisting nature of PLLA with high melting 

temperatures, while P(L-malOCA) polymers remained in amorphous state as a 

consequence of their microstructure. 

Chapter 3 describes the organocatalytic ring-opening copolymerisation of L-lactide 

with three functional monomers, two allyl functional 6-membered cyclic carbonates, 

6-methyl-5-allyloxycarbonyl-1,3-dioxan-2-one (MAC), 2-allyloxymethyl-2-

ethyltrimethylene carbonate (TMAC) and an isopropyl functional 5-membered cyclic 

phosphate, 2-isoproxy-1,3,2-dioxophospholane 2-oxide (iPP). 1H and 13C NMR 

spectroscopy and SEC provided evidence that copolymers of defined composition and 

microstructure were synthesised employing a wide array of novel or already reported 

organocatalytic systems which enabled the regulation of the polymerisation activity of 

each comonomer selectively. Specifically, the copolymerisation of lactide with the 

cyclic phosphate showed the large difference in reactivity of the two monomers 

leading to the synthesis of block-like or gradient copolymers with a first PLA block 
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followed by a shorter polyphosphate block, rather than a more statistical structure, 

which was the desired result. The change to another family of monomers, the 6-

membered cyclic carbonates improved the copolymerisation behaviour of lactide and 

shifted the microstructure of the materials into a more random nature. Thermal analysis 

of the polymers revealed their full miscibility in the melt through a single Tg, 

showcasing the statistical nature. Furthermore, PLLA’s crystallinity could be retained 

for up to 22% carbonate content in the copolymer structure, a value which is 

unprecedently high, and is a consequence of the random placement of carbonate units 

in the copolymers. 

Chapter 4 describes the investigation pf the homo-polymerisation of two functional 8-

membered-N-cyclic carbonates (allyl and propargyl) catalysed by a number of organic 

catalysts. Subsequently, the simultaneous ROCOP of the two comonomers with lactide 

was studied. The judicious choice of catalytic system lead to statistical copolymers of 

the desired microstructure and molecular weight. Reactivity ratio studies, detailed 

1H/13C NMR spectroscopic analyses and MALDI-ToF MS analyses provided 

convincing data for the randomness of the copolymers. Thermal analyses by the means 

of DSC and TGA provided data for the crystallinity of the copolymers of moderately 

high carbonate content. 

Chapter 5 describes the semi-crystalline alkene- and alkyne-functional P(LLA-co-

A8NC) & P(LLA-co-P8NC) statistical copolymers which were subjected to 

stereocomplexation studies with their enantiomerically opposite counterparts,  and 

with PDLA. These new materials displayed increased crystallinity compared to their 

parent enantiopure copolymers and this translated into enhanced thermal stability, 

evidenced by DSC and TGA studies. Moreover, taking advantage of the terminal 

alkene functionality which - as a consequence of the highly statistical nature of the 

copolymers – was selectively located into the copolymer chain, post-ROP 

photoinitiated thiol-ene reactions were performed. A wide variety of mono-functional 

thiols were successfully attached to the P(LLA-co-A8NC) copolymers as evidenced 

by  1H/13C NMR spectroscopy, SEC, DSC and TGA analyses. 
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Chapter 6 provides a general summary of Chapters 2-5, and explores opportunities for 

further work that may be productively undertaken based on the results presented in 

this thesis. 

Chapter 7 lists experimental protocols and spectroscopic data for the materials 

presented in this thesis. 

An Appendix is provided in which all supporting spectroscopic data described in all 

Chapters is shown. 
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1. Introduction 

 

1.1 Overview 

This chapter is divided into four main sections, with the first part providing a general 

aspect of the points which will be described. The second part introduces the main 

polymerisation technique which is used through-out this work, ring-opening 

polymerisation (ROP) of cyclic monomers. The two main families of ROP catalysts 

are described; metal-based catalysts and small molecule organocatalysts; their various 

synthetic routes, their history and advantages/disadvantages in the field are explored 

as well as the main polymerisation mechanism in which they are being applied. The 

third part involves degradable polymers derived from ROP of cyclic monomers. Their 

properties, characterisation and potential application fields are explained. The three 

main families of degradable polymers researched in this work are aliphatic polyesters, 

polycarbonates and polyphosphoesters (polyphosphates). Special emphasis is given in 

the inherent functionalities these polymers bear and the significance as post-ROP 

chemical handles. Finally, since the main polyester of this work is poly(lactic acid), a 

special mention is given to the stereochemistry of this polymer and subsequently to its 

stereocomplexation possibilities.  

 

 

1.2 General Introduction 

Polymers can be found all around natural life and modern society. They serve as the 

very basis of both plant and animal life as proteins, nucleic acids and polysaccharides. 

In construction, they serve as composite building and insulation materials. At home, 

they are seen in numerous everyday commodity appliances and items, while outside 

our homes they are present in flowers, soil as well as spider webs. The main 

advantageous characteristic of synthetic polymers is their size. They carry a high 
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macro-economic value, since they are produced from inexpensive and readily 

available materials, thus allowing for vast quantities to be made. The wide variety of 

starting materials, polymerisation techniques and post-modification pathways provide 

a vast battery of materials with practically endless different physicochemical and 

thermomechanical properties. They are often categorised based on their ability to be 

melted and reshaped through the application of heat and pressure. The ones that are 

able to do that are called thermoplastics. Thermosets form irreversible chemical 

bonds during the curing process and do not melt when heated, but typically decompose 

and do not reform upon cooling. 

Starting from the first synthetic polymer (Bakelite – phenol-formaldehyde resins) 

which was prepared in 1907 by the Belgian-American chemist Leo Baekeland in New 

York, the majority of most modern day plastics still originate from petroleum 

derivatives, therefore non-renewable resources. Obviously, this presents a major 

environmental issue. Today, a small but non-negligible percentage of the total oil 

produced annually (6-8%) is directed towards the manufacture of polymers. This 

number is projected to steadily increase and by 2050, it is argued that almost 20% of 

the total oil produced annually will be used by the plastics industry.1-3 A greener 

alternative solution would be to develop more sustainably-sourced polymers. Research 

has focused mainly on replacing fossil raw materials with renewable alternatives and 

on developing end-of-life options that generate materials that are suitable for recycling 

or biodegradation. Where biomass from natural sources (plants) is used as the 

renewable raw material, the polymers are often referred to as bioderived (biosourced). 

In terms of biodegradation, it is important to acknowledge that some petroleum-

derived polymers are biodegradable, not all bioderived polymers will biodegrade and 

that their degradation profile and mechanism is heavily dependent by external stimuli 

(presence of water/oxygen, temperature, pressure, pH). 

One of the most prominent examples of compostable,  readily degradable and naturally 

derived polymers is poly(lactic acid) (PLA) (Scheme 1.1).4-6 PLA is produced through 

a multi-step procedure starting from the fermentation of starch to lactic acid, followed 

by the preparation of the cyclic dimer lactide (through discreet oligomerisation, 

https://en.wikipedia.org/wiki/Yonkers,_New_York
https://en.wikipedia.org/wiki/Yonkers,_New_York


15 

depolymerisation and distillation steps) and its subsequent ring-opening 

polymerisation. Since its first commercial production by NatureWorks® in 2002, many 

applications utilising PLA as a high-performance compostable material and as a 

biomedical device, such as drug-delivery carrier and tissue engineering scaffold, have 

been explored.7, 8 Furthermore, it has properties which enable it to replace petrochem-

ical-derived plastics in some types of packaging and fibers.9, 10 

 

 

Scheme 1. 1. Production route of PLA through the fermentation of starch and the subsequent ROP of 

lactide. 

 

In terms of its end-of-life fate, PLA can be recycled and degraded (thermally and 

hydrolytically). It has been shown to degrade to lactic acid and its oligomers (and other 

minor protic impurities), which are further chemically hydrolysed or assimilated by 

the Krebs cycle.11  

Recent advances in polymerisation techniques and the development of new functional 

monomers have resulted in an increasing interest in the use of aliphatic polycarbonates 

for biomedical applications.12-17 To date, the most popular aliphatic polycarbonate 

which has been widely studied, tested and approved for use in biomedical applications 

is poly(trimethylene carbonate) (PTMC) (Scheme 1.2).  

 

 

 

Scheme 1. 2. Poly(TMC) synthesised by the ROP of the 6-membered cyclic carbonate, trimethylene 

carbonate (TMC). 

Carbohydrates Starch Lactide PLA

ROP
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Materials like these offer an interesting alternative to aliphatic polyesters as a 

consequence of their different thermomechanical properties and their degradation 

behaviour. From a synthetic point of view, the relative ease of incorporating 

functionality in the polymer backbone through facile monomer synthesis and mild 

polymerisation conditions makes them also attractive candidates. In addition, 

polycarbonates generally possess longer degradation times than their polyester 

counterparts, as the degradation of polyesters can be auto-catalysed by the formation 

of acidic moieties as by-products of hydrolysis, resulting in a local decrease in the pH 

and accelerated degradation.18-20 The existence of carboxylic acids in vivo can 

potentially cause harmful effects to living tissue, as rapid decreases in local pH can 

stimulate inflammations, especially if the degrading material is trapped in a confined 

area.21 The degradation of polycarbonates on the other hand does not result in the 

formation of any sort of acid, as the terminal carbonic acid moiety instantly 

degrades/decarboxylates to yield CO2 and  hydroxyl-terminated oligomers. 

The importance of stereochemistry to the function of molecules is generally well 

understood and studied. However, to date, control over stereochemistry and its 

potential to influence properties of the resulting polymers are, as yet, not fully realised. 

In nature, one can find an abundance of large and complex molecules in which the 

precise control over both the sequence and spatial arrangement of the atoms is critical 

to their performance. Each polymer chain usually possesses a large quantity of possible 

conformations due to the large population of atoms and the rotation of atoms between 

chemical bonds. For any given material the inter- and intra-chain interactions among 

unimers (van der Waals forces, dipole-dipole, H-bonding) largely dictate its 

thermomechanical behaviour. However, there is a large degree of disorder in most 

macromolecular systems. Thus, efforts to increase the molecular order within materials 

which would translate to an enhancement of properties are highly desirable. The 

mixing of two different polymers results in a material that may possess different 

properties compared to its parent singular components. If such a complex is composed 

of isomeric polymers that differ in terms of tacticity or chirality, then it can be referred 

to as a stereocomplex that generally features enhanced molecular order. 

Stereocomplexation is defined as the stereoselective association of the specific parent 
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polymer pair.22 As such, stereocomplexation has emerged as a powerful tool to 

improve the thermomechanical properties of materials. A well-known and typical 

example of stereocomplexation is the one between isotactic and syndiotactic 

poly(methyl methacrylate) (PMMA), which was first reported by Fox in 1958.23 The 

first example of stereocomplexation (stereoselective association) for enantiomeric 

polymers, i.e. between R- and S-configured (or L- and D-configured) polymer chains, 

was reported by Pauling and Corey for a polypeptide in 1953.24 In the case of PLA, 

when an interaction between chains having identical configurations prevails against 

that one between polymers with different configurations, L-chains and D-chains 

assemble separately to form homo-crystallites. The first example of a PLA 

stereocomplex by precipitation of an equimolar mixture of enantiopure PLLA and 

PDLA was reported by Ikada et al. in 1987.25-27 The stereocomplex was characterised 

by DSC. A melting temperature at 230 °C was measured, 50°C higher than the melting 

temperature of the parent homochiral polymers, showcasing the potential of this 

structure as a next-generation material. 

 

 

1.3 Ring-Opening Polymerisation 

Ring-opening polymerisation of cyclic monomers is a polymerisation technique which 

enables the synthesis of predictable and high molar mass polymers.28-33 Judicious 

choice of initiating species enables the preparation of polymers with specific end 

groups and topology. A great deal of research has focused on improved synthetic 

techniques and catalyst development in order to more efficiently mediate the ROP 

processes.34-38 The living and controlled characteristics of many of these catalytic 

polymerisation methods, in combination with an appropriate initiating and catalytic 

species, enables either functional polymer synthesis or the preparation of a wide palette 

of copolymer structures (block, statistical, gradient) which may contain polyether, 

polyester, polycarbonate, polyphosphate, polyurethane and polyamide segments 

among others. A model polymerisation reaction can be depicted as in Scheme 1.3, 
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where M stands for the monomer, I for the initiating species (initiation step is shown 

in Equation 1) and m is the macromolecule repeating unit derived from the monomer, 

whereas an elementary reaction of the macromolecular chain growth (propagation) and 

termination reactions can be written as Equations 2 and 3 (Scheme 1.3), where m* 

denotes the active propagating chain-end species, kp and kd are the rate constants of 

propagation and de-propagation, and X is the terminating agent, respectively.33 

However, not all cyclic molecules are suitable for ring-opening, even if they contain a 

functional group which is compatible with standard ROP conditions, as a consequence 

of the thermodynamics of ring-opening polymerisation.39  

 

 

Scheme 1. 3. Model ROP reactions involving initiation, propagation and termination steps.  

 

1.3.1 Thermodynamics of ROP 

The ability of a cyclic monomer to polymerise according to the ring-opening 

mechanism is governed by the conversion of monomer molecules into macromolecules 

(of linear or more complex topologies). This must be allowed both thermodynamically 

and kinetically, meaning that the monomer-macromolecule equilibrium must be 

shifted to the right side (towards the formation of the polymer), and an appropriate 

polymerisation mechanism should exist which could enable conversion of the 

monomer molecules into the polymer repeating units, within a standard polymerisation 

time. 

Eq. 1

Eq. 2

Eq. 3
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Following Flory’s assumption that the reactivity of an active centre located at the chain 

end of a macromolecule of a sufficiently long macromolecular chain, does not depend 

on its polymerisation degree (DP), the Gibbs free-energy of ring-opening can be 

abbreviated to: 

∆𝐺𝑝 = ∆𝐻𝑝
° − 𝑇(∆𝑆𝑝

° + 𝑅𝑙𝑛[𝑀])  Eq. 4 

where Gp is the Gibbs free-energy, H°p is the standard enthalpy of ring-opening, T 

is the temperature, S°p is the standard entropy of ring-opening, R is the gas constant 

and [M] is the concentration of monomer. If the Gibbs free-energy is positive, the ring-

opening is thermodynamically impossible, and the ring remains closed (Figure 1.1). In 

order for a ring-opened monomer to polymerise (propagate), a mechanism for ring-

opening and attaching another monomer is required, generally facilitated by a catalyst. 

So generally, there are two important factors to contemplate when considering the 

particular polymerisation behaviour of a specific monomer: catalytic activity and 

thermodynamic equilibrium behaviour. 

 

 

Figure 1. 1. Difference in ΔG as a function of ring-size at normal pressure and at 25 °C; blue squares 

and red triangles represent different extracted values from the literature.33, 40 (used with permission 

from the American Chemical Society).39 
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Polymerisation and depolymerisation reactions generally occur simultaneously in 

ROP and the growth of the polymer chain only proceeds if the rate of polymerisation 

(kp) is greater than the rate of depolymerisation (kd). A decrease in the concentration 

of monomer during ROP would allow for more depolymerisation reactions to occur, 

therefore increasing the available monomer for polymerisation and eventually an 

equilibrium between the concentration of monomer and polymer is reached. As a 

consequence of the equilibrium between the monomer and the polymer, a critical 

concentration of monomer exists, below which polymerisation cannot occur as 

equilibrium is shifted in favour of the monomer and depolymerisation becomes more 

likely to occur. At equilibrium (Gp = 0),  that is, when the polymerisation is complete,  

the monomer concentration ([M]eq) assumes a value determined by standard 

polymerisation parameters H°p, S°p and a certain polymerisation temperature (T) 

(Equations 5 ,6).  

 

ln[𝑀]𝑒𝑞 =
∆𝐻𝑝

°

𝑅𝑇
⁄ −

∆𝑆𝑝
°

𝑅
⁄    Eq. 5 

[𝑀]𝑒𝑞 = exp (
∆𝐻𝑝

°

𝑅𝑇
⁄ −

∆𝑆𝑝
°

𝑅
⁄ )  Eq. 6 

 

This is accounted for in equation 4, but generally does not apply to oligomeric 

polymers of 20 repeat units or below (DP < 20). Therefore, polymerisation is 

thermodynamically possible at all times only when [M]0 > [M]eq. This thermodynamic 

polymerisability of cyclic monomers is generally reflected through their 

thermodynamic parameters (H°p, S°p) and is strongly dependent on their size, the 

existence of any heteroatoms, and the degree of substitution.39, 41 The ring-opening 

polymerisation of small and medium sized cyclic monomers (3-14 membered rings) is 

typically enthalpically favoured (Hp° < 0) but entropically disfavoured (Sp° < 0).39, 

40, 42, 43 In practical terms, these thermodynamic characteristics can lead to low 

equilibrium conversions for monomers characterised by low ring strain, which is the 
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driving force for the ROP of cyclic monomers and is represented by the characteristic 

enthalpy of ring-opening, H°p.  

Depending on their ring size and degree of substitution, the cyclic monomers able to 

undergo ROP can exhibit very different polymerisation behaviours. This is originated 

in the thermodynamic equilibrium polymerisation features of the ring; for smaller 

lactone rings, 4−7-membered, the polymerisation is disfavoured by an increase in 

temperature in contrast to many of the larger rings. In other words, the difference in 

ring size has a fundamental effect on both the sign and magnitude of H°p and S°p. 

The total strain of a monomer is dependent on three different factors: angle, 

conformation, and repulsion strain.44 Smaller lactone monomers are sufficiently 

strained to drive the monomer toward polymer formation, obviously assisted by a 

proper catalyst, indicated by a negative H°p, followed by an increased order of the 

system (decrease in absolute entropy value), indicative of a negative S° p. It is 

important to note that, when both Hp° and Sp° are negative (which is generally true 

for medium sized lactones, based on reported experimental values in the literature),40, 

42, 43 the ratio of the two is proportional to the ceiling temperature (Tc). This is defined 

as the temperature above which a monomer will not polymerise at a given 

concentration in a specific solvent and is catalyst independent. Therefore, the higher 

the ring strain, the lower the resulting monomer concentration (higher monomer 

conversion) at equilibrium (Eq. 6). The presence of ester or siloxane moieties generally 

increases the strain in such a way that -valerolactone, 1,4-dioxane-2-one (DX), 

lactides (LA), cyclic carbonates and hexamethylcyclotrisiloxane can be readily 

polymerised in mild conditions (low T and pressure, low [M]0). The carbonyl group 

introduces a certain measure of strain into six-membered rings due to the flat geometry 

of the ester moiety (–CH2–C(=O)–O–).33 

Equally important to the thermodynamics of the ROP which dictate the tendency or 

resiliency of a monomer to ring-open and polymerise, is the selection of the 

appropriate catalyst which will facilitate the reaction. Depending on the nature of the 

catalyst (transition metal-based, organic molecule, enzyme), different polymerisation 

mechanisms can be identified. 
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1.3.2 Metal-based ROP catalysis 

The catalysts involved in ROP reactions can be classified as metal-based salts or 

coordination complexes which mediate the polymerisations through anionic or 

coordination-insertion mechanisms and metal-free molecules which include 

nucleophilic, enzymatic or supramolecular organocatalysts as well as organic 

molecules of acidic pH which mediate the polymerisations in a cationic fashion.45-47 

An inherent advantage of inorganic and metal-based initiators/catalysts is the ability 

to tailor both the metal and the ligand in order to selectively optimise the 

polymerisation conditions. Furthermore, these catalysts have significantly higher turn-

over number (TON) and turn-over frequency (TOF) values than alternative 

organocatalytic options, therefore requiring minimal molar quantities to be used in the 

reactions. A direct drawback in their use is the contamination of the resulting polymer 

with metal residues post-polymerisation, which depending on the desired application 

might be harmful or toxic. This comes as a consequence of the difficulty in removing 

the catalyst completely from the polymers, whereas most organocatalysts are basic or 

acidic in nature, so the purification of the polymers is fully accomplished through the 

appropriate washing. Therefore, the relatively low observed toxicity of organocatalysts 

over concentrations presumably extending way over their likely residual levels in 

polymers, promotes their interest in the field of green chemistry for all applications 

where toxicity and environmental concerns are a key issue.48 

 

Simple initiators such as butyl lithium, lithium/potassium tert-butoxide and potassium  

have all been demonstrated to mediate anionic ROP in which the polymerisation 

principally proceeds via attack of the initiating or propagating alkoxide at the carbonyl 

group of the cyclic ester with ring-opening occurring quantitatively at the acyl–oxygen 

bond (Scheme 1.4A).49-54 The obtained polyesters were characterised and found to 

possess extremely high levels of chain-end functionalisation, which was determined 

from the initiating alkoxide. The use of metal salts and well-defined single site metal 

complexes has enabled the exploitation of coordination-insertion mechanisms in ROP 

(Scheme 1.4B). Coordination of monomer by the carbonyl oxygen to the metal centre 

leads to initiation and subsequently propagation by an active metal alkoxide species, 
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either isolated or generated in situ by the addition of an alcoholic initiator to a suitable 

metal precursor, resulting in the formation of a new chain-extended metal alkoxide 

species. 

 

 

Scheme 1. 4. Metal-catalysed ROP mechanisms of lactide. (A) Anionic polymerisation; (B) 

coordination-insertion polymerisation. 

 

The advantages these new complexes offered were the facile synthesis of polyesters 

with predictable molar masses and narrow dispersities, chain end control and minimal 

transesterification and epimerisation side-reactions. Additionally, many of these salts 

and complexes displayed a much greater tolerance towards protic impurities compared 

to those applied for anionic polymerisation. Both Sn(Oct)2 (stannous octoate or tin 

octoate) and Al(O-iPr)3 (aluminium tris-isopropoxide) have been extensively studied 

in terms of activity, polymerisation control and mechanism.55-60 According to 

experimental and theoretical data, the polymerisation proceeds via a coordination-

A)

B)
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insertion mechanism. With Sn(Oct)2, the key alkoxide complex is generated in situ 

upon reaction with the added external protic nucleophilic alcohol. The nature of the 

ester chain-end is directly related to the initiating alkoxide, and it is experimentally 

determined by 1H NMR and/or mass spectrometry, using electrospray ionisation (ESI) 

or matrix-assisted laser desorption ionisation time-of- flight (MALDI-ToF) 

techniques. When all the monomer has been consumed, the active metal-alkoxide bond 

is hydrolysed and a hydroxyl end-group is liberated, and the metal complex is released. 

It is noteworthy, that both these complexes suffer from aggregation which reduces the 

activity and selectivity of the catalyst resulting in loss of the fidelity of the 

experimental molar masses determined by the monomer/initiator ratio. A direct 

solution to this problem is the fresh distillation of both complexes before their use as 

polymerisation catalysts.  

During the past 30 years there has been a tremendous interest in the development of 

single-site and bimetallic homogeneous metal catalysts. Such complexes, supported 

by carefully designed ancillary ligands, offer the potential to tune the reactivity and 

selectivity of the catalyst thereby both increasing polymerisation activity and 

decreasing their inclination to catalyse deleterious side reactions such as inter-/intra-

transesterification of the ring-opened polyesters. In addition, in the case of lactide 

ROP, these systems offer the potential to control the stereochemistry of the polymers, 

hence enhancing their thermomechanical and physicochemical properties. Numerous 

examples of complexes based mainly on Al,61-70 Mg,71-76 Fe,77-79 Ru,80 Y,64, 81-87 Zn88-

91 among other transition metal elements can be found in the literature and several 

review articles have thoroughly covered the topic (Figure 1.2).47, 50, 92 A potential 

problem concerning the scale-up synthesis and industrial application of these catalysts 

is their high intolerance to oxygen and moisture which can instantaneously cause 

hydrolysis of the metal-carbon bond or oxidation of the metal, therefore causing 

substantial degradation and loss of catalytic activity. 
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Figure 1. 2. Representative organometallic complexes used for the controlled and stereospecific ROP 

of cyclic esters: a) Aluminum tetraphenylporphyrin; b) Aluminum salen; c) Aluminum salan; d) (b-

Diketiminatato)zinc; e) Amino-alkoxy (bisphenolate)yttrium.45 (Figure used with permission from the 

Royal Society of Chemistry). 

 

1.3.3 Organocatalysis in ROP 

In recent years, organic catalysis in ROP has become a powerful alternative to more 

traditional metal-based catalysts. Since the first report of the use of 4-

dimethylaminopyridine (DMAP) for the ring-opening polymerisation of lactide in 

2001 by Hedrick and coworkers93, the field has grown to the point that there are not 

only excellent low cost and easy to use organocatalysts for standard  polymerisations, 

but the ability to precisely control the synthesis of advanced polymer architectures, the 

monomer sequence, polymer stereospecificity94-98 and the compatibility with various 

cyclic monomers (such as lactides, lactones, carbonates, siloxanes, phosphoesters, 

epoxides, carboxyanhydrides, lactams) that are extremely challenging to polymerise 

with other catalysts is now a reality.34, 93, 99-101 Several classes of organic activators 

(catalysts or initiators), including Brønsted/Lewis acids or bases, and mono- or 

bicomponent and bifunctional catalytic systems have been reported, not only for step-

growth and chain-growth polymerisations, but also for depolymerisation reactions 

a) b) c)

d) e)
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when referring to the general context of recycling polymeric materials in a sustainable 

fashion. 

The mechanisms involved in each organocatalysed polymerisation generally depend 

on both the nature of the catalyst/activator and the monomer. ROP can occur through 

an activated-monomer mechanism (AMM), following either an electrophilic or a 

nucleophilic pathway (Scheme 1.5A, B). Electrophiles such as Brønsted organic acids 

(E in Scheme 1.5A) can activate the monomer by interaction with the heteroatom, e.g. 

the oxygen atom of the carbonyl group of cyclic esters and carbonates, the phosphoryl 

group of phosphoesters, or the oxygen atom of epoxides.102-111 As a result, this 

activated monomer analogue is more susceptible to a subsequent nucleophilic attack 

by the added initiator leading to the ring-opening of the monomer and the regeneration 

of the catalyst in its original form. In the nucleophilic activation, a nucleophile adds 

directly to the monomer (Nu in Scheme 1.5B) leading to a zwitterionic alkoxide-type 

intermediate directly after the ring-opening step, which then is replaced by the added 

alcohol-derived alkoxide counter-anion, thus leading to the propagation of the 

polymerisation with a RO-type -end group.112-119 Polymerisation operating by 

activation of a purposely-added exogenous initiator (or via activation of the polymer 

active chain-ends) refers to as the activated chain-end mechanism (ACEM) (Scheme 

1.5C). The interaction of an initiating alcohol with a catalyst (Brønsted basic or H-

bonding catalysts) leads to an activated initiating/propagating species, which is 

nucleophilic enough to attack/add and ring-open the non-activated heterocyclic 

monomer.120 A cooperative dual activation of both the monomer and the 

initiator/chain-end can also take place with specific mono- or bicomponent hetero-

bifunctional organic catalysts (Scheme 1.6) such as Brønsted acidic/basic-type 

catalysts and/or H-bonding capable catalysts (e.g. thiourea-type catalysts).121-131 These 

type of catalysts are highly selective towards the ring-opening vs the transesterification 

of the open esters and the most recent examples show that their activity can be 

compared to most widely-used metal-based catalysts in the literature. Their relative 

low toxicity along with their commercial availability or the ease in their synthesis 

makes them ideal candidates for future ROP-catalysis applications. 
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Scheme 1. 5. A) Electrophilic “Activated-Monomer Mechanism (AMM); B) Nucleophilic “Activated-

Monomer Mechanism” (AMM); C) Base-catalysed “Activated Chain-End Mechanism” (ACEM). 

 

 

Scheme 1. 6. Bifunctional activation mechanism AM/ACEM in the ROP of cyclic monomers. 

 

Enzymatic catalysis is another pathway in order to prepare well-defined metal-free 

polyesters and polycarbonates, especially targeted for use in the biomedical field 

(pharmaceuticals, drug-delivery, tissue engineering) as well as in food packaging 

applications.132 Even traces of toxic metals such as Sn, mostly derived from Sn(Oct)2 

which is the most popular catalyst for ROP reactions in the industry,133 can limit the 

potential application reach of these materials. ROP of cyclic monomers catalysed by 

enzymes (mainly lipases and esterases) has been explored in various reaction media. 

In the absence of solvent, Matsumura et al.134 conducted the ROP of rac-lactide 

catalysed by the PS supported Pseudomonas cepacia lipase and obtained the polyester 

with weight-average molecular weights (Mw) up to 126 kDa and 16% yield at 130 °C 

under optimised conditions. Uyama et al.135 evaluated the ROP reactions of -

caprolactone (CL), 11-undecanolide (UDL), and 12-dodecanolide (DDL) in bulk at 60 

°C catalyzed by Novozyme 435, and reported Mn 4.300 kDa for PCL (99% yield and 

A)

B)

C)
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dispersity equal to 2.7), 4.900 kDa for poly(UDL) (88% yield and 3.7 dispersity), and 

2.800 kDa for poly(DDL) (59% yield and 3.4 dispersity). When organic solvents are 

used in the synthesis of these polyesters, the most popular choices solvents are toluene 

and aliphatics (hexane or heptane), which are classified as hazardous, toxic and 

flammable. Lactides are poorly soluble in these organic solvents while melted lactides 

at high temperatures are inhibitory to the enzymatic propagation.136 In addition, lipases 

typically show moderate activities in these media.137, 138 As alternative and more 

sustainable ‘green’ solvents, supercritical CO2 (scCO2) has been used with promising 

results.139-141 Furthermore, ionic liquids, eutectic melts and aqueous biphasic systems 

have also been demonstrated as capable media for ROP. The field of enzymatic ROP 

catalysis has been extensively reviewed in several thorough articles in the literature.142-

145 

 

1.3.4 Transesterification side-reactions 

Ring-opening polymerisation can be classified as a transesterification reaction in 

which a cyclic ester is transformed into its ring-opened analogue by reacting with an 

exogenous added alcoholic protic nucleophile (initiator) under the influence of a 

catalyst. ROP is typically an exothermic reaction.43 Inherently with all ROP reactions, 

once the monomer concentration reaches minimal level (at high conversions), the 

selectivity of the reaction shifts from propagating the polymerisation via further attack 

of non-reacted monomer units to an already formed polyester. This side-reaction is 

defined as transesterification side-reaction.33 It is a deleterious and non-wanted side-

reaction and it causes broadening of the polymer final molar mass distribution 

(dispersity, ĐM) depending on the relative rates of propagation (ring-opening) and 

chain transfer, and eventually a deterioration of the final properties of the material. 

Transesterification reactions can occur inter-molecularly (Scheme 1.7A), where the 

active alkoxide chain-end attacks a neighbouring polymer chain leading to branching 

events, or intra-molecularly (back-biting), where significant chain 

redistribution/scrambling can occur leading to randomised polymer microstructures 

(Scheme 1.7B). 
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Scheme 1. 7. A) Intra-molecular and B) Inter-molecular transesterification side reactions during cyclic 

ester ring-opening polymerisation leading to cyclic species and scrambled polymer chain populations 

respectively. 

 

Transesterification side-reactions are usually avoided by terminating the 

polymerisation at lower conversion levels when a low-dispersed non-randomised 

polymer is targeted. The selection of the reaction catalyst is crucial as selective 

catalysts towards ROP rather than transesterification offer high levels of control 

independently of the conversion level.121, 146 

In the next section, special mention is given to the main polyester used throughout this 

work, PLA. Its production, stereochemistry, co-polymerisation options and 

stereocomplexation (blending) possibilities are reviewed in a detailed fashion, which 

paves the way to the better understanding of the specific nature and significant value 

of this material and the motivation of this thesis. 

 

 

1.4 Degradable polymers: Polylactide (PLA) – Overview and 

Biomedical Applications 

Biodegradable polymers, natural polymers as well as modern synthetic polymers 

derived from sustainably-sourced monomers are the basis for the 21st century portfolio 

of sustainable, eco-efficient plastics.1, 3, 147, 148 Recent studies have highlighted a rising 

A)

B)
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concern regarding the accumulation of floating plastic debris in the open ocean.149, 150 

More alarmingly, over the past decade numerous studies have documented 

microplastic ingestion by marine species with more recent investigations focusing on 

the secondary impacts of microplastic ingestion on ecosystem processes.151 At present, 

industrially produced synthetic polymers are predominantly based on petroleum 

resources, which are being rapidly depleted by our increasing energy demand.152 

Therefore, the need to replace current technology is urgent. It is anticipated that these 

annually renewed biomass-sourced and biodegradable materials will gradually replace 

their petrochemical counterparts. This is a long standing academic and industrial 

challenge, in a way that the manufacturing process of these polymers must become 

more cost-effective, their specific-target performance must match or even exceed the 

current standards and their end-of-use options must be quite diverse.1 Several recent 

governmental incentives around the globe have supported this path. Most notably, the 

United States Department of Agriculture (USDA) has since 2002 launched the 

BioPreferred® Programme, an initiative with the target of promoting the production 

and utilisation of bio-based products.153 

Polylactide or poly(lactic acid) (PLA),4, 6, 154 a renewable, biocompatible28 and 

biodegradable155 aliphatic polyester, has received a significant amount of interest in 

both academic and industrial research over recent years.156, 157 Its physical properties 

make it a competitive alternative to more common petrochemically derived polymeric 

materials as well as being suitable for more specialised applications in the 

pharmaceutical, biomedical and microelectronics fields.158 While PLA can also be 

prepared by the polycondensation of lactic acid, ROP provides a greater degree of 

control of the macromolecular characteristics and composition of the final polymers 

which translates to lower dispersities (ĐM), higher final molar mass as well as higher 

end-group fidelity compared to the polycondensation reactions.45 

Biodegradable polymers have been widely utilised and grown in the biomedical field 

because of their biocompatibility and in vivo degradability.159 They can be classified 

as natural or synthetic polymers depending on how they are sourced. Synthetic 

biodegradable polymers have found more versatile and diverse biomedical 
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applications owing to their tailorable designs or modifications.160, 161 PLA presents 

itself as a powerful candidate polymer in the field, as a consequence of its unique 

biocompatible properties and bioresorbability, which advance it as an eco-friendly 

nontoxic polymer with features that permit use in the human body.162 The diverse 

nature of PLA has enabled its employment as a biomaterial in tissue-engineering 

scaffolds, drug and gene delivery vehicle systems, covering membranes, different bio-

absorbable medical implants and sutures in dermatology and cosmetics.7 The available 

literature cited in this chapter offers a comprehensive list and description of the 

available technologies relating to this specific biopolymer.  

One of the main drawbacks of PLA concerning its suitability as a biomaterial is its 

high hydrophobicity and lack of readily available chemical functional handle. To 

encounter that, monomers are designed in which different functionalities are installed 

and can act as modifying agents to PLA’s hydrophobicity, crystallinity and rate of 

degradation.163 PLA is usually blended or copolymerised with different functional 

hydrophilic moieties which result in amphiphilic copolymers of different 

microstructures or PLA nanocomposites.164 

 

1.4.1 Functional polyesters from cyclic diesters (lactide analogues) and 

O-carboxyanhydrides 

The major limiting factor of lactide is that when polymerised it affords polyesters 

without any readily accessible functionalisable groups in the side chain. However, 

these are essential to allow further chemical modification and, therefore, alteration of 

the thermomechanical properties of the materials for a wider application span as well 

as tuning of their inherent hydrophobicity. 

An alternative to the copolymerisation with other readily functional families of cyclic 

monomers, is the synthesis and ROP of functional cyclic diesters (1,4-dioxane-2,5-

diones). This is achieved by two main synthetic pathways: (i) the stepwise 

condensation of an -hydroxy acid and an -haloacyl halide followed by a base-
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mediated cyclisation reaction (Scheme 1.8, Route A) and (ii) the self-condensation of 

-hydroxy acids catalysed by p-toluenesulfonic acid (Scheme 1.8, Route B).165 

 

 

Scheme 1. 8. Typical synthetic routes for A), B) functional cyclic diesters (1,4-dioxane-2,5-diones); 

C) functional O-carboxyanhydrides derived from functional -hydroxy acids. 

 

However, these reactions require the use of high dilution conditions in order to avoid 

intermolecular side-reactions (transesterification, oligomerisation), which usually 

results in tedious workups and low yields (~ 50%).165 Furthermore, these 6-membered 

cyclic structures monomers often suffer from poor reactivity towards ROP as a 

consequence of the steric hindrance created by their bulky substituents, therefore 

leading to low ring-strain.166 A comprehensive thermodynamic study published by 

Andrzej Duda and Stanislaw Penczek in 1990, revealed that due to the bond 

oppositions and angle distortions created by the two planar ester moieties within a 

skew boat conformation, lactide is among the rare examples of polymerisable six-

membered rings.167 In order to battle this issue,  highly active ROP catalysts and harsh 

conditions are required, but their use often results in undesirable side reactions such as 

A)

1.

2.        Base

ROP

B) H3O+



C)

Phosgene
Derivative ROP
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transesterifications or chain redistributions and racemisation of the enantiopure 

monomers leading to atactic polymers. 

In order to circumvent these limitations, activated equivalents of lactide would be 

highly desirable. The use of -lactones (3-membered cyclic esters) was quickly 

abandoned as these molecules are highly reactive towards ROP and therefore their 

polymerisation cannot be controlled.168 In this regard, the readily available 1,3-

dioxolane-2,4-diones, (O-carboxyanhydrides , OCAs),169, 170 which have proved to be 

rather reactive for the derivatisation of alcohols171, 172 were considered as promising 

candidates. Functional OCAs are synthesised through the ring-closing of their parent 

-hydroxy acids using phosgene or one of its derivatives (di- or triphosgene) (Scheme 

1.8, Route C). When phosgene is used as a carbonylation agent, no added base is 

needed to act as an acid scavenger, whereas reactions with di- and triphosgene are most 

often carried out in the presence of activated charcoal, to promote their decomposition 

into phosgene, and a tertiary amine (Et3N, pyridine, DMAP) to neutralize the in-situ 

formed HCl.173  

The interest in the research of the polymerisation of these monomers was refreshed 

after a seminal study by Bourissou and coworkers was published in 2006, where they 

demonstrated the organocatalytic ROP of lac-OCA, the OCA derived from lactic acid. 

The polymerisation was quite controlled and was conducted under relatively mild 

polymerisation conditions (0.75 M in DCM, DMAP catalyst, 35 °C) leading to PLA-

like polymers with predicted molar masses and extremely narrow dispersities.174 

Compared with the ROP of lactide, the ROP of lac-OCA was considered to be 

thermodynamically more favourable by computational prediction because of the 

release of a CO2 molecule during the polymerisation process of OCAs. As 

demonstrated by Density Functional Theory (DFT) calculations, the ring-opening of 

lac-OCA takes place in two steps: (1) the ring-opening itself provides the major part 

of the enthalpic term and the decarboxylation step plays a key role entropically.175 This 

prediction was confirmed experimentally, as the ROP of lac-OCA proceeded much 

faster than that of lactide under similar conditions (quantitative conversion was 

reached typically within a few minutes at 25 °C for lac-OCA as opposed to a few days 
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at 35 °C for lactide).174 This comprehensive computational mechanistic study carried 

out by the Bourissou group revealed that the base activation of the alcohol through 

multiple hydrogen bonding is energetically more favourable than the nucleophilic 

activation of the monomers in the DMAP-catalysed ROP of lac-OCA and that DMAP 

may serve as a bifunctional catalyst through its basic nitrogen centre and through its 

acidic ortho-hydrogen atom in this process (Scheme 1.9).175 

 

 

Scheme 1. 9. The bifunctional role of DMAP as activator in the case of lac-OCA ROP.175 

 

Since then, considerate effort has been demonstrated from different groups into the 

research of the polymerisation and biomedical application of these monomers with a 

wide palette of examples being available currently in the literature with OCAs derived 

from mandelic acid,176 malic acid,177 glutamic acid,178 L-phenylalanine,179 L-serine,180 

L-tyrosine,181 and L-lysine.182 

The ROP of these monomers can be catalysed by metal-based initiators, 

organocatalysts and enzymes.173 Different modes of activation and propagation 

pathways have been investigated depending on the catalyst used. As in the case of 

lactide, OCAs are chiral and optically active molecules, therefore their stereoregular 

polymerisation is of utmost importance since the level of tacticity of the produced 

polyesters can heavily affect the physicochemical and thermomechanical properties of 

the materials. Buchard et al. showed that acid-base ion adducts can promote the ROP 

of enantiopure OCAs from malic acid in an extremely stereocontrolled fashion without 

any racemisation evident, leading to the synthesis of highly isotactic polymers.176 In 

the field of metal catalysis, Tong and coworkers showed an effective protocol that 
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combines photo-redox Ni/Ir catalysis with the use of a Zn-alkoxide for efficient ROP, 

allowing for the synthesis of isotactic polyesters with expected molecular weights (> 

140 kDa) and narrow molecular weight distributions (Mw/Mn < 1.1).183 The same group 

also reported a powerful strategy to synthesise stereoblock polyesters via the 

stereoselective ROP of racemic mixtures of O-carboxyanhydrides. These stereoblock 

polymers  displayed distinct melting temperatures which were similar to their 

stereocomplexed counterparts. In the same study, it was demonstrated that in a one-

pot photo-redox copolymerisation of two different O-carboxyanhydrides, the use of 

such Zn-complex mediated the kinetic resolution of the comonomers during their 

enchainment and showed a chirality preference that enabled the synthesis of gradient 

copolymers.184 

 

1.4.2 The stereochemistry of PLA 

The application of ROP techniques also enables control over the order of insertion of 

monomers into the polymer chain based on their stereochemistry.46, 47 Poly(-

hydroxyacids) and polyhydroxyalkanoates are particularly attractive classes of 

polymers because of the presence of asymmetric carbon atoms in their backbones. 

Lactic acid (2-hydroxypropanoic acid) is the simplest -hydroxy acid with a chiral 

carbon atom and it exists as two optical isomers, the so- called R- (or D) enantiomer 

and the S- (or L) enantiomer. Lactide therefore possesses two stereocenters and three 

distinct diastereoisomers: (S,S)- or L-, (R,R)- or D- and the optically inactive meso-

lactide. All these enantiopure isomers are commercially available as single 

enantiomers or a racemic mixture (rac-lactide). This makes PLA a particularly 

interesting polymer because a variety of microstructures (i.e. atactic, isotactic, 

heterotactic and syndiotactic) can be constructed from this basic set of monomers 

(Figure 1.3) with each one of them possessing unique physicochemical, thermal and 

mechanical properties as well as different degradation rate profiles.46, 185-187  
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Figure 1. 3. PLA microstructures produced via the stereoregular ROP of different enantiomers of 

lactide. 

 

The industrial synthesis of LA from lactic acid is a multi-step procedure and involves 

the synthesis of a low molar mass poly(lactic acid) oligomer (prepolymer) which then 

in a subsequent depolymerisation step is transformed into stereochemically crude LA. 

This lactide mixture contains the S,S- and R,R- pure enantiomers and a significant 

amount of meso-lactide impurities (product of lactic acid racemisation) which are 

separated and isolated or discarded via repeated distillation steps.188 This naturally has 

a detrimental effect on the final yield of the lactide industrial production which 

translates in a significant increase of the overall cost of the process. If not discarded, 

the incorporation of the meso-lactide units into the stereoregular PLLA/PDLA chain 

will significantly alter the stereopurity of the repeating units (i.e. introduce stereoerrors) 

and deteriorate the properties of the PLA materials.10, 46, 189 Meso-LA can be also 

isotactic 

rac-LA isotactic 
diblock

isotactic 
multiblock

heterotactic
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generated as a possible feedstock-recycling pathway, through the thermal degradation 

of PLLA which produces a large pool of degradation by-products including racemised 

LA diastereomers.4, 190 While the ROP of the isolated meso-lactide produces 

predominantly atactic (a completely random, non-ordered sequence of S and R 

stereocentres) and amorphous PLA polymers of low value, the stereoselective ROP of 

meso-lactide can lead to syndiotactic PLA (st-PLA, a sequence with alternating S and 

R stereocentres i.e. -SRSRSR-) which is a semi-crystalline material with a Tm of ∼ 

150 °C, significantly lower than that that of polylactides with higher side-chain 

stereoregularity.46 Relatively few papers have focused on the synthesis of this kind of 

PLA and its full properties or potential has not yet been fully uncovered. Another 

stereochemical possibility is the preparation of heterotactic PLA (ht-PLA) in which 

the stereocentres doubly alternate i.e. -SSRRSSRR-. These polymers are generally 

amorphous with a Tg of ~ 30 °C, thus further narrowing the range of potential 

applications.185  

Stereocontrolled ROP of the optically pure monomers (L-LA or D-LA) leads to 

isotactic (it) semi-crystalline PLA polymers (in 100% it-PLA, theoretically all the 

stereocentres are aligned along the same side of the polymer chain and usually has a 

Tm ∼ 180 °C and Tg ~ 60 °C) which are denoted as poly(L-lactide), PLLA and poly(D-

lactide), PDLA.191 The thermal and mechanical properties of these materials are 

dependent on their molar mass and the % content of the minor enantiomeric unit in the 

final polymer chain (via epimerisation of the enantiopure monomer during ROP). The 

mechanical properties of these polymers follow a similar trend to the thermal 

behaviour and are clearly dependent on the stereochemical makeup of the polymer 

backbone. Semicrystalline it-PLLA has an approximate tensile modulus of 4 GPa, 

tensile strength of ∼70 MPa, flexural modulus of 5 GPa, flexural strength of 100 MPa, 

and an elongation at break of about 5%. Therefore, it is generally preferred over the 

amorphous polymer (tensile modulus 1.2 GPa, tensile strength 59 MPa, flexural 

strength 88 MPa) for applications that require stiffer materials.154, 192 

The stereochemical polymorphism of PLA enables the exploration of a quite intricate 

phenomenon called stereocomplexation, which is described as the physicochemical 
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interaction of two enantiomerically pure and opposite (homochiral) analogues of PLA 

via blending. Stereocomplexation paves the way for further expansion of PLA as a 

material through a significant enhancement of the polymer’s thermal and mechanical 

properties.  

 

1.4.3 PLA stereocomplexation 

Numerous classes of polymers have been isolated as stereocomplexes and have been 

broadly covered in the literature.193, 194 Enhancement of PLA’s properties via 

stereocomplexation of PLLA and PDLA homopolymers is one method that has been 

widely utilised to develop thermally stable PLAs required for many applications as 

high-precision engineering/bio-engineering materials. Extensive studies now reveal 

that stereocomplexation is an intricate phenomenon which is governed by many 

parameters such as the PLLA/PDLA blend ratio,195 molar mass,196, 197 processing 

methodology,198-200 and potential use of additives or nucleating agents201-203. All these 

parameters ultimately influence the crystallisation efficiency of the sc-chains versus 

the homocrystallisation, which can be a detrimental competing phenomenon. 

Therefore, manipulating all these factors can result into a wide array of available 

materials with highly tunable final properties. Apart from the evident increase in the 

melting temperatures of these materials, an improvement in their mechanical 

properties such as tensile strength, Young's modulus, and elongation at break is 

reported.195, 204, 205 The enhanced stability of sc-PLA originates in its high crystallinity 

which is a direct result of its physicochemical structure which consists of stronger 

hydrogen bonds and dipole-dipole interactions between the enantiomeric PLA chains. 

This ultimately leads to a denser packing of the macromolecular chains.206, 207 These 

stronger non-covalent inter/intra-molecular interactions of the stereocomplex phase 

are evidenced by the slower hydrolytic biodegradation profile of the PLLA/PDLA 

blends compared to their homochiral analogues.208 Simultaneously, more acidic 

degradation products (lactic acid oligomers) of lower molar mass are formed and a 

rapid decrease in the pH of the degradation medium occurs.198  
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Non-blended stereoblock PLA (sb-PLA) in which the stereocomplexed interactions 

between the individual (S,S-) and (R,R-) block-chains are formed in situ during the 

polymerisation of racemic lactide also displays similar properties with the blended 

stereocomplexes. In essence, stereocomplexation is possible as long as L-lactide (or L-

lactyl) unit sequences and D-lactide (or D-lactyl) unit sequences coexist in a system.30, 

209 The stereocomplex features the multisite hydrogen bonding interactions between 

L-lactyl and D-lactyl unit sequences and gives rise to a double-helical microstructure 

which possesses the enhanced thermal properties outlined. As may be expected, the 

more densely packed crystal structure and chain packing that originates from stronger 

hydrogen bonds between the enantiomeric PLA chains206, 207 results in a 

stereocomplexed structure that has different mechanical and rheological properties 

compared to isotactic PLA or racemic structures (Figure 1.4).210-212  

 

 

Figure 1. 4. Crystal structure of stereocomplex of poly(L-lactide) and poly(D-lactide).212 

 

 

PLLA

PDLA
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Notably, sc-PLA displays increased tensile strength and Young's modulus, and 

reduced elongation at break, compared to the homochiral materials.195, 204, 205 The 

effect of structure is also evident from the slower hydrolytic biodegradation profile of 

the PLLA/PDLA blends compared to their homochiral analogues.198, 208 Finally, since 

PLA is inherently polymorphic the crystallinity of sc-PLA blends can be specifically 

adjusted by varying compositional ratios.213 This is particularly attractive and gives a 

modular platform for a range of applications.  

 

1.4.4 Lactide co-polymerisation with other functional families of co-

monomers & exploitation of stereocomplexation 

The copolymerisation of enantiopure lactides with a large battery of comonomers 

enables the synthesis of various architectures such as block, statistical, graft and star 

structures which are tailor-made for specific applications and still capable of 

stereocomplexation.214, 215 Undoubtedly, the principal application of PLA is as a 

synthetic, degradable biomaterial and stereocomplexation has played a leading role in 

the novel and ‘smart’ biomaterials that have distinctive and tunable features (e.g. 

hydrolytic degradation, self-assembly, physical stability and bioactivity). Moreover, 

stereocomplexation provides a new path to create diverse micro- and nano-structures 

(e.g. micelles) which are critically important for biomedical applications.216, 217 In 

order to improve water solubility PLA is commonly paired with hydrophilic polymers 

such as di- and tri-block PLA-PEG copolymer architectures.218-224 When these block 

copolymers are placed in aqueous environments they form micelles that can be applied 

as drug delivery vehicles. The overall stability of the micelles is strongly dependent 

upon the tacticity of PLA, with sc-PLA containing micelles exhibiting higher stability 

(lower critical micelle concentration) encapsulation efficiencies and more controlled 

drug release profiles.219, 220, 225 Recent studies have demonstrated that stereocomplexed 

PLA nanofibers exhibit a much slower degradation profile and thus provoke a lower 

degree of inflammation in vivo than the homochiral PLLA or atactic P(rac-LA) 

nanofibers.226-231 Furthermore, sc-PLA based hydrogels outperform non-

stereocomplexed PLA counterparts in many metrics including hydrolytic stability, 
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controlled release and toughness.232-240 Furthermore, the stereocomplexation of PLA 

has been used to induce a morphology switch between cylindrical micelles of each 

homochiral PLA-b-PAA (poly(acrylic acid)) to create spherical micelles that contain 

stereocomplexed PLA in the core.241 This discovery potentially points the way to using 

stereochemistry to determine function, beyond just controlling molecular and 

macroscopic properties of polymers. The effect of PLA stereochemistry on templated 

inorganic nanostructures has been investigated and shown to be a determining factor 

on the possible morphological control of block copolymers, providing supramolecular 

structures with a hierarchical order, as characterised by the distinctive vertical and 

horizontal growth of toroidal nanostructured inorganic features.242 These robust 

nanostructures with thermal and mechanical stability are suitable for a low-dielectric 

insulating media and etching masks in microelectronics or for material encapsulation 

and macromolecular assemblies to transport and deliver biologically active agents. 

Recent advances in synthetic techniques in combination with the advantages PLA 

stereocomplexation provides have opened new pathways for designing new 

organic/inorganic polymer hybrids which would create entirely novel compositions 

with distinct properties.214 

Secondary to biomedical applications, PLA has been intensely studied as a 

biodegradable alternative to polyolefin plastics, more specifically as a hydrolytically 

degradable polyester. PLA has long been studied as a sustainable substitute for 

polystyrene leading to the utilisation of PLA as the “hard” block in TPEs in which 

another renewable monomer, polymenthide (PM), is applied as the “soft” block 

(Figure 1.5).243, 244  
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Figure 1. 5. Degradable polymers with defined stereochemistry as replacements to polyolefins. 

 

The thermal and mechanical performance of reported PLA-based TPEs shows a strong 

dependence on the stereoregularity of the PLA semi-crystalline block and the 

enhancement of the physical interactions (physical crosslinking and 

stereocomplexation) between the hard segments.244-248 In such TPEs, the Young’s 

modulus and yield strength decrease in the order sc-PLA < PLLA < poly(rac-LA) 

while a trend in ductility is less defined. Impressively, only incorporating 5% of the 

PDLA-block-PM-block-PDLA into 95% PLLA-block-PM-block-PLLA resulted in 

comparable mechanical properties to those of the 50:50 blend, which illustrates the 

effectiveness of stereocomplexation on polymer properties.244 These studies have 

Poly(propylene)

Poly(styrene)

Poly(isoprene)

Poly(lactide) Poly(menthide) Poly(hydroxyalkanoates)

Poly(propylene succinate) Poly(limonene carbonate)

Commodity Polyolefins

Sustainable polymers with 
known stereocomplexes
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provided a feasible approach to control the morphology and physical properties of 

ABA-type TPEs by manipulation of PLA stereoregularity and stereocomplexation. 

The renewable nature of these self-assembled materials should lead to sustainable 

high-performance plastics. PLA is currently the gold standard for implantable 

biomedical devices on account of its long history of successful use in vivo. More 

recently however it has also become the benchmark biosourced polyester, but its brittle 

nature and insufficient toughness has limited its competitiveness against more 

established materials. PLA stereocomplexation has opened up a new way to broaden 

the range of properties that are unattainable with homochiral or atactic PLA alone. 

Access to controlled polymerisation techniques has afforded an array of functional 

PLA-based copolymers with unique architectures and the stereocomplexation between 

the enantiomeric PLLA and PDLA segments has enabled access to many new 

materials’ features such as novel chemical functionalities, bioactivities, as well as 

smart properties tailored for specific applications. Potential developments will likely 

come from sc-PLA with complex topologies (e.g. cyclics, hyperbranched, grafts) 

leading to materials with unexpected properties. To this end, controlled micro- and 

nano-scale structures will continue to provide great opportunities in biomedicine. 

Additionally, other homo-stereocomplexes have been reported for a few renewable 

polymers such as poly(propylene succinate),249 tartaric acid derived polyamides,250-252 

poly(propylene carbonate),253 and poly(limonene carbonate).254, 255 A particularly 

interesting example of alternative stereocomplexes are hetero-stereocomplexes formed 

between two different degradable polymers.256 Hetero-stereocomplexes of PHBs and 

PLLA were recently investigated and such complexes feature enhanced thermal 

properties.257-260 As it stands, there exists a massive library of potential hetero-

stereocomplexes and other interesting materials will certainly be discovered. These 

developments in stereocomplexation are expected to place stereochemistry at the 

forefront of renewable polymer advancement. 
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1.5 Degradable polymers: Functional Aliphatic Polycarbonates 

Functional aliphatic polycarbonates have received considerable attention in recent 

years as they can offer a relatively simple route to degradable polymers bearing 

pendent functionalities. Their synthesis can be achieved either through the 

synthetically challenging copolymerisation of functionalised cyclic ethers with CO2 

which can be promoted mainly by metal-based catalysts (Scheme 1.10A),261-267 or by 

the ring-opening polymerisation of cyclic carbonate monomers prepared by the ring-

closure of their functional precursor diols. As carbonylation agents, phosgene (or its 

derivatives) are usually employed as a consequence of the high reaction yields and the 

relative ease of synthesis (Scheme 1.10B).13, 15-17, 268, 269  

 

 

Scheme 1. 10. Synthesis and ROP of functional cyclic carbonates and polycarbonates; A) via the 

ROCOP of functional oxiranes (n =1) or oxetanes (n = 2)  and CO2; B) via readily functionalised diols 

and phosgene derivatives. 

 

Alternatively, cyclic carbonates have recently been reported to be synthesised by 

various organocatalytic-based methodologies. Huang et al. reported the synthesis of 

poly(trimethylene carbonate), PTMC, by the copolymerisation of carbon dioxide and 

oxetane in the presence of iodine and superbases in very high yields with a low 

presence of ether linkages.270 Fanjul-Mosteirin et al. also reported the synthesis of 

cyclic carbonates from CO2 and epoxides promoted by a series of alkylated or 

protonated bicyclic amidine or DBU organocatalysts. Furthermore, it was 

A)

B)
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demonstrated that the catalyst could be recycled up to 6 times without losing catalytic 

activity, thus promoting into a sustainable strategy.271 The Buchard group has also 

reported a very interesting methodology towards the synthesis of 6-, 7- and 8-

membered cyclic carbonates by utilising an efficient one-pot synthesis which uses 

diols, CO2, tosyl-chloride and mild bases (Et3N or 2,2,6,6-tetramethylpiperidine, 

TMP), under ambient conditions (temperature, pressure).272 

The copolymerisation of functional cyclic carbonates with cyclic esters has been 

explored as an alternative way to induce functionality into the polymer chain and alter 

the thermomechanical properties of the corresponding materials. Aliphatic 

polycarbonates generally possess much lower elastic moduli than polyesters (e.g., 3 

MPa for PTMC) and as such, by copolymerising cyclic esters or other type of with 

cyclic carbonates, it is possible to effectively reduce the rigidity of a polyester.273 For 

example, whilst PCL possesses an elastic modulus of ≈ 400 MPa, Bat et al. were able 

to demonstrate that copolymerisation of ε-caprolactone with TMC could reduce the 

elastic modulus to as low as 2.7 MPa for polymers with molecular weights of up to 

113,500 g mol−1.273 While the introduction of a pendent functional group on a polymer 

is desirable, its spacing through the polymeric chain is sometimes crucial to the 

polymer’s properties. Indeed, for some applications it is advantageous to have a 

polymer backbone in which only a percentage of monomer units have a pendent 

functionality.274, 275 In addition, in cases in which the polymerisation of a functional 

monomer is not possible for thermodynamic or catalytic reasons, copolymerisation 

often presents as a viable solution.276, 277 Copolymerisation of cyclic carbonates with 

lactide have been extensively reported in the literature. Depending on the catalyst 

(metal-based or organocatalyst) and the reaction conditions used, block and random-

type compositions have been realised, as a consequence in the big difference in 

reactivity towards ROP between the two families of monomers. Specifically, metal 

catalysts based on Zn and Sn have realised statistical copolymers of lactide and benzyl 

ester-functional cyclic carbonates,278-280 while typical organocatalytic systems 

consisted of DMAP or the bifunctional TU/amine system afforded blocky-type 

structures.281 The reactivity ratios of lactide and the benzyl-ester protected cyclic 

carbonate were experimentally obtained and calculated at 1.1 and 0.072, therefore 
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showcasing the explicit contrast in ROP affinity of both comonomers under 

organocatalytic conditions.  

 

 

1.6 Degradable polymers: Functional Aliphatic Polyphosphates 

Natural biopolymers have always been a prime source of inspiration for scientists. 

Their performance, thermomechanical and physiological properties are intensively 

studied, and many attempts have been made in replicating these properties in synthetic 

polymers. Natural rubber is a popular example of such a transition process. The 

elastomer derived from rubber trees and its shortage during the world wars led to the 

development of synthetic alternatives and the founding of polyolefin chemistry. 

Polyesters, especially microbial poly(hydroxyalkanoate)s (PHAs), are synthesised by 

bacteria and their synthetic analogues have multiple applications in the field of 

nanomedicine and regenerative medicine.282 Poly(amide)s (such as nylon) share polar 

amide bonds with the naturally occurring proteins and much effort is currently being 

undertaken to mimic the sequential control and the impressive mechanical properties 

demonstrated by the natural polypeptide of spider silk.  

Poly(phosphoester)s or polyphosphates (PPEs), i.e. polyesters based on phosphoric 

acid derivatives, are copious in nature and all living cells. They are interesting 

candidates as biomimetic building blocks for biocompatible and biodegradable 

polymers, as their backbone is recognisable to enzymes and can be cleaved or built-up 

under physiological conditions.283 The mechanical and chemical properties of PPEs 

can be manipulated in a facile manner from amorphous, water-soluble materials to 

crystalline, stiff plastics by a simple variation of the side chains backbone. As two ester 

bonds build up the polymer backbone, and every phosphate unit carries a pendant side 

chain, the penta-valence of the central phosphorus allows a modular synthesis with a 

high density of functional groups. Depending on the nature of the side group connected 

to the phosphorus atom, aliphatic PPEs can be distinguished into four different sub-

categories, namely polyphosphites (or alkylene H-phosphonates), poly(phosphonate)s, 
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poly(phosphate)s, and poly(phosphoramidate)s with two phosphoesters (P-O-R) 

building the main chain and P–H, P–C, P–O, or P–N linkages to the side chain, 

respectively (Figure 1.6). 

 

 

Figure 1. 6. Sub-categories of main-chain poly(phosphoester)s. 

 

 

Figure 1. 7. The synthetic platform of poly(phosphoester)s highlights the handles and possibilities for 

the design of versatile materials. 

 

PPEs show high thermal stability and strong adhesion properties to glass, metals, and 

cements. In particular, polyphosphates, which mimic the natural biopolymers DNA 

and RNA, are often found to be biodegradable and biocompatible. Furthermore, it is 

possible to adjust their water solubility and stimuli responsiveness, for example 

towa9rds changes in temperature, ion strength, or pH value. Adjusting these properties 

Phosphate:
biomimetic, polar, adhesive

Side Chain:
solubilising, functional, 
adhesive

Backbone:
polar/apolar
amorphous/crystalline
aliphatic aromatic

R R
R
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to a specific application makes PPEs one of the most promising polymers in the 

biomedical field (Figure 1.7).284 

At the end of the 1970s, Penczek and co-workers achieved a pioneering work 

establishing that polyphosphates can be synthesised by ring-opening polymerisation 

(ROP) of cyclic phosphates which is considered the most versatile methodology 

towards the synthesis of functional PPEs (Scheme 1.11B).285, 286 The ROP can proceed 

through an anionic, cationic or metal-catalysed coordination-insertion mechanism. To 

date, the anionic ROP is by far more relevant than the cationic route. Independent from 

the mechanism, the ideal candidates for the ROP are strained cyclic phosphoester 

monomers. The five- and six-membered cyclic phosphates are accessible by the 

condensation of phosphorus trichloride with a suitable diol, followed by the oxidation 

of the trivalent phosphorus with oxygen and subsequent esterification is the favoured 

method in order to introduce the side chain functionality of choice (Scheme 1.11A).  

 

 

Scheme 1. 11. A) Synthetic route of 5- and 6-membered cyclic phosphate monomers; B) ROP of 5-

membered cyclic phosphate monomers. 

 

Organometallic compounds such as aluminium alkoxides287 and tin octanoate Sn(Oct)2 

are commonly used to promote the ROP of cyclic phosphates.288 Nowadays, these 

metal-based promoters are commonly replaced by metal-free organocatalysts.289, 290 

B)

A)

R1 = (CH2)2 or (CH2)3

R2 = functionality of choice

R2, R3 = functionality of choice



49 

Similarly to aliphatic polyesters such as poly(ε-caprolactone) (PCL) or poly(lactic 

acid) (PLA), polyphosphates are degraded by reacting with water. Indeed, Baran and 

Penczek showed that the kinetics of the polyphosphates hydrolytic degradation is 

affected by a number of parameters, such as temperature, pH and the chemical 

structure of the pendant chains.291 Narendran and Kishore reported a series of 

polyphosphates that exhibit a faster hydrolytic degradation at basic pH, leading to a 

weight loss of 3.9% in 6 h (for the most stable polymer).292 Wang et al. described a 

slower hydrolytic degradation for a PEO-b-polyphosphate amphiphilic block 

copolymers at 37 °C and pH 7.4 in a phosphate buffer solution (a weight loss of 7% 

for the polyphosphate block in two months).293 The slow biodegradation or hydrolysis 

of polyester and polycarbonate materials as a result of their high crystallinity and 

hydrophobicity are unfavourable for some applications. Copolymerisation with 

phosphate monomers was found to overcome these problems, as the new materials 

inherit the properties of the respective homopolymers, which allows adjustment of 

these final hydrolytic degradation properties to the individual need.283 Leong and co-

workers compared the degradation of polyphosphate-polyester copolymers with the 

corresponding homo-polyester at neutral pH and found an accelerated degradation of 

the copolymer, which was attributed to the low crystallinity and increased 

hydrophilicity of the copolymers.294 Accelerated degradation is one important property 

highly affected by the presence of polyphosphates, because phosphoester linkages are 

cleaved either by spontaneous hydrolysis or by enzymatic degradation. Consequently, 

polyphosphates turned out to be a valuable alternative or a complementary polymer 

family to aliphatic polyesters and polycarbonates as degradable hydrophobic polymers 

for the elaboration of amphiphilic polymers of various architectures capable of 

presenting elegant examples in the biomedical field. In terms of applications, these 

polyphosphates appear particularly appealing for the fabrication of surfactants or 

nanocarriers in the field of drug and gene delivery systems as well as possible 

antimicrobials.295-299 
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1.7. Conclusion 

In conclusion, functional aliphatic polyesters and polycarbonates (and poly(ester-

carbonate)s produced by the ROP of their respective monomers possess great potential 

for the development of advanced biomedical polymers or large-scale commodity or 

engineering materials. This potential results from their ease of synthesis and the wide 

array of different functionalities available, providing a method of producing materials 

with highly specific degradation rates and thermomechanical properties, which can be 

targeted depending on the desired application. 

ROP provides a powerful tool and means to prepare these materials. Ultimately, upon 

choosing the proper catalytic system and comonomers with the desired functionalities, 

highly tailored materials with a wide array of architectures can be designed and 

realised. Stereospecific catalysts also provide a pathway to PLA-based materials with 

high levels of optical purity which translates to enhanced properties and more robust 

degradation profiles. The polymerisation mechanisms as well as the thermodynamics 

and kinetics of the polymerisation play a significant role to the successful outcome of 

the reactions and require efficient study in order for the proper reaction conditions to 

be implemented. 

PLA is the most popular bio-based and biodegradable polymer of our time. Lactide is 

a naturally sourced monomer and this renewability makes it an invaluable monomer 

in the current race of sustainability in the plastics world. The chirality of lactide opens 

the way to the design of a vast palette of different materials of different properties. Its 

copolymerisation with other bio-sourced functional cyclic monomers promoted by 

sustainable organocatalysts is a clear road to greener plastics and new technologies 

which will ultimately reduce modern society dependence on petroleum-derived 

plastics and materials as well as the carbon footprint and waste in the land and the 

ocean.  
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1.8. Aims and Research Objectives 

The purpose of the work presented in this thesis is to develop new functional, 

polyester-based materials with tunable degradability and suitable tunable 

thermomechanical properties which can be used either in the biomedical field or as a 

large-scale materials of engineering application. Lactic acid is the basis of the ester 

component of our synthesised materials. Lactic acid can be introduced to the polymers 

either by the ROP of the cyclic dimer, lactide or by an activated 5-membered cyclic 

analogue, the lactic-acid O-carboxyanhydride (lac-OCA). 

The second component of the synthesised materials is mainly an aliphatic functional 

polycarbonate or a functional polyphosphoester segment. These polymers originate 

from the ROP of their corresponding monomers. The synthesis of these monomers as 

well the installation of functional groups on them is a quite feasible task compared to 

cyclic lactide analogues. Furthermore, as a consequence of their amorphous character, 

these polymers provide a means to improve the brittleness of the semi-crystalline PLA, 

transforming it into a more ductile material. The pendent functionalities provide a 

handle for further chemistries to be applied to the polymers, thus opening the way for 

further applications to be exploited. 

The retainment of the stereochemistry of lactide/lac-OCA monomer during the course 

of the polymerisation is of utmost importance to this work. The epimerisation of the 

monomer will lead to unwanted atactic structures and amorphous polymers. Therefore, 

an organocatalytic system which will satisfy two important criteria must be chosen: 1) 

promote the ROP or the ROCOP of the selected co-monomers in a manner which will 

lead to statistical structures of the desired molar mass and low dispersity; 2) avoid the 

epimerisation of the optically active enantiopure monomer. This way, a functional, 

statistical & degradable poly(ester-carbonate) / poly(ester-phosphate) will be realised 

in a one-pot, one-step methodology. High levels of conversion are required in order to 

maximise the atom-economy. Furthermore, the catalysts need to be readily accessible 

or commercially available, biocompatible and easy to remove from the resultant 

polymers.  
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The thermal properties of these highly functional copolymers are studied. Pure PLA 

of high isotactic enchainment is a semi-crystalline polymer and it is interesting to 

investigate and quantify the levels of comonomer presence it can withstand until the 

crystallinity of the material is compromised. Quite interestingly, this will be regulated 

by the reactivity ratios of the corresponding comonomers as well as the proper choice 

of comonomer feed loading, reaction conditions and catalyst selection. Post-ROP 

functionalisation of the realised alkene-functional materials is also reported, and the 

polymers are fully characterised. Finally, stereocomplexation of these functional 

copolymers is attempted. This phenomenon provides access to new materials with 

impressively different properties compared to their parent functional structures. 
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2.1 Introduction 

Aliphatic polyesters and poly(α-hydroxy acids) (PAHAs) such as polylactide (PLA), 

polyglycolide (PGA) and poly(lactide-co-glycolide) (PLGA) are a class of 

biodegradable and biocompatible polymers that have been widely used for a variety of 

biomedical and pharmaceutical applications such as resorbable sutures and implants, 

drug delivery, and tissue engineering. They have been extensively studied and utilised 

for controlled drug delivery, gene therapy, tissue replacement, and implantation 

devices as a consequence of their desired degradability and biocompatibility, as well 

as their excellent mechanical, physical, and thermal properties.1-4 The degradation of 

PAHAs generally takes place through hydrolysis in a moist environment and 

eventually forms monomers and oligomers that are soluble in aqueous media. PAHAs 

are generally considered both biodegradable and bioresorbable in a living body.5 The 

most widely studied PAHAs, polyesters derived from lactide and glycolide, lack 

structural diversity and increasing efforts have been devoted to the introduction of 

pendant groups along the polymer chain in order to modify and modulate the 

physicochemical properties of poly(α-hydroxyacid) and to expand thereby their 

applications.6-11  

Considering the structural similarity between α-hydroxy acids and amino acids and the 

availability of a wide range of terminal group functionalities on amino acids, much 

effort has been made to develop new monomers and prepare PAHAs with side-chain 

functionalities via ROP of the corresponding monomers. One such example is the 

readily available 1,3-dioxolane-2,4-diones, so-called O-carboxyanhydrides (OCAs), a 

class of five-membered ring compounds derived from functionalised α-amino acids or 

α-hydroxy acids that have been proved to be promising candidates for the synthesis of 

functionalised PAHAs in a highly controlled manner.10-25
 OCAs are mostly 

polymerised using pyridine-based organocatalysts, such as 4-dimethylaminopyridine 

(DMAP),13 which acts in a bifunctional nature, activating both the initiating 

nucleophile (alcohol) through its basic nitrogen centre with H-bonding and the 

carbonyl oxygen of the monomer via its more acidic α-hydrogen.14 Unfortunately, the 

α-hydrogen in the OCA monomer is quite acidic and DMAP not only polymerises the 



73 

OCA monomer but can also racemise the enantiopure stereocentre of OCAs during the 

course of the reaction, leading to a loss of enantiopurity that results in materials with 

poor mechanical and thermal properties.15, 20 While other catalytic systems such as a 

Zn-based organometallic catalyst have been studied in this process,26 or lipase-

catalyzed ROP has been studied,17 Buchard et al. showed that the use of acid/base ion 

pairs (crystalline adducts of mandelic acid and pyridine) as organocatalysts for the 

ROP of enantiopure OCAs derived from mandelic acid suppressed the racemisation of 

the monomers and thereby, produced highly stereoregular isotactic polymers which 

displayed excellent thermal properties.20 From a mechanistic point of view and with 

the support of thorough DFT calculations, they showed that the pyridine activates the 

hydroxyl group of the initiator through hydrogen bonding (Scheme 2.1). Subsequently, 

this activated moiety, attacks the carbonyl of the OCA at the 5-position of the ring (not 

the carbonate carbon), causing the ring-opening and the decarboxylation, thus 

favouring the ROP in a stepwise manner through tetrahedral intermediates mediated 

by pyridine. 

As previously demonstrated in the literature, malic acid presents an abundant 

renewable resource for constructing functional polyester materials on account of its 

readily functionalisable β-ester.15, 27 Previous detailed work from Pounder et. al15 has 

shown that by employing DMAP as well as a range of other substituted pyridines as 

organocatalysts for the ROP of L-malOCA, well-defined polyesters of high molar mass 

have been realised, but with a significant number of side reactions occurring as a result 

of the complexity of the mechanistic pathways involved as well as their dependence 

on the reaction conditions. Even though these by-products could easily be removed by 

column chromatography, the high basicity of DMAP accounts for a significant 

racemisation of the OCA monomer, which leads to the formation of atactic polymeric 

structures as evidenced by close examination of the carbonyl region on their 13C NMR 

spectra. The carbonyl carbon of the respective polymers is in close proximity to the 

stereogenic centre, therefore is very sensitive to its stereochemical environment. 

Through detailed analysis and deconvolution of the respective spectra, the complete 

stereosequence distribution of the polymer can be identified.28  
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Scheme 2. 1. Mechanism of the stepwise ring-opening and subsequent decarboxylation of an OCA 

monomer mediated via pyridine intermediates (mechanism adjusted to the OCA from lactic acid).20 

 

The ROP of the corresponding OCAs to produce highly stereoregular PAHAs is of 

high importance due to the wide array of applications of these materials.9 For instance, 

stereocomplexation of the pure L-PAHA and D-PAHA can be investigated. 

Stereocomplex-blends of poly(L-lactide) and poly(D-lactide) were first presented in 

the literature by Ikada et al. in 1987 and resulted in the formation of a PLA 

stereocomplex with a new crystalline structure quite different from that of each 

homopolymer.29,30 Despite previous efforts, attempts to directly access 

stereocomplexing poly(malic acid) derivatives was thwarted by low levels of 

racemisation in the polymerisation process and was only able to be demonstrated by 

the increase in stability of micellar constructs composed of both poly(L-malic acid) 

and poly(D-malic acid) derivatives. Herein, we demonstrate that acid/base ion-pair 

organocatalysts20 are able to mediate the highly controlled ring-opening 



75 

polymerisation of functional OCAs derived from lactic and malic acids, leading to high 

levels of retention of stereochemistry. 

 

2.2 Results and Discussion 

2.2.1 Synthesis and Purification of (S)-5-methyl-1,3-dioxolane-2,4-dione 

(L-lacOCA). 

The methyl functionalised O-carboxyanhydride monomer, (S)-5-methyl-1,3-

dioxolane-2,4-dione (L-lacOCA, 2) was prepared in only one step from an inexpensive 

and commercially available precursor, the lithium salt of (S)-2-hydroxypropanoic acid 

(lithium L-lactate, 1). The synthesis of the L-lacOCA monomer was carried out by the 

ring-closure of 1 by carbonylation using bis(trichloromethyl) carbonate (triphosgene), 

as previously reported by Bourissou and co-workers (Scheme 2.2).13 Purification and 

drying of the crude solid monomer was performed by repeated recrystallisations from 

dry THF/pentane and high-vacuum sublimations, with the pure monomer recovered in 

46% yield. The successful formation of the ring was confirmed by the downfield shift 

of both the methine and methyl protons in the 1H NMR spectrum (Figure 2.1) as well 

as the appearance of two new carbonyl carbon peaks in the 13C NMR spectrum (Figure 

2.2). Extensive characterisation by ESI-MS and elemental analysis (data shown in 

Chapter 7) also proved the synthesis of the OCA. 

 

 

Scheme 2. 2. Synthesis of (S)-5-methyl-1,3-dioxolane-2,4-dione (L-lacOCA, 2) via ring-closure of 

lithium L-lactate. 
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Figure 2. 1.  1H-NMR spectra of 1 (400 MHz, D2O) and 2, L-lacOCA (400 MHz, CDCl3); (*H2O, 

**CHCl3). 

 

 

Figure 2. 2. 13C NMR spectrum of 2 (100 MHz, CDCl3); (*CHCl3). 
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2.2.2 Synthesis and Purification of 5-(S)-[(benzyloxycarbonyl)methyl]-

1,3-dioxolane-2,4-dione (L-malOCA) 

The benzyl ester functional L-malic acid-derived OCA monomer, L-malOCA, 7 was 

prepared in an analogous manner, as reported in the literature.15 An acetonide 

protection of 3, followed by installation of the benzyl ester group and a subsequent 

acidic-catalysed deprotection step afforded the β-benzyl α-(L)-malate, 6 which in turn 

was ring-closed to yield the L-malOCA monomer, 7 (Scheme 2.3). The successful ring-

closing was confirmed by the downfield shift of the methine and methylene (next to 

the ester) protons in the 1H NMR spectrum as well as the appearance of two new 

carbonyl carbon peaks in the 13C NMR spectrum (Figures 2.3, 2.4). Extensive 

characterisation by ESI-MS and elemental analysis (data shown in Chapter 7) also 

proved the synthesis of the OCA. Purification of the crude solid monomer was 

performed via repeated recrystallisations from dry THF/pentane, with the pure 

monomer recovered in 62% yield. 

 

 

Scheme 2. 3. Synthesis of 5-(S)-[(benzyloxycarbonyl)methyl]-1,3-dioxolane-2,4-dione (L-malOCA, 

7). 
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Figure 2. 3. 1H-NMR spectra of 6 and 7, L-lacOCA (400MHz, CDCl3); (*CHCl3). 

 

Figure 2. 4. 13C NMR spectrum of 7 (100 MHz, CDCl3); (*CHCl3). 
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2.2.3 Synthesis and Purification of Organocatalytic Ion-Pairs (pyridine 

and 4-methoxy pyridine salts of L-lactic acid and β-benzyl α-(L)-malate) 

Significant epimerisation of the stereogenic centre of the monomer and loss of polymer 

isotacticity are observed during the ROP of activated analogues of α-hydroxy acids 

(OCAs) when using DMAP as catalyst, as deduced from 1H and 13C NMR 

spectroscopy.15,20 These problems arise from the increased acidity of the methine 

proton in the α position next to the carbonyl group (compared to the diesters, e.g. 

lactide) and subsequent deprotonation from the base. The inspiration to prepare and 

use these organic ion-pairs for the ROP of OCAs originated from the observation of 

random and occasional isotactic enchainment of the isolated poly(mandelic acid)s.20 

The ring-opening and decarboxylation events are described to proceed through discrete 

processes rather than one-stepped, with the pyridine mediating the proton transfer in a 

stepwise fashion through tetrahedral intermediates. The synthesis of the 

organocatalytic ion-adducts was carried out as described in the literature (Figure 2.5).20  

 

 

Figure 2. 5. Organocatalytic ion-pair adducts used for the ROP of functional OCAs; A) pyridine/L-

lactic acid; B) pyridine/ β-benzyl α-(L)-malate; C) 4-methoxy pyridine/ L-lactic acid. 

 

Briefly, the pyridine and 4-methoxypyridine salts of L-lactic acid and β-benzyl α-(L)-

malate were prepared in anhydrous conditions by simple addition of the dry base in 

the suspension of acid into dry diethyl ether followed by a single washing with dry 

diethyl ether or dry pentane before storage into a N2-filled glovebox. The characteristic 

shifts of the pyridine aromatic protons and the methine proton of the -hydroxy acid 

in the 1H NMR spectrum of the adduct compared to the precursor signals as well as 

A B C
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the appearance of the characteristic N-H signal at  ~ 9.80 ppm confirmed the synthesis 

of the salt (Figure 2.6). Moreover, the experimental elemental analysis values of C, H, 

N content matched the calculated values (data shown in Chapter 7). 

 

 

Figure 2. 6. Stacked 1H NMR spectra of an organocatalytic ion pair consisted of 4-methoxy pyridine/ 

L-lactic acid and its corresponding acid and base precursors (400MHz, CDCl3); (*CHCl3, **D2O). 

 

2.2.4 Ring-Opening Polymerisation of L-lacOCA catalysed by 

Organocatalytic Ion Adducts 

Initial studies focused on the application of the single organocatalyst/initiator system 

comprised of pyridine and 4-methoxy pyridine salts of L-lactic acid and β-benzyl α-

(L)-malate (Scheme 2.4). Polymerisations were conducted at 25 °C in dry CDCl3. 

Monomer conversion was monitored by 1H NMR spectroscopy by the observation of 
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the reduction of the methyl group doublet resonance of the monomer at δ = 1.69 – 1.67 

ppm and the appearance of the corresponding polymer methyl group doublet at δ = 

1.56 – 1.53 ppm. Upon completion of the allotted time, polymerisations were quenched 

with the addition of acidic Amberlyst® (A15) ion exchange resin to remove the 

pyridine, before being precipitated into ice cold n-hexane in order to obtain pure 

poly(L-lacOCA)s (Figure 2.7). The experimental degree of polymerisation was 

calculated by the relative integration of the methine proton of the lactic acid end-group 

unit at  = 4.33 – 4.38 ppm against the methine protons of the poly(L-lacOCA) polymer 

at  = 5.14 – 5.18 ppm. 

 

 

Scheme 2. 4. ROP of functional O-carboxyanhydride monomers initiated and catalysed by the organic 

ion pairs. 

 

Figure 2. 7. 1H-NMR spectrum of a poly(L-lacOCA) polymer (DP = 97, Table 2.1 entry 4) realised 

via the ROP of L-lacOCA initiated/catalysed by an L-lactic acid/pyridine (400MHz, CDCl3). 
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In order to study the polymerisation control of L-lacOCA across a range of molar 

masses, poly(L-lacOCA)s targeting different DPs were synthesised (Table 2.1). SEC 

analysis for all polymers targeted showed narrow dispersities (ĐM ≤ 1.12); however, 

bimodality in the chromatogram was observed for the higher molar mass polymers 

(DP > 100) (Figure 2.9). It is postulated that this phenomenon is a result of side-

reactions and mainly inter-/intra-transesterification caused by prolonged reaction 

times in order to reach high conversion in these lengthy-initiated chains. This leads to 

chain scrambling and termination events which prohibit further and uniformal growth 

of all chains. Further analysis of a high molar mass of a P(L-BMA) polymer (realised 

by the ROP of a L-malOCA monomer) via MALDI-TOF MS (vide infra) provides 

useful data for the better understanding of the possible side-reactions during the ROP 

of this monomer as well. The experimental number average molar mass (Mn) obtained 

by 1H NMR spectroscopy was significantly lower than the one obtained by SEC. A 

reason for this observation is the difference in hydrodynamic volume between SEC 

polystyrene standards and PLLA-type polymers of low to medium molar mass (up to 

104 Da). In order to balance this discrepancy and in accordance with previous related 

findings in the literature, a correction factor of 0.58 was applied to the obtained Mn 

values by SEC which returned values which are better correlated with the theoretical 

ones.31-33 Despite these findings, a linear correlation between number-average molar 

mass (Mn) and [M]0/[I]0 (Figure 2.8A) indicates that the polymerisation is well-

controlled. Furthermore, based on the linearity of the semi-logarithmic plot of 

monomer consumption over time (Figure 2.8B), it is proposed that L-lacOCA ROP 

followed first order kinetics in relation to the monomer, which is indicative of a 

relatively high number of active chains throughout the reaction. 
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Table 2. 1. Polymerisation of L-lacOCA using L-lactic acid/pyridine ion pairs. 

Entry [M]0/[I]0
 Time 

(h) 

Conversion 

(%)a DPa 
Mn, theory 

(kDa)b 

Mn, SEC
 

(kDa)c 

Mn, SEC
 

(kDa)e 
ĐM

c 

1 10 3 99 10 0.8 1.20 0.7 1.12 

2 20 6 99 20 1.55 2.0 1.2 1.10 

3 50 18 95 47 3.5 6.5 3.8 1.12 

4 100 36 99 97 7.2 11.8 6.8 1.07 

5 250 120 94 235 17.0 28.6 16.6 1.11 

6 250d 336 96 240 17.5 45.5 26.4 1.10 
 

a Determined by 1H NMR spectroscopy; b (FWrep. unit × [M]o/[I]o × % conversion) + FWinitiator; c 

Determined by SEC analysis in THF, calibrated against polystyrene standards; d Initiated by 

pyridine/β-benzyl α-(L)-malate adduct; e Using a correction factor 0.58 for Mn 
SEC; Reaction 

conditions: [M]0 = 2.0 M, 25 °C, CDCl3. 

 

 

Figure 2. 8. A) Semi-logarithmic plot of monomer consumption for the ROP of L-lacOCA, [M]0/[I]0 = 

100; B) Number-average molar mass (Mn) and dispersity (ĐM = Mw/Mn) against monomer-to-initiator 

concentration ratio ([M]0/[I]0) for the ROP of L-lacOCA. 
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Figure 2. 9. Size exclusion chromatograms of PLLA polymers of different DPs initiated by L-lactic 

acid/pyridine ion pairs (in THF against PS standards); (a Initiated by pyridine/β-benzyl α-(L)-malate 

adduct). 

 

Analysis of a [M]0/[I]0 = 20 PLLA initiated by pyridine/L-lactic acid by MALDI-ToF 

MS revealed two major distributions, each displaying regular spacings equal to the 

molar mass of the monomeric repeat unit (m/z 72.02) (Figure 2.10). The mass 

spectrum is mainly composed of two distributions separated of 22 m/z. The less intense 

population corresponds to the sodium cationised oligomers with the expected structure 

(PLLA.Na+) while the main distribution, higher in mass of 22 m/z, corresponds to the 

same polymer where a H+ is exchanged with a Na+ ([PLLA-H++Na+].Na+). The 

observation of this second distribution is usually considered as the “finger print” of the 

presence of the carboxylic acid end-group.34, 35 The relative success of this approach 

led us to extend it to the study of the ROP of L-malOCA (Scheme 2.4). 
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Figure 2. 10. MALDI-ToF MS spectrum of PLLA (DP 16) initiated by pyridine/L-lactic acid 

(reflectron mode). 

 

2.2.5 Ring-Opening Polymerisation of L-malOCA catalysed by 

Organocatalytic Ion Adducts 

In a similar fashion, the polymerisation progress for L-malOCA was monitored by 1H 

NMR spectroscopy by the observation of the reduction of the methylene resonance of 

the monomer at δ = 3.21 ppm and the appearance of the corresponding broadened 

multiplets at δ = 3.02 – 2.85 ppm of the polymer, P(L-BMA) (Benzyl ester protected 

malic acid) (Figure 2.11). Upon completion, the polymerisations were quenched with 

the addition of acidic Amberlyst® (A15) ion exchange resin to remove the pyridine, 

before precipitation of the polymers into ice cold n-hexane in order to obtain pure P(L-

BMAs) (Figure 2.12). Diffusion-ordered NMR spectroscopy (DOSY) experiments 

confirmed the attachment of the lactic acid end group to the homopolymer backbone 

(Figure 2.13). To study the control of the polymerisation of L-malOCA over a range 

of molar masses under these conditions, P(L-BMA)s of different targeted DPs were 

synthesised (Table 2.2).  

 

800 1000 1200 1400 1600 1800 2000

DP  (    ) Calculated Observed

14 1143.28 1143.32

15 1215.3 1215.2

16 1287.32 1287.31

17 1359.34 1359.32

18 1431.36 1431.63

72.02

1250 1255 1260 1265 1270 1275 1280 1285 1290 1295 1300

m/z
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Figure 2. 11. 1H NMR stacked spectra of the course of the ROP of L-malOCA over time (400MHz, 

CDCl3). 

 

Table 2. 2. Polymerisation of L-malOCA using L-lactic acid/pyridine ion pairs. 

Entry [M]0/[I]0
 Time (h) 

Conversion 

(%)a DPa 
Mn, theory 

(kDa)b 

Mn, SEC
 

(kDa)c 
ĐM

c 

1 10 5 99 10 2.2 2.5 1.12 

2 20 6 92 18 3.8 3.5 1.09 

3 50 24 95 49 9.8 5.0 1.11 

4 100 48 99 100 20.6 7.4 1.15 

5 250 63 94 235 48.5 16.9 1.23 

6 100d 127 94 94 19.6 10.0 1.21 
 

a Determined by 1H NMR spectroscopy; b (FWrep. unit × [M]o/[I]o × % conversion) + FWinitiator
 c 

Determined by SEC analysis in THF, calibrated against polystyrene standards; d Initiated by 

pyridine/β-benzyl α-(L)-malate adduct; Reaction conditions: [M]0 = 2.0 M, 25 °C, CDCl3. 

t=0

t=48 h

monomer polymer
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Figure 2. 12. 1H NMR spectrum of P(L-BMA)50 (Table 2.2 entry 3) initiated by pyridine/L-lactic acid 

adduct (CDCl3; 400 MHz); (*CHCl3). 

 

 

Figure 2. 13. DOSY-NMR spectrum of an L-lactic-acid-initiated P(L-BMA)50 (400MHz, CDCl3). 

a,a’

b

c,c’

b’

d,d’
e

a

b

c

d

e

b’

c’

d’

a’

*



88 

Notably, while the molar mass distributions of the obtained polymers were quite 

narrow, their molar masses and corresponding degrees of polymerisation were 

markedly lower than those predicted by the monomer: initiator ratio. Comparable to 

the previous report of the ROP of this monomer,15 this is most likely a result of 

competitive side-reactions which can originate from various reasons such as i) side-

initiation by pyridine, ii) mis-insertion step whereby the active propagating end group 

attacks the 2-position of the OCA ring, rather than at the expected 5-position, resulting 

in a carbonate linkage and an inactive carboxylic acid -chain end group, incapable of 

further propagation (Scheme 2.5A), iii) an unexpected intermittency of a ‘basic’ 

catalysis route (as previously proposed by Kricheldorf et al. in the pyridine catalysed 

ROP of lacOCA) in which the deprotonated monomer attacks another unit and creates 

a ketone linkage in the polymer12 (Scheme 2.5B) or iv) inter-/intra-molecular 

transesterifications which are mostly attributed to the ratio of pyridine to initiator (-

hydroxy acid) in this single initiator/catalyst system which is 1:1. In turn, this leads to 

the continuous consumption of monomer without yielding the desirable polymer 

products.15 

 

 

Scheme 2. 5. Possible side-reactions during the ROP of L-malOCA; A) mis-insertion via the attack on 

the carbonate carbon of the monomer; B) monomer self-initiation due to deprotonation by the pyridine. 

 

 

A)

B)
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SEC analysis of the P(L-BMA)s produced (Figure 2.14), revealed that the dispersity 

of all polymers was quite narrow (≤ 1.23), although a high molar mass second 

population for all polymers with DP ≥ 100 was clearly visible. This was independent 

of the catalyst/initiator used during the ROP and provides further evidence for the 

presence of side reactions or termination events which lead to polymers with 

diminished molar masses (vide infra). 

 

 

Figure 2. 14. Size exclusion chromatograms of P(L-BMA) polymers of different DPs initiated by L-

lactic acid/pyridine ion pairs (in THF against PS standards); (a Initiated by pyridine/β-benzyl α-(L)-

malate adduct). 

 

Further analysis of the polymerisation kinetics demonstrated that the semi-logarithmic 

plot of monomer consumption against time indicated first order kinetics (Figure 2.15) 

in relation to the monomer and a linear correlation between Mn and initial monomer to 

initiator ratio as well as Mn versus monomer conversion (Figure 2.16) was observed.  
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Figure 2. 15. A) Monomer conversion (%) vs time; and B) Semi-logarithmic plot of monomer 

consumption vs time for a DP100 P(L-BMA) initiated by pyridine/ L-lactic acid adduct. 

 

Figure 2. 16. Number-average molar mass (Mn by SEC) and dispersity against A) monomer 

conversion and B) [M]0/[I]0 for the ROP of L-malOCA. 
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In order to demonstrate the living nature of the polymerisation, a second-feed 

experiment in which the chain extension of a P(L-BMA)20 macroinitiator (Mn = 4.4 

kDa; ĐM = 1.09) with 20 equiv. L-malOCA resulted in the isolation of a P(L-BMA)40 

that exhibited an increase in molar mass (Mn = 7.3 kDa), while maintaining a low 

dispersity of 1.10 (Figure 2.17). Furthermore, leaving the resultant P(L-BMA)40 for 6 

h (twice the time than required to reach > 90% monomer conversion) in the presence 

of the catalyst resulted in negligible changes in both the molar mass (Mn remained 

stable at 7.3 kDa and the dispersity increased slightly to 1.12) which indicates that 

transesterification side reactions were minimal after full monomer consumption. 

 

 

Figure 2. 17. Chain extension experiment of a P(L-BMA)20 macroinitiator towards a final P(L-

BMA)40 polymer (in THF against PS standards). 

 

Further analysis of the polymers by MALDI-ToF MS enabled the identification of the 

side reactions that take place in this polymerisation. While analysis of a lower molar 

mass P(L-BMA)49 polymer (Figure 2.18) demonstrated primary distributions that were 

consistent with the sodium charged polymer and the sodium carboxylate terminated 
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analogue, analysis of a higher molar mass P(L-BMA)235 initiated by pyridine/L-lactic 

acid  revealed multiple polymeric distributions (Figure 2.18). 

 

 

 

Figure 2. 18. MALDI-ToF MS spectrum of P(L-BMA)49 initiated by pyridine/ β-benzyl α-(L)-malate 

adduct (reflectron mode). 

 

Each distribution displayed regular spacings equal to the molar mass of the β-benzyl 

α-(L)-malate repeat unit (m/z = 206.06). The two most intense distributions were 

observed that correspond to simulations of a sodium-charged polymer with an acid end 

group (green simulations, Figure 2.19) and lactic acid end group (black simulations, 

Figure 2.19) which are most likely generated by initiation with water (or by a mis-

insertion of a monomer attacked at the 2-position of the ring) and the desired lactic 

acid salt, respectively. For each of these distributions a minor distribution in which the 

carboxylic acid proton has been substituted by a sodium carboxylate chain end can 

also be observed. Contrary to the observations by SEC, other distributions are assigned 

to be the result of transesterification side reactions during the polymerisation. Firstly, 

the distribution highlighted at m/z 16680 (brown simulations, Figure 2.19) corresponds 

to a sodium charged chain with a lactic acid end group and an additional lactate within 

the repeat unit; a sodium carboxylated terminated distribution is also observed. We 

4000 4500 5000 5500 6000 6500 7000 7500m/z

DP  (    ) Calculated Observed

24 5192.44 5192.47

25 5398.5 5398.5

26 5604.56 5604.68

27 5810.62 5810.94

28 6016.68 6017.2

206.06

5520 5540 5560 5580 5600 5620 5640 5660 5680 5700 5720
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postulate that this species originates from intermolecular transesterification of one 

chain adding to another and eliminating water. In turn this may explain the higher 

molar mass distribution.  

 

 

 

 

Figure 2. 19. A) MALDI-ToF MS spectrum of a P(L-BMA)235 initiated by pyridine/ L-lactic acid; B) 

Expansion of region from m/z 16510 to 16710 (purple) and simulated mass distributions (brown, 

black, green and red). 
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Finally, two distributions (red simulations, Figure 2.19) originating from lactic acid 

and water initiation are present in which the simulation correlates to the absence of a 

single benzyl group. These chains correspond to either single ester hydrolysis in the 

polymer or by a branching event at the side chain ester. The increased presence of 

these distributions in the main lower molar mass area indicate that hydrolysis is the 

most likely explanation. It is postulated that all these side reactions act synergistically 

to each other and are the reason of the bimodality which is observed by SEC for both 

the P(L-lacOCA) and P(L-BMA) higher molar mass polymers. This is more stressed 

for the polymerisations initiated by pyridine/β-benzyl α-(L)-malate adduct, where 

prolonged reaction times compared to the polymerisations initiated by pyridine/ L-

lactic acid adduct for the same [M]0:[I]0 indicate further loss of molar mass control 

which lead to polymers with higher Mn than targeted. 

 

In order to accelerate the polymerisations, the L-lactic acid/4-methoxypyridine ion 

pair, which consists of a stronger Brønsted–Lowry base than pyridine was screened 

for the ROP of L-malOCA. A polymerisation with target [M]0/[I]0 = 100 was attempted 

with an initial [L-malOCA]0 = 1.0 M. As anticipated,15, 20 the polymerisation was much 

more rapid in comparison to the pyridine adducts (48 hours; conv. 99%) such that after 

3.5 h, monomer conversion was 90%. After precipitation and isolation of the polymer, 

1H NMR spectroscopy showed an experimental DP of 55 and Mn = 11.6 kDa which 

was lower than expected based on the [M]0:[I]0 ratio. SEC in THF displayed a 

distribution with ĐM = 1.17 however, a small shoulder at the high molar mass region 

could still be observed (Figure 2.20). The experimental Mn was found 9.0 kDa, which 

was in good agreement with the obtained 1H NMR spectroscopy value, but again lower 

than the targeted molar mass based on monomer conversion. Therefore, it was 

determined that side reactions were still present even with the use of a different, more 

basic pyridine. 
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Figure 2. 20. Size exclusion chromatogram of a P(L-BMA) initiated by the L-lactic acid/4-

methoxypyridine ion pair (in THF against PS standards). 

 

2.2.6 Investigation of the Stereoregularity of P(L-BMA) and PLLA 

Polymers 

The isotacticity of the P(L-BMA) and PLLA polymers in this study is of great 

importance as it directly translates to the thermal performance of these materials. 

Therefore, 1H (homo-decoupled) and quantitative 13C NMR spectroscopy28 were used 

to verify and quantify any racemisation of the stereogenic carbon of the monomers 

during the ROP process. 

Regarding 13C NMR spectroscopy of P(L-BMA) polymers (Figure 2.21, 2.24, Table 

2.3), the quantification of the isotacticity of the polymers was determined by the 

relative integration of the resonance of the carbonyl carbon of the polymer backbone 

in relation to any neighbouring signals belonging to stereo-errors, whereas regarding  

the homo-decoupled 1H NMR spectra of PLLA polymers (Figure 2.22, Table 2.3), the 

decoupling of the methine resonance to a singlet gives a strong indication of the 

isotactic enrichment of the polymeric structure. Similar information can be obtained 
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by analysing the 13C NMR spectra of PLLA polymers at the carbonyl region (Figure 

2.23).   

Table 2. 3. Isotactic enrichment quantification of P(L-BMA) and PLLA polymers. 

P(L-BMA) DP % isotacticitya  PLLA DP % isotacticitya 

10 atactic  10 85 

20 atactic  20 90 

50 89  50 95 

100 97  100 95 

250 98  250 100 

100b 94  250b 100 
 

a Determined by quantitative 13C NMR spectroscopy; b Initiated by pyridine/β-benzyl 

α-(L)-malate adduct. 

 

 

 

Figure 2. 21. 13C NMR spectrum of a P(L-BMA)50 initiated by L-lactic acid/pyridine adduct 

(100MHz, CDCl3); (*CHCl3). 
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Figure 2. 22. Homo-decoupled 1H NMR spectrum of a PLLA100 initiated by L-lactic acid/pyridine 

adduct (500MHz, CDCl3); (*CHCl3). 

 

 

Figure 2. 23. Stacked quantitative 13C NMR spectra of various DPs of PLLA homopolymers, zoomed 

in at the carbonyl region (100MHz, CDCl3). 
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These analyses reveal that at low [M]0:[I]0 ratios, polymers tend to lose their isotactic 

enrichment, especially P(L-malOCA) polymers, while at higher [M]0:[I]0 ratios, PLLA 

and P(L-malOCA) polymers (initiated by both adducts) exhibit a highly isotactic 

stereoregular structure. The reasons behind these observations still unclear however in 

accordance with what has previously been reported,20 we postulate that for short 

polymeric chains, the higher basic catalyst (pyridine) loading creates harsher 

polymerisation conditions and can possibly lead to deprotonation and racemisation of 

the enantiopure monomer during the ROP process leading to significant loss of 

isotacticity in the final polymer. Nevertheless, this is an improvement compared to 

what has been previously reported for the DMAP-catalysed ROP of L-malOCA, where 

significant racemisation of the stereogenic carbon of the monomer was evident by 13C 

NMR spectroscopy of the pure polymers.15  

A closer inspection of the carbonyl region of a 13C NMR spectrum of a P(L-BMA) 

polymer (Figure 2.24) reveals the signal of the carbonyl carbons of the enantiopure 

polymer at 168.5 ppm, while all the stereo-errors can be found downfield at 168.6-

169.2 ppm. For low DP polymers, the chain end signals which are significantly 

enhanced compared to their higher DP analogues, can be identified as intense peaks at 

the same region, which could interfere with the absolute determination of the 

enantiomeric purity of the polymers. This can also be clearly seen for PLLA polymers 

as well (Figure 2.23), where the isotactic carbonyl carbon resonance is at δ = 169.61 

ppm and the two carboxylic acid chain ends’ resonances can be seen at δ = 169.55 and 

δ = 169.66 ppm, respectively. 
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Figure 2. 24. Quantitative 13C NMR spectra of various DPs of P(L-BMA) homopolymers, zoomed in 

at the carbonyl region (100MHz, CDCl3). 

 

 

2.2.7 Thermal Analysis of PLLA and P(L-BMA) Polymers by TGA and 

DSC 

It is well known that the thermal degradation of polymers may involve 

thermohydrolysis, depolymerisation reactions, thermo-oxidative degradation, or 

transesterification reactions36 and hence in order to understand the thermal properties 

of the resultant polymers, analysis of their behaviour using thermogravimetric analysis 

(TGA) and differential scanning calorimetry (DSC) was undertaken. High molar mass 

P(L-BMA) and PLLA polymers were extensively dried in a vacuum oven at 80 °C for 

48 h before testing their thermal degradation and resistance. Highly isotactic PLLAs 

are expected to be semi-crystalline materials with their glass transition temperature 

(Tg) and melting temperature (Tm) to be highly dependent on their tacticity.37 P(L-
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BMA)100 polymers were found to begin their degradation profile at 280 °C, while 

PLLA100 polymers displayed no thermal degradation until ca. 300 °C (Figure 2.25). 

The derivative of the thermal degradation of P(L-BMA) clearly shows a two-step 

thermal transition, with the 2nd event starting at ca. 350 °C. This is an indication of a 

2nd polymer domain (possibly of higher molar mass) which is more thermally resilient 

than its lower molar mass counterpart. 

 

 

 

 

Figure 2. 25. TGA and DTG thermograms of A) PLLA100 B) P(L-BMA)100 both initiated by L-lactic 

acid/pyridine adduct. (Heating rate of 10 °C/min). 
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DSC analysis of a PLLA97 polymer (Mn, SEC = 7.2 kDa, ĐM = 1.07) showed multiple 

thermal transitions during its first heating scan (Figure 2.26). The most enhanced 

events could be identified as a cold crystallisation exotherm at ~ 105 °C followed by 

two melting events. The two characteristic endotherms were observed at ~ 155 °C 

(Hm = 14 J/g),  and ~ 167 °C (Hm = 28 J/g) respectively. It is suggested that these 

two different semi-crystalline domains originate from incomplete (and possibly 

disrupted) crystallisation due to PLA’s inherent low crystallisation rate over 

precipitation in a non-solvent.38 Over the course of the next two cycles, crystallisation 

exotherms were observed during the cooling runs at a temperature near the cold 

crystallisation of the polymer, ca. 105 °C. During the 2nd and 3rd heating runs, the 

polymer relieved of its thermal history, improved its crystallisation behaviour and 

displayed sharper and more defined melting endotherms ca. 164 °C (Hm ~ 56 J/g) 

with no visible Tg in either of those runs.  

 

Figure 2. 26. DSC thermogram of a PLLA97 (heating/cooling rate at 10 °C/min, N2 atmosphere). 

 

A P(L-BMA)100 polymer (Mn, SEC = 7.4 kDa, ĐM = 1.15) was subjected to the same 
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while testing multiple similar polymer samples, the recorded Tgs were reproducible 

within a range of ∼ 2.0 °C and were measured in the range of 19.9 – 21.6 °C. This Tg 

value is an increase of approximately 10 °C to what has been previously reported using 

DMAP as the ROP catalyst of L-malOCA. In only one sample, however, minor melting 

events were observed. Specifically, a small endotherm was recorded at ca. 110 °C 

(Hm ~ 1.0 - 2.0 J/g) in all three heating runs. This result could not be replicated in 

any other sample. In accordance with previous reports in the literature of similar 

polymers, the absence of crystallinity even up to 250 °C could be ascribed to the 

pendant benzyl ester group in the polymer chain which could interfere with the crystal 

packing and formation of the structure.39-41 

 

 

Figure 2. 27. DSC thermogram of annealed P(L-BMA)100 (3 consecutive heating scans). Tg at 20-22 

°C (midpoint). (Heating rate at 10 °C/min). 
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2.3 Conclusions 

In summary, in this chapter the organocatalysed synthesis of P(L-BMA) and PLLA 

polymers derived from activated monomers (OCAs) of L-lactic and L-malic acids is 

reported. Ion pairs of pyridine and 4-methoxypyridine with L-lactic acid and β-benzyl 

α-(L)-malate were prepared and were employed as single initiator/catalyst systems for 

the ROP process. The reactions were consistent with those expected in a well-

controlled polymerisation as evidenced by 1H NMR spectroscopy, size exclusion 

chromatography as well as chain extension experiments. Analysis of the polymers via 

MALDI-ToF mass spectrometry provided an insight into the different side-reactions 

which occurred during the ROP, especially for the higher molar mass polyesters. The 

stereoregularity of these polymers was investigated via 1H homo-decoupled and 13C 

NMR spectroscopy techniques. Polymers of higher molar mass were found to be 

highly isotactic, whereas lower molar mass polymers displayed an atactic nature. The 

thermal analysis of these polymers revealed the highly crystalline and thermal resisting 

nature of PLLA with high melting temperatures, while P(L-BMA) polymers remained 

in amorphous state as a consequence of their microstructure. These results show that 

the application of these organocatalytic ion pairs can be extended to the ROP of OCAs 

derived from various -hydroxy acids. The retention of the enantiopurity of the 

monomers during ROP was found to be of high level, translating into PLLAs of high 

melting temperatures. Of course, there is room for improvement in order to suppress 

the side-reactions occurring during polymerisation, which will enable the synthesis of 

higher molar mass polymers of enhanced properties.  
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3. Organocatalytic Synthesis of Functional 

Poly(ester-carbonate)s & Poly(ester-phosphate)s 

with Defined Microstructure 
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3.1 Introduction 

In recent years, the development of biocompatible and biodegradable polymers has 

provided a large palette of new materials with applications in the biomedical field, 

including drug delivery vehicles and support structures for hard and soft tissues.1-4 As 

polymerisation techniques have improved and become more versatile and robust, the 

number of materials available for biomedical application has increased dramatically. 

This development has enabled the development of materials which are not only 

biocompatible and nontoxic but also degradable at a rate comparable with the rate of 

new tissue growth, possessing tunable mechanical properties and with the ability to 

promote tissue regeneration through the incorporation of biologically active 

molecules.5-8 

Polylactide (PLA) is known as a biodegradable and biocompatible polymer and it is 

classified as GRAS (generally recognised as safe) by the US Food and Drug 

Administration.9 These features and its non-biotoxicity make PLA a great potential 

candidate for use in medicine and bioengineering.10 However, its applications in these 

scientific fields are limited mainly as a consequence of its hydrophobic, 

semicrystalline properties which directly affect its hydrolytic degradation behaviour,11, 

12 and the absence of functionality on the polymer backbone which would enable the 

post-polymerisation modification of the polymer for further exploitation (e.g. tuning 

of the mechanical properties and degradation rates or covalently attaching biologically 

active molecules on the polymer).13 Notable strategies in order to mitigate these 

limitations of PLA are the development of PLA-based polymer blends,14, 15 as well as 

the copolymerisation of lactides with other families of readily-functional cyclic 

monomers. This pathway leads to copolymers of various compositions and 

architectures which depending on the comonomer used during ROCOP, yields 

materials of different thermomechanical and physiological properties. In that regard, 

phosphorus (V)-based monomers, such as phosphoesters are of interest due to their 

low toxicity and facile hydrolysis. Furthermore, cyclic phosphoesters are able to 

undergo ROP which allows their copolymerisation with lactide.16-20 

Polyphosphoesters (PPEs) have been pursued as biomaterials due to their potential 
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biodegradability, good biocompatibility, and functionality of side chain as well as their 

structural similarities to naturally occurring nucleic and teichoic acids.21-24 A 

polyphosphate represents a class of biodegradable polymer with repeated phosphoester 

attachments within its backbone, which degrades under physiological conditions via 

hydrolysis or enzymatic cleavage of the phosphoester bonds.25, 26 The degradation rates 

and other physicochemical properties of these polymers are controlled by the chemical 

structure and composition in the backbone and side chains. 

Alongside aliphatic polyesters and polyphosphates, aliphatic polycarbonates are also 

an important biodegradable materials class which have received considerable 

attention.9, 27 These materials are excellent candidates for pharmaceutical applications 

mainly because of their low toxicity, biocompatibility, and biodegradability.28 

Copolymers of carbonates such as trimethylene carbonate (TMC) with other cyclic 

monomers such as lactide and glycolide have already found application as sutures and 

in other biomedical fields such as controlled drug delivery as a consequence of the 

favourable materials properties that they bring into the copolymers.29, 30 In addition, 

materials prepared from poly(trimethylene carbonate) (PTMC) are known to degrade 

in vivo by surface erosion in contrast to the bulk degradation behaviour shown by 

polyesters.4 Furthermore, poly(ester) degradation products can lead to increased levels 

of acidity, which may be hazardous to loaded drugs or living tissues.31-34 However, 

these products are not present during polycarbonate degradation. Polycarbonate 

synthesis is commonly achieved either by the copolymerisation of epoxides with 

carbon dioxide or by the ring-opening polymerisation (ROP) of cyclic carbonate 

monomers.35-38 The synthesis of poly(carbonate)s via CO2/epoxide copolymerisation 

is a potentially useful method of utilising CO2; however, the formation of five-

membered cyclic carbonate by-products, the presence of ether linkages, and the use of 

air-sensitive coordination compounds make its application synthetically challenging. 

The ROP of cyclic carbonates has received significantly more attention and 

consequently provides an attractive and versatile methodology for the synthesis of 

functionalised poly(carbonate)s, despite the requirement to synthesise many of the 

monomers, and is being studied by many groups.39, 40 The ROP of cyclic carbonates 

can be realised using cationic, anionic, coordination-insertion, organocatalytic, and 
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enzymatic pathways and high levels of control over polymer molar mass, dispersity 

and end-group fidelity have been extensively reported.41-49 

In this chapter, the synthesis of three functional monomers, two allyl functional 6-

membered cyclic carbonates, 6-methyl-5-allyloxycarbonyl-1,3-dioxan-2-one (MAC), 

2-allyloxymethyl-2-ethyltrimethylene carbonate (AOMEC) and an isopropyl 

functional 5-membered cyclic phosphate, 2-isoproxy-1,3,2-dioxophospholane 2-oxide 

(iPP) is described. Their subsequent ring-opening copolymerisation (ROCOP) with L-

lactide, towards the synthesis of copolymers of defined composition and architecture 

is studied. A wide array of both novel and already reported organocatalytic systems 

are utilised, which provide a potent pathway to fine-tune the polymerisation activity 

of each comonomer selectively. All polymers are characterised via 1H, 13C NMR 

spectroscopy, size exclusion chromatography (SEC) as well as matrix-assisted laser 

desorption ionisation-time of flight mass spectrometry (MALDI-ToF MS). The 

thermal properties of these materials are revealed through differential scanning 

calorimetry (DSC).  
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3.2 Results and Discussion 

3.2.1. Synthesis of 2-isoproxy-1,3,2-dioxophospholane 2-oxide, (iPP) 

The isopropyl-functional cyclic 5-membered phosphoester monomer was prepared in 

only one step from an inexpensive and commercially available precursor, 2-chloro-2-

oxo-1,3,2-dioxaphospholane (COP). The synthesis of the iPP monomer was carried 

out by the esterification of COP with 2-propanol, as previously reported (Scheme 

3.1).50 Purification and drying of the crude oily monomer were performed by high-

vacuum distillation, with the pure monomer recovered in 72% yield (Figures 3.1, 3.2). 

The appearance of the isopropyl methine and methyl protons at  = 1.30 – 1.33 ppm 

and  = 4.65 – 4.76 ppm confirmed the successful synthesis of the monomer. Further 

characterisation analyses (ESI-MS, elemental analysis – data shown in Chapter 6) 

confirmed the purity of the monomer. 

 

Scheme 3. 1. Synthesis of 2-isoproxy-1,3,2-dioxophospholane 2-oxide (iPP). 

 

 

Figure 3. 1. 1H NMR spectrum of iPP (400MHz, CDCl3). 
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Figure 3. 2. 31P NMR spectrum of iPP (120MHz, CDCl3). 

 

3.2.2 Ring-Opening Copolymerisation of iPP with L-lactide.  

The organocatalytic ROP of cyclic monomers both in bulk and solution conditions has 

been a long-standing field of research.51, 52 The ability to selectively tune the reactivity 

of any comonomer during ROP is an exciting catalytic challenge and highlights the 

possibilities of not only accessing unique polymers with well-defined compositions 

and low molar mass distributions to tailor the physicochemical properties (such as 

melting temperature, glass transition temperature, rate of degradation etc.), but also 

engineering the polymer microstructure (such as multi-block copolymer, gradient 

copolymer, random/statistical copolymer etc.). The copolymerisation of lactide with 

other families of functional comonomers leading to well-defined copolymers of 

pseudo-random or statistical distribution of monomer units has been realised using a 

wide-array of organometallic catalysts,53, 54 but rarely reported under organocatalytic 

conditions.55 It must be noted that heavy metal contaminants from the catalyst residues 

in the polymer can have detrimental effects on the performance of the final polymers, 

especially in the fields of microelectronics and drug delivery, therefore the 

development of biocompatible and easy-to-remove organocatalysts is of paramount 

importance. Retention of the enantiopurity of the monomer during the ROP process 

a

a
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(avoidance of epimerisation) combined with the control of the polymerisation kinetics 

of both comonomers will yield a semi-crystalline biodegradable functional material 

with enhanced thermal and mechanical properties.56 Thus, this scenario opens the way 

for the exploration of many homo/hetero-stereocomplexation possibilities with 

homo/co-polymers of the opposite chirality.57 

Compared to other families of cyclic monomers (lactones, carbonates, cyclic 

phosphates), lactide is more reactive under standard polymerisation conditions 

because of its high ring-strain caused by the two ester groups in the molecule. The 

polymerisation of most cyclic monomers is usually accompanied by an entropy 

decrease, due mostly to the loss in the translational degrees of freedom in the case of 

small-medium sized lactones. In this situation, polymerisation is thermodynamically 

allowed only when the enthalpic contribution into ΔGp prevails (thus, when ΔHp < 0 

and ΔSp < 0, the inequality |ΔHp| > − TΔSp is required). Therefore, the higher the ring 

strain, the lower the resulting monomer concentration at equilibrium.58 

Initial polymerisation studies were performed in CDCl3 at 25 °C with initial monomer 

to initiator ratio ([M]0:[I]0) = 50, using a highly active organo-base, 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU), (pKa = 24.34 in MeCN) which belongs to the 

family of amidines and has been successfully employed for the ROP of cyclic 

monomers in the past (Scheme 3.2, Table 3.1).59 Benzyl alcohol was used as the 

initiator. (Table 3.1). 

 

 

Scheme 3. 2. ROCOP of L-lactide with iPP catalysed by DBU and initiated by benzyl alcohol. 
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Table 3. 1. ROCOP of L-lactide with iPP catalysed by DBU and initiated by benzyl alcohol. 

Entry fiPP
a 

Time 

(hours) 

Lactide 

conv.b (%) 

iPP conv.c 

(%) 
FiPP

d 
Mn, NMR 

(kDa)d 

Mn, SEC 

(kDa)e 
ĐM

e 

1 0.2 0.5 100 < 5 0.0 7.2 8.0 1.09 

2 0.2 144 100 75 0.27 11.0 11.6 1.41 

3 0.8 144 100 75 0.89 5.3 5.1 1.44 
 

Reaction conditions: [M]0/[I]0 = 50, [M0] tot = 1.0 M, 2 mol% DBU, RT; a Molar feed ratio of the 

phosphoester monomer; b Determined by 1H NMR spectroscopy of the crude sample; c Determined by 

31P NMR spectroscopy of the crude sample; d Experimental incorporation of the phosphate in the final 

polymer, determined by 1H NMR spectroscopy of the purified polymer; e Determined by SEC in CHCl3 

calibrated against PS standards. 

  

Monomer conversion for all polymerisations was monitored by NMR spectroscopy. 

Specifically, the conversion of iPP was measured using 31P NMR spectroscopy, by the 

relative integration of the polymer’s phosphorous signals at δ = -3.32 to -2.21 ppm 

against the monomer’s phosphorous signal at δ = 16.59 ppm. Lactide’s conversion was 

measured using 1H NMR spectroscopy by the relative integration of the polymer’s 

methine proton signal at δ = 5.02 – 5.07 ppm against the monomer’s methine protons 

signal at δ = 5.10 – 5.17 ppm. By keeping the molar ratio of the phosphate (fiPP) at 20 

mol% in the comonomer feed and the total monomer concentration at 1.0 M, after 30 

minutes of reaction time the lactide was quantitatively consumed while iPP’s 

conversion was at ∼5% (Table 3.1, entry 1). At this timepoint, the polymerisation was 

halted with the addition of acidic Amberlyst® (A15) ion exchange resin to quench the 

DBU in order to avoid any undesirable side-reactions (i.e. intra-/inter-molecular 

transesterification) as a consequence of low monomer concentration (high conversion). 

The polymer was repeatedly precipitated from ice cold diethyl ether in order to obtain 

pure poly(iPP-co-LLA). Number-average molar mass (Mn) of the purified copolymer 

and the degree of polymerisation of each comonomer were determined by measuring 

the integral of the aromatic protons of the benzyl alcohol against the integral of the 

methine protons of PLLA (at δ = 5.12 – 5.20 ppm) and the integral of the methylene 

protons (δ = 4.61 – 4.97 ppm). Analysis of the copolymer by SEC revealed a narrow 

molar mass distribution (ĐM = 1.09) with the Mn value to be close to the calculated one 
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(8.0 kDa) based on conversion of each comonomer. 1H NMR spectroscopy also 

demonstrated the absence of the polyphosphate in the purified polymer (Figure 3.3A).  

 

 

Figure 3. 3. Stacked 1H NMR spectra of purified P(iPP-co-LLA) copolymers; A) FiPP = 0; B) FiPP = 

0.27; C) FiPP = 0.89 (see Table 3.1); (*CHCl3), (400MHz, CDCl3). 

 

Based on this result, the reaction was repeated, and the polymerisation time was 

increased to 144 h in order for the phosphate to reach satisfactory conversion, which 

was measured at 75%. At this timepoint, the polymerisation was stopped. While the 

incorporation of the phosphate in the final polymer (FiPP) was measured at  0.27 

(Figure 3.3B) and the experimental Mn value was at a higher value and close to the 

theoretical one, SEC revealed a broad molar mass distribution (ĐM = 1.41). This is 

most probably as a consequence of either extended polymerisation time and 

transesterification side reactions or due to a slow initiation of the polymerisation of the 
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phosphate from the active PLA secondary alcohol chain end. FiPP was measured at a 

higher value than fiPP. This observation could be justified, by the removal of low-

medium molar mass PLA polymeric fragments over the precipitation of the whole 

polymer from a non-solvent (Et2O) which might solubilise these shorter PLA chains, 

therefore decreasing its overall molar content in the final copolymer. It was 

hypothesised that by increasing the phosphate’s concentration in the comonomer feed, 

its polymerisation rate would be enhanced therefore increasing its final incorporation 

to the copolymer, so a reaction was setup with fiPP = 0.8 (Figure 3.3C). Lactide was 

completely consumed in the first hour of the reaction, and after 144 h, the phosphoester 

had reached 77% conversion. The linearity of the semi-logarithmic plot of iPP’s 

consumption rate indicates that the reaction proceeded in a controlled fashion (no 

termination or solvation effects), but the major difference in the polymerisation rate of 

the two comonomers suggests a copolymer with a short block of PLA being formed in 

the early stage of the polymerisation, moderately followed by a larger polyphosphate 

block, rather than the desired statistical distribution of comonomer units along the 

polymer chain (Figure 3.4). The polymer was precipitated, and 1H NMR spectroscopy 

revealed 89% phosphate incorporation (FiPP = 0.89) in the final copolymer. The same 

remark about the final phosphate incorporation discrepancy applies in this experiment 

as well. 
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Figure 3. 4. A) Monomer conversion (%) vs time; and B) Semi-logarithmic plot of monomer 

consumption vs time for the ROCOP of L-lactide and iPP (fiPP = 0.8) catalysed by DBU and initiated 

by benzyl alcohol. 

 

As a control experiment, the homo-polymerisation of iPP initiated by benzyl alcohol 

under the same conditions realised a DP25 polymer with molar mass similar to the 

theoretical one and a very low dispersity (3.6 kDa Da, ĐM = 1.07), thus proving the 

compatibility of this monomer with DBU (Figure 3.5).17, 22, 60 

 

 

Figure 3. 5. SEC chromatogram of a PiPP40 polymer initiated by BnOH and catalysed b DBU; (in 

CDCl3 calibrated against PS standards). 
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Inspired from recent reports in the literature,61-67 organophosphate catalysis was 

evaluated, as well as binary (bifunctional) organocatalytic systems employing diphenyl 

phosphate (DPP, 1) and a wide palette of tertiary amines (2-5) for the copolymerisation 

of L-lactide with iPP (Figure 3.6). All of these systems have been shown to efficiently 

catalyse the polymerisation of most cyclic monomers with great control and selectivity 

towards the ROP of the cyclic units versus the transesterification of the linear polymer. 

From a mechanistic approach,62 it has been shown that the acid/base organocatalytic 

adduct system (ion pair) acting as an electrophile activates the carbonyl oxygen of the 

lactide monomer and the free base activates the hydroxyl group of the initiator as well 

as the growing polymer chain-end via H-bonding (H-bond acceptor). 

 

 

Figure 3. 6. Chemical structures of the screened organocatalysts. 

 

Diphenyl phosphate (DPP) is a weak Brønsted acid and is also commercially available, 

has a low toxicity, and is chemically stable.68 Its acidic nature makes it less active for 

lactide polymerisation63 (the ROP catalyzed by DPP is cationic and follows an 

“activated monomer” mechanism, see Chapter 1.3.3 – Scheme 1.5A) compared to 

amidines or guanidines, so based on all these features it was postulated that DPP could 

retard the ROP rate of lactide, while being able to efficiently promote the ROP of iPP 

concurrently, both in solution and bulk conditions (Table 3.2). 

 

DPP (1)

DMAP (2) Benzyl bispidine (3)

( )-Sparteine (4) DBU (5)



119 

Table 3. 2. ROCOP of L-lactide and iPP catalysed by with DPP and tertiary amines, initiated by 

benzyl alcohol. 

Entry 
Catalyst 

(mol%) 

Temp. 

(°C) 

Time 

(hours) 

Lac. 

conv. 

(%)a 

iPP 

conv. 

(%)b 

Mn, NMR 

(kDa)a 

Mn, SEC 

k(Da)c 
ĐM

c 

1d 1 (10%) 25 24 0 0 - - - 

2d 1 (10%)/2 (20%) 25 120 90 35 6.4 7.3 1.08 

3d 1 (10%)/3 (20%) 25 48 0 0 - - - 

4d 1 (10%)/ 4 (20%) 25 24 13 0 - - - 

5d 1 (10%)/5 (20%) 25 2 100 55 17.0 11.5 1.6 

6e 1 (2%) 120 24 0 22 2.0 2.4 1.09 

7e 1 (10%) 120 15 insol. insol. - - - 

8e 1 (10%)/2 (20%) 120 24 40 <10 0.8 100 1.3 
 

a Determined by 1H NMR spectroscopy; b Determined by 31P NMR spectroscopy; c Determined by SEC 

in CHCl3 calibrated against PS standards; d in CDCl3; e no solvent, in bulk conditions; Reaction 

conditions: [M]/[I] = 50, [M]0 = 3.0 M, fiPP = 0.5; [M]/[I] = 50. 

 

When DPP was used as the sole catalyst, minimal or no polymerisation activity could 

be observed independently of the reaction conditions (entries 1, 6, 7). Especially for 

polymerisations conducted in bulk (entries 6, 7), an attempt to increase the catalyst 

loading to 10 mol% compared to initial monomer concentration, returned a highly 

viscous, non-soluble (gel-like) compound which could not be characterised. It was 

postulated that this was a result of severe side-reactions. When DMAP was used at a 

double ratio to DPP in solution (CDCl3) (entry 2) the polymerisation proceeded in a 

well-controlled manner with monomer consumption demonstrating a linear 

relationship against time. After almost 5 days of reaction time, lactide had reached 

∼90% conversion while iPP’s conversion was much lower at ∼35% (Figure 3.7). 
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Figure 3. 7. A) Conversion (%) vs time; B) Semi-logarithmic plot of monomer consumption for the 

co-ROP of L-lactide with iPP (Table 3. 2, entry 2); (CDCl3, [M]/[I] = 50, [M]0 = 3.0 M). 

 

Purification of the polymer by repeated precipitations into cold diethyl ether and 

characterisation by SEC (Figure 3.8A) revealed a monomodal molar mass distribution 

with low dispersity (ĐM = 1.08) and experimental molar mass (Mn = 7300 Da) which 

correlated well with the theoretical value. 1H NMR spectroscopy revealed that 

incorporation of the phosphate in the final polymer chain was ca. 35%.  

 

 

Figure 3. 8. SEC chromatograms of P(LLA-co-iPP) catalysed by A) 10% DPP/20% DMAP (Table 

3.2, entry 2); B) 10% DPP/20% DBU (Table 3.2, entry 5); (in CHCl3, calibrated against PS standards). 
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The same experiment conducted in bulk (Table 3.2, entry 8) unfortunately revealed 

lower conversion for both comonomers and the purified copolymer had significantly 

lower molar mass (1000 Da) than the theoretical one and a broad dispersity (ĐM = 1.9). 

This could be a result of monomer decomposition (possibly of the cyclic phosphate) 

caused by the high polymerisation temperature which might lead to further protic 

impurities. These could act as supplementary initiating sites, therefore producing 

multiple polymer populations or transesterification/termination events originating 

again from the high temperature.  

By following the same bifunctional organocatalytic pathway, two other well-known 

catalysts, (−)-sparteine65, 66 and benzyl bispidine67 were screened (Table 3.2, entries 3, 

4). Unfortunately, both these organocatalysts showed minimal activity, with the 

conversion of both comonomers remaining low (0 – 13%). A 2:1 ratio (20 mol%/10 

mol%) of DBU and DPP was also used under the same hypothesis (the organic acid 

could reduce the reactivity of the base and decrease its high polymerisation efficiency 

towards lactide) (Table 3.2, entry 5). After 2 h lactide had reached ∼99% conversion, 

while the iPP was still at 55%. SEC analysis (Figure 3.8B) showed a broad molar mass 

distribution (ĐM = 1.6, Mn = 11500 Da), revealing severe side-reactions (mainly 

intramolecular transesterification of the polyester chain) which occurred due to 

prolonged reaction times and the quantitative conversion of L-lactide. 

After screening a wide variety of available organocatalysts, it was concluded that as a 

consequence of the large difference in polymerisation reactivity between these two 

comonomers, block-like or block-tapered copolymers could only be synthesised. 

Prolonged reaction times in order to incorporate the less reactive monomer (iPP) into 

the polymer chain, thus eliminating the need of extensive purification as well as 

enhancing the atom economy of the reaction, lead to significant side reactions which 

were detrimental to the copolymer microstructure and control of its molar mass. For 

all these reasons, the copolymerisation of lactide was attempted with a different family 

of readily functionalised monomers, the 6-membered cyclic carbonates derived from 

bis-MPA. 
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3.2.3 Synthesis and purification of 5-methyl-5-allyloxycarbonyl-1,3-

dioxan-2-one, MAC 

5-Methyl-5-allyloxycarbonyl-1,3-dioxan-2-one (MAC) was synthesised in a simple 

two-step literature procedure (Scheme 3.3).69 After preparing the allyl-functionalised 

diol in the first step, a ring-closing reaction using ethyl chloroformate in the presence 

of triethylamine in high-dilution conditions afforded the desired cyclic carbonate. The 

pure monomer was recovered in 55% yield after two recrystallisations from methylene 

chloride and toluene and subsequently dried over P2O5 under static vacuum for several 

days before being stored in a N2-filled glovebox (Figure 3.9).  

 

 

Scheme 3. 3. Synthetic route of 5-methyl-5- allyloxycarbonyl-1,3-dioxan-2-one (MAC). 

 

 

Figure 3. 9. 1H NMR spectrum of 5-methyl-5- allyloxycarbonyl-1,3-dioxan-2-one (MAC); (400 MHz, 

CDCl3). 
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3.2.4 Synthesis and purification of 2-allyloxymethyl-2-ethyltrimethylene 

carbonate (AOMEC) 

The allyl-functional carbonate monomer, 2-allyloxymethyl-2-ethyltrimethylene 

carbonate (AOMEC) was prepared in only one step from an inexpensive and 

commercially available precursor, trimethylolpropane allyl ether diol (TMAD). The 

synthesis of the AOMEC monomer was carried out by the ring closure of TMAD by 

carbonylation using ethyl chloroformate, as previously reported by Thomas et al. 

(Scheme 3.4).70 Purification of the crude liquid monomer was performed by vacuum 

distillation, with the pure AOMEC recovered in 68% yield (Figure 3.10). 

 

Scheme 3. 4. Synthesis of 2-allyloxymethyl-2-ethyltrimethylene carbonate (AOMEC) via ring-closure 

of trimethylolpropane allyl ether diol (TMAD) by carbonylation. 

 

Figure 3. 10. 1H NMR spectrum of 2-allyloxymethyl-2-ethyltrimethylene carbonate (AOMEC); (400 

MHz, CDCl3) (*CHCl3). 
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3.2.5 Ring-Opening Homo-Polymerisation of L-lactide and MAC 

catalysed by DPP/DMAP.  

In order to obtain data for the ROP rate and compatibility of the bifunctional 

organocatalytic system of DPP and DMAP, the homopolymerisations of MAC and L-

lactide were separately investigated. The chosen catalytic system was DPP and DMAP 

(10 mol% : 20 mol%)  relative to monomer concentration, which was set at 2.0 M in 

CDCl3. This catalyst ratio was chosen as it returned the best result in terms of 

comonomer conversion and copolymerisation control in the case of lactide and iPP 

and has been reported to function in an analogous manner in the case of lactide homo-

ROP.62 A degree of polymerisation of 50 was targeted for lactide, while [M]0/[I]0 was 

of 20 for MAC and benzyl alcohol was chosen as an initiator for both reactions which 

were undertaken at 25 °C (Scheme 3.5). 

 

 

Scheme 3. 5. Homo-ROP of L-lactide and MAC catalysed by DPP/DMAP and initiated by BnOH. 

 

Both polymerisations were monitored via 1H NMR spectroscopy. In the case of MAC, 

the monomer’s conversion could be measured by the relative integration of the 

monomer and polymer methyl group signals at δ = 1.10 and δ = 1.12 ppm respectively. 

Showcasing its more reactive nature, lactide reached quantitative levels of conversion 

in 42 h, while MAC was left reacting for almost 17 days (405 h) in order to reach 88% 

monomer conversion (Figure 3.11). Both polymerisations were stopped with the 
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addition of acidic Amberlyst® (A15) ion exchange resin to quench the excess DMAP 

and the polymers were precipitated from hexanes.  

 

 

Figure 3. 11. A) Conversion vs Time; B) Semi-log plot of monomer consumption for the homo-ROP 

of MAC catalysed by DPP/DMAP. 

Both polymerisations were highly controlled and realised polymers possessed 

extremely high end-group fidelity as evidenced by the accordance of the experimental 

Mn to the theoretical values, the monomodal SEC traces and the extremely narrow 

dispersity values (Table 3.3). 

 

Table 3. 3. Molecular and thermal characterisations of PLLA and PMAC obtained by homo-ROPs of 

lactide and MAC catalysed by DPP/DMAP (10%/20%) and initiated by BnOH. 

Monomer 
Conversiona 

(%) 

Time 

(hours) 

Mn,theory 

(kDa)b  

Mn, NMR 

(kDa)a 

Mn, SEC 

(kDa)c ĐM
c Tg 

(°C)d 

Tm 

(°C)d 

L-lactide > 95 42 7.3 6.6 7.8 1.05 55.2 155.2 

MAC 88 405 4.1 4.5 4.5 1.10 -20.7 - 
 

Reaction Conditions: [M]0 = 2.0 M in CDCl3, [M]0/[I]0 = 50 for lactide, 20 for MAC; a Determined by 

1H NMR spectroscopy; b (FWrep. unit × [M]o/[I]o × % conversion) + FWinitiator); c Determined by SEC in 

CHCl3 calibrated against PS standards; d Determined by DSC (2nd run results). 
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MALDI-ToF MS showed that only a single-sodium charged benzyl alcohol α-capped 

distribution for both polymers was present (Figure 3.12). This result is indicative of a 

living ROP with no evident termination, and minimal transesterification or trans-

carbonation events. 

 

 

 

 

Figure 3. 12. MALDI-ToF MS spectrum of low molar mass A) poly(MAC); B) PLLA as realised by 

the ROP of MAC and L-LA catalysed by DPP/DMAP (in reflectron mode). 
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Quantitative 13C NMR spectroscopy (Figure 3.13) showed a dominant singlet for the 

carbonyl carbon of PLLA, thus demonstrating that lactide underwent minimal 

epimerisation during its polymerisation and the obtained polymer possessed a very 

high isotactic enchainment. This was further proved by DSC from which a melting 

peak (Tm = 155.2 °C) was observed. 

 

Figure 3. 13. Quantitative 13C NMR spectrum of PLLA50 (zoomed in at the carbonyl region) prepared 

via the ROP of L-lactide catalyzed by DPP/DMAP; (500MHz, CDCl3). 

 

3.2.6 ROCOP of L-lactide and MAC/AOMEC catalysed by DPP/DMAP 

Following the same catalytic approach (using the bifunctional organocatalytic 

acid/base system of DPP and DMAP) and maintaining the same objective (the 

statistical polymerisation of lactide with a functional comonomer), the 

copolymerisation of L-lactide with the two alkene-functional 6-membered cyclic 

carbonates (MAC, AOMEC) was attempted towards the synthesis of heat-resistant 

functional poly(ester-carbonate)s. This presents a similar catalytic challenge for the 

same thermodynamic and kinetic reasons as with the cyclic phosphates, i.e. the large 

difference between the polymerisation rate of the two comonomers, which tends to 

yield blocky or tapered-block copolymers instead of random/statistical 

microstructures. 

*

*
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Different ratios of DPP and DMAP were screened with molar quantities ranging from 

10 mol% DPP/ 20 mol% DMAP to 20 mol% DPP/10 mol% DMAP. This was 

theoretically based on the literature per which lactide does not undergo ROP easily 

under acidic conditions.58, 71, 72 6-Membered cyclic carbonate monomers have been 

demonstrated to undergo ROP under acidic conditions,71, 72 but it is postulated that the 

different thermodynamic and kinetic parameters of the copolymerisation reaction 

prevent lactide to ring-open.58 It was postulated that an ideal ratio of the two catalysts 

could tune the reactivity ratios of the two comonomers in a way that their incorporation 

could occur in a statistical (random) fashion. Both solution-based experiments ([M]total 

= 3.0 M in CDCl3) as well as solvent-free experiments were done. The targeted degree 

of polymerisation was 50 for all experiments and benzyl alcohol was used as an 

initiator (Scheme 3.6, Table 3.4). 

 

 

 

Scheme 3. 6. ROCOP of L-lactide and MAC catalysed by DPP/DMAP and initiated by BnOH. 

 

By keeping the two comonomers feed loadings at equimolar quantities (entries 1-6), 

polymerisation of both comonomers occurred only at an equimolar presence of acidic 

and basic catalyst or when DMAP was in excess (entries 1-2). All polymerisations 

were precipitated at maximum 95% L-lactide conversion. Compositions of the 

resulting copolymers were determined by integration of the methine resonance of the 

PLA repeat units at δ = 5.19–5.13 ppm those of the methylene resonances originating 

from the MAC repeat units in the backbone at δ = 4.45–4.20 ppm, revealing Bn-O-

P(LLA-co-MAC)-H copolymers with MAC incorporations ranging from 2% to 22.7%. 

The dependence of the polymerisation rate of the two comonomers on the catalyst ratio 

(Figure 3.14, Table 3.4 entries 1, 2) is also emphasised by the major difference in the 
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reaction time of the two reactions as well as the maximum obtained conversion (39%, 

51%) and incorporation (21.1%, 22.7%) of MAC (entries 1-2). 

 

Table 3. 4. ROCOP of L-lactide and MAC catalysed by DPP/DMAP and initiated by BnOH. 

Entry fMAC 
DPP/DMAP 

(mol%) 

Time 

(hours) 

Lactide 

conv. 

(%)a 

MAC 

conv. 

(%)a 

FMAC 
Mn, NMR 

(kDa)b 
Mn, SEC 

(kDa)c 
ĐM

c 

1 0.5 10/20 67 95 39 0.211 6.7 7.8 1.10 

2 0.5 15/15 497 85 51 0.227 5.0 5.6 1.09 

3 0.5 16/14 150 0 5 - - - - 

4 0.5 17/13 150 0 < 5 - - - - 

5 0.5 18/12 150 0 < 5 - - - - 

6 0.5 20/10 528 0 40 - - 1.2 1.33 

7 0.75 15/15 96 0 0 - - - - 

8d 0.25 15/15 192 56 26 - - - - 

9 0.25 10/20 120 85 45 0.12 9.0 12.3 1.14 

10 0.25 15/15 0.5 < 10 < 10 - 0.9 1.0 1.22 

11 0.25 15/15 20 70 40 0.09 7.3 5.5 1.69 

12 0.25 10/20 3 95 50 0.11 7.1 9.0 1.74 

13e 0.5 10/20 70 > 90 < 10 0.02 5.5 6.2 1.09 
 

Reaction conditions: [M]0/[I]0 = 50; Entries 1-9, 13: [M]0 = 3.0 M in CDCl3; Entries 10-12: no solvent, 

110 °C; fMAC is the feed molar ration of MAC, FMAC is the experimental molar incorporation of MAC as 

determined via 1H NMR spectroscopy of the purified copolymer; a Determined by 1H NMR 

spectroscopy of the crude sample; b Determined by 1H NMR spectroscopy of the purified copolymer;   c 

Determined by SEC in CHCl3, calibrated against PS standards; d Conversion of MAC stopped;           e 

AOMEC used as a comonomer. 

 

 

 



130 

 

Figure 3. 14. Top: Conversion (%) of both comonomers vs time (h) (A) and the semi-logarithmic plot 

of monomer consumption vs time (h) (B) for a ROCOP of L-LA and MAC (fMAC = fL-LA = 0.5) 

catalysed by DPP/DMAP (10 mol%/20mol%) as in entry 1 of Table 3.4; Bottom: Conversion (%) of 

both comonomers vs time (h) (C) and the semi-logarithmic plot of monomer consumption vs time (h) 

(D) for a ROCOP of L-LA and MAC (fMAC = fL-LA = 0.5) catalysed by DPP/DMAP (15 

mol%/15mol%) as in entry 2 of Table 3.4. 

 

The isolated copolymers were well-defined as evidenced by their narrow ĐM and the 

agreement between Mn obtained by 1H NMR spectroscopy and SEC. When DPP is 

even at a slight excess, no ROP occurs (entries 3-6). Furthermore, when MAC is in 

feed molar excess (fMAC = 0.75) compared to lactide, no polymerisation occurs either. 

These two results verify that there probably is a threshold between the concentration 

of lactide versus the concentration of DPP, and below that the polymerisation is not 

thermodynamically or kinetically favorable.58 When lactide is in molar excess, fLAC = 

0.75 and DPP is equimolar to DMAP (entry 8), the two monomers polymerise with 

the same rate until ca. 25% conversion (Figure 3.15). This scenario could represent the 
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ideal scenario of simultaneous quantitative conversion of both comonomers 

(simplifying the purification process) leading to a selective and statistical 

incorporation of both monomeric units to the polymer chain. Unfortunately, the 

polymerisation of MAC was abruptly halted at this point, while lactide kept 

polymerising at the same rate. This can also be explained thermodynamically; it is 

suggested that the concentration of MAC at this exact moment reached its equilibrium 

concentration (𝑀𝑡 =𝑀𝑒𝑞). At equilibrium (𝛥𝐺𝑝
0 = 0), that is when polymerisation is 

complete, the monomer concentration ([M]eq) assumes a value determined by standard 

polymerisation parameters 𝛥𝐻𝑝
0  and 𝛥𝑆𝑝

0  as well as polymerisation temperature: 

𝑙𝑛[𝑀]𝑒𝑞 = 𝛥𝐻𝑝
0/𝑅𝑇 − 𝛥𝑆𝑝

0/𝑅 , [𝑀]𝑒𝑞 = 𝑒𝑥𝑝(𝛥𝐻𝑝
0/𝑅𝑇 − 𝛥𝑆𝑝

0/𝑅) . The initial 

absolute linearity of the consumption rate of both MAC and lactide vs time proved that 

the reaction was undergoing in an extremely controlled fashion. 

While retaining fMAC = 0.25 and increasing the ratio of the base (10 mol% DPP/20 

mol% DMAP, entry 9), the possible thermodynamic barrier could be overcome, and 

MAC continued its conversion above 25%. At the same time though, DMAP 

accelerated the ROP rate of lactide as well, so the final incorporation of MAC was at 

12%. Quenching of the polymerisation at conversion values below 95% for each 

comonomer ensured no transesterification reactions occurred, and this was proved by 

a very narrow molar mass distribution (ĐM = 1.14). 

Looking closely at the 1H NMR spectrum of the P(LLA-co-MAC22.7%) copolymer 

(entry 2), two signals of lower intensity can be observed upfield next to the methine 

and methyl protons of PLLA (d’,  g’ respectively) (Figure 3.16). These signals can be 

attributed to a small fraction of lactide units next to a randomly incorporated carbonate 

unit, therefore represent an ester-carbonate sequence in the copolymer, demonstrating 

its statistical nature. When AOMEC was used as a comonomer under similar 

polymerisation conditions (entry 13), lactide reached almost quantitative conversion 

at a time comparable to entry 1, but the conversion of the carbonate was much lower 

than MAC (< 10%). The copolymer had a low dispersity equal to 1.09 which correlates 

well with the achieved control of the polymerisations with MAC. The lower reactivity 

of the AOMEC monomer can be justified, as it lacks an ester group in its side chain 
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(as compared to MAC). This ester group in the case of MAC is a much more electron-

withdrawing group, therefore by inductive effect delocalises the charge of the ring 

much more efficiently, therefore activating more efficiently the carbonate carbonyl 

carbon leading to an enhanced polymerisation activity.  

 

 

Figure 3. 15. A) Conversion (%) vs time (hours); B) Semi-logarithmic plot of monomer consumption 

vs time (hours), Table 3.4 entry 8. 

 

 

Figure 3. 16. 1H NMR spectrum of the P(LLA-co-MAC23%) (Table 3.4, entry 2); (*CHCl3, **last 

repeating unit of the copolymer); (CDCl3, 400MHz). 
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Quantitative 13C NMR spectroscopic analysis of a PLLA18, PMAC22 and a P(LLA-co-

MAC21%) copolymer obtained by the ROP of the corresponding monomers using the 

catalytic system of DPP/DMAP, provided additional information on the copolymer 

microstructure (Figure 3.17).  

 

Figure 3. 17. Stacked quantitative 13C NMR spectra of PLLA18, PMAC22 and a P(LLA-co-PMAC21%); 

(CDCl3, 125MHz). 

 

The region in the spectrum showing the chemical shift of the carbonyl carbons was 

mainly investigated, because the carbonyl carbon is sensitive to its environment and it 

is therefore possible to determine the statistical, alternating or blocky nature of the 

copolymers by analysis of the interaction of every repeat unit with its neighbouring 

repeat unit(s).73 For isotactic PLLA only one carbonyl carbon resonance is identified 

at δ = 169.6 ppm (LLL). For PMAC the carbonyl carbon of the main polymer chain is 

identified at δ = 154.34 ppm (CCC). The two smaller peaks at δ = 154.65, 154.85 ppm 

can be assigned to chain end or initiating species. A close inspection at the 13C NMR 

spectrum of the copolymer (with a 21% final carbonate incorporation) at the carbonyl 

region reveals new peaks near the two main carbonyl carbons which belong to the 

incorporation of carbonate-ester linkages (carbonate units adjacent to lactide units), 

which can be analysed up to triad level (CLC and CLL for PLA-cantered sequences, 

LCC, CCL and LCL for carbonate-centred sequences)54 and possibly further in order 
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to obtain information about the sequencing of the copolymers and the determination 

of their randomness.54, 69, 74-78 Based on the final carbonate incorporation value (21%) 

which means that there is one carbonate unit roughly every 5 lactide units randomly 

(certainly not alternating and with a slightly stronger bias towards lactide  

homopolymerisation based on the conversion rate of the two comonomers) spaced-out 

throughout the chain in any given position between or adjacent the lactide units, the 

shape and intensity of the ester-carbonate signals indicate a strong statisticality in the 

copolymer microstructure. 

Diffusion-ordered (DOSY) NMR spectroscopy of the P(LLA-co-MAC21%) (Table 3.4 

entry 1) copolymer (Figure 3.18) showed that the end group of the polymer and the 

main polymer chain had the same diffusion coefficient, so this result confirmed the 

attachment of the benzyl end group to the copolymer backbone as well as the presence 

of both L-lactide and MAC units in the same polymer. The signal at δ = 7.26 correlates 

to residual CHCl3. 

 

Figure 3. 18. DOSY-NMR spectrum of a P(LLA-co-MAC21%); (*CHCl3) (CDCl3, 500MHz). 

 

*
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Reactions in bulk conditions at 110 °C (Table 3.4, entries 10-12) displayed similar 

polymerisation behaviour for both comonomers compared to their solution-based 

analogues, although the control over molar mass distribution was significantly 

compromised. By keeping the molar fraction of MAC at 0.25 and using a 1:1 (15 mol% 

DPP/15 mol% DMAP) catalyst loading (entries 10, 11), after 30 minutes no 

polymerisation was observed. After 20 h of reaction time, lactide had reached 70% 

conversion while MAC was at 40%. This showed that lactide was still more reactive 

than the carbonate even in solvent-free ROP conditions. Interestingly, SEC showed a 

ĐM = 1.69, even though none of the comonomers had reached high conversion. 

Therefore, it is assumed that side-reactions (transesterification or back-biting which 

can cause cyclisation and termination of the ROP) are enhanced during bulk conditions 

in elevated polymerisation temperatures. By increasing the ratio of DMAP to 20 mol% 

vs 10% of DPP (entry 12), the overall polymerisation rate was much higher. Lactide 

converted quantitatively after 3 h, while the conversion of MAC was at 50%. Again, 

SEC showed increased dispersity (ĐM = 1.74) and higher Mn than the theoretical one, 

so loss of polymerisation control was still evident. 

In short, the use of DPP/DMAP as organocatalysts for the ROCOP of MAC/AOMEC 

with L-lactide afforded well-defined statistical poly(ester-carbonate)s with pendant 

alkene functionalities. The difference in polymerisation activity of the two monomers 

could be regulated up to a point, but the cyclic diester was still more reactive towards 

its incorporation into the final polymer chain. Therefore, other organocatalytic systems 

were screened in an attempt to equilibrate the comonomer insertion. 

 

3.2.7 ROCOP of L-lactide and MAC catalysed by DPP/DBU.  

The replacement of DMAP (pKa,H+ = 17.95 in MeCN with a stronger base (DBU, 

pKa,H+ = 24.34 in MeCN) was attempted in order to investigate its catalytic activity in 

conjunction with DPP (Table 3.5). This system has been shown to promote the 

synthesis of diblock and triblock copolymers of lactide, lactones and trimethylene 

carbonate (TMC) via an in situ one-pot catalyst switch.79 DBU is a cyclic amidine and 
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a compatible ROP catalyst with most families of cyclic monomers (esters, carbonates, 

phosphates, acetals), and has been shown to be a very active catalyst, therefore it was 

hypothesised that it could enhance the polymerisation rate of the carbonate in the 

ROCOP experiments in a way that it could match the ROP rate of lactide.51  

 

Table 3. 5. Molecular characterisations of P(LLA-co-MAC) copolymers obtained by ROCOP of L-

lactide and MAC catalysed by DPP/DBU and initiated by BnOH. 

Entry 
DPP/DBU 

(mol%) 

Time 

(hours) 

Lactide 

conv. 

(%)a 

MAC 

conv. 

(%)a 

FMAC
b Mn, NMR 

(kDa)b 

Mn, SEC 

(kDa)c ĐM
c 

1 4/2 24 0 < 5 - - - - 

2 2/2 20 30 < 5 - - - - 

3 2/4 1 100 50 0.14 9.5 10.4 1.13 

4 1/1.5 2 100 60 0.26 9.5 10.0 1.41 
 

Reaction conditions: [M]0 = 2.0 M in CDCl3 in RT, [M]0/[I]0 = 50, fMAC = 0.25; a Determined by 1H 

NMR spectroscopy of the crude sample; b Determined by 1H NMR spectroscopy of the purified 

copolymer; c Determined by SEC in CHCl3, calibrated against PS standards. 

 

When the acidic catalyst was in molar excess or in an equimolar quantity with the base 

(entries 1-2), the catalytic activity of the system was significantly hindered, and the 

polymerisations were extremely slow. This result when compared to the DBU/benzoic 

acid adduct80 shows that the DPP/DBU organocatalytic system is less active towards 

the ROP of lactide. It is postulated that the base was neutralised by the acid and the in-

situ formed salt could not mediate the polymerisation. When DBU was predominantly 

present (entry 3), the polymerisation proceeded rapidly, and quantitative conversion 

of lactide was observed in only 1 h while MAC was at 50% conversion. The polymer 

had a well-defined monomodal molar mass distribution (ĐM = 1.13) and the 

experimental Mn values obtained via 1H NMR spectroscopy and SEC were in close 

agreement (Figure 3.19A). When the loading of both catalysts was reduced, and their 

ratio dropped to 1:1.5 (entry 4), the polymerisation proceeded in a comparable rate, 

with a slight increase at MAC’s conversion, ca. 60%. The higher degree of the 

incorporation of MAC compared to entry 3 can be attributed to a gradient blocky 
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copolymer structure, since MAC continued its conversion after the full consumption 

of lactide, leading to a P(LLA-co-MAC)-block-PMAC structure with increased ĐM = 

1.41 (Figure 3.19B).  

 

 

Figure 3. 19. SEC chromatograms of two P(LLA-co-MAC) copolymers realised from the ROCOP of 

L-LA and MAC catalysed by DPP/DBU with loadings A) (2%/4%); B) (1%/1.5%). Both initiated by 

BnOH (in CHCl3, calibrated against PS standards). 

 

3.2.8 ROCOP of L-lactide and MAC catalysed by 

trifluoromethanesulfonic acid salts.  

Recent literature reports showed that methane sulfonic acid (MSA) and 

trifluoromethanesulfonic acid (triflic acid, TFSA) can efficiently catalyse the ROP of 

cyclic esters (lactones, lactide) and cyclic carbonates independently or in binary 

systems comprised of basic moieties (DMAP, DBU) or even stronger bases such as 

cyclic guanidines, 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD), 7-methyl-1,5,7-

triazabicyclo[4.4.0]dec-5-ene (MTBD) (Figure 3.20).71, 72, 81-86 These acids are 

stronger than phosphoric-type acids (DPP) and therefore it was hypothesised that they 

could promote favourably the ROP of the carbonate vs the ROP of lactide (which is 

favourably polymerised by bases) in a ROCOP process, in a way that the 

polymerisation rate of the two comonomers could be equalised in order to yield a more 

statistical microstructure. 
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Figure 3. 20. Sulfonic acids and cyclic guanidines from literature. 

 

Encouraged from these promising published findings, the salts of TFSA with DBU 

and DMAP (TFSA·DBU 6, TFSA·DMAP 7) were synthesised.85, 86 The DMAP salt of 

triflic acid when used along with a stoichiometric amount of DMAP serves as a more 

efficient organocatalyst than DMAP or any other protic acids under a cationic ROP 

process.85, 86 From a mechanistic aspect, 1H/13C NMR spectroscopic analyses have led 

to the elucidation of a bifunctional catalytic system where similarly to the DPP/DMAP 

catalysts, the acid/base adduct forms a dormant species (complex) which upon 

dissociation yields the actual propagating species (i.e. the initiator is activated by 

DMAP and the carbonyl of the monomer is activated by the acid/base complex) which 

will ring-open the cyclic monomer (Scheme 3.7).62 

 

 

Scheme 3. 7. Proposed mechanism for the bifunctional catalytic acid/base system. 
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In accordance to previous polymerisation attempts, the feed molar fraction of MAC 

was kept at 0.25 and both salts were screened for the copolymerisation with L-lactide 

in room temperature in solution (Table 3.6). 

 

Table 3. 6. Molecular characterisations of P(LLA-co-MAC) copolymers obtained by ROCOP of L-

lactide and MAC catalysed by TFSA salts and initiated by BnOH. 

Entry Catalyst (mol%) 
Time 

(min) 

LA conv. 

(%)a 

MAC 

conv. (%)a 
FMAC

b 
Mn, NMR 

(kDa)b 

Mn, GPC 

(kDa)c ĐM
c 

1 6 (2%) 30 100 70 0.291 6.1 6.0 2.5 

2 6 (2%) / 5 (2%) < 5 100 > 90 0.194 9.2 4.0 1.8 

3d 6 (0.2%) 15 72 20 - - - - 

4 6 (0.2%) 1380 100 90 0.24 12.2 13.5 1.34 

5 7 (5%) / 2 (5%) 900 93 37 0.11 9.7 12.2 1.07 

6 7 (10%) 120 100 30e 0.08 8.9 12.0 1.07 
 

Reaction conditions: [M]0 = 3.0 M in CDCl3 in RT, [M]0/[I]0 = 50, fMAC = 0.25; a Determined by 1H 

NMR spectroscopy of the crude sample; a Determined by 1H NMR spectroscopy of the purified 

copolymer; c Determined by SEC in CHCl3, calibrated against PS standards; d Experiment continued 

without quenching (see entry 4); e MAC’s conversion halted at this time-point. 

 

From the polymerisation results, TFSA·DBU (6) is a very reactive catalytic system and 

a very efficient ROP (transesterification) organocatalyst, able to polymerise both 

lactide and MAC with a high rate even at a low loading (entry 1). Lactide remains 

more reactive towards this system as well, with its conversion reaching quantitative 

levels almost instantly, while MAC’s incorporation follows subsequently forming a 

gradient block-like copolymer. The extended reaction times required for MAC to fully 

be consumed caused unavoidable transesterification reactions arising from the 

polyester chain leading to extensive chain scrambling evident by the broad molar mass 

distributions. At a very low loading of 0.2% and by carefully monitoring the reaction 

process (entries 3, 4), a copolymer with 24% MAC incorporation could be formed 

while keeping the dispersity relatively low (ĐM = 1.34), thus suppressing major side-

reactions, although a high molar mass shoulder could be identified (Figure 3.21A). 

The TFSA·DMAP (7) system is a less active catalyst towards the ROP of both 

comonomers as evidenced by reaction times (entries 5-6), with MAC’s conversion 
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trailing lactide (Figure 3.21B, C). By carefully monitoring the polymerisations, well-

defined polymers with experimental molar masses in close accordance with the 

theoretical ones and narrow dispersities could be synthesised. Interestingly enough and 

contrary to the literature,85 the salt was able to promote both monomers’ ROP on its 

own without the use of additional DMAP (entry 6). MAC’s conversion was halted at 

30% in a similar way to the DPP/DMAP system while lactide kept converting fully, 

probably facing the same thermodynamic or kinetic barrier. 

 

 

Figure 3. 21. SEC chromatograms of two P(LLA-co-MAC) copolymers realised from the ROCOP of 

L-LA and MAC catalysed by 6 or 7 corresponding to Table 3.6 A) entry 4; B) entry 5; C) entry 6; All 

initiated by BnOH (in CHCl3, calibrated against PS standards). 

 

3.2.9 ROCOP of L-lactide and MAC catalysed by benzoic acid salts and 

derivatives 

A family of organic acids which has rarely been used as catalysts ROP reactions is that 

of benzoic acid derivatives. Hedrick and coworkers80 reported the synthesis of a 

benzoic acid/DBU salt which was employed for the successful L-lactide ROP through 

a similar fashion (bifunctional activation of both the monomer and the propagating 

hydroxyl group species) to the DPP and TFSA systems. Recently, Guo and coworkers 

reported a dual intramolecular hydrogen bond system based on a Brønsted acid 

model.87 -Resorcyclic acid (2,6-dihydroxybenzoic acid, γ-RSA) is a natural, 
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inexpensive, and commercially available dihydroxybenzoic acid, in which two 

hydroxyl groups (OH) are ideally located at the two ortho-positions to the carboxylic 

group on the benzene ring. This aromatic carboxylic acid showed unprecedented 

catalysis power in ROPs of δ-valerolactone (VL) and ε-caprolactone (CL) in solution 

polymerisations at room temperature. Under the same conditions though, γ-RSA could 

not catalyse the ROP of lactide or trimethylene carbonate.87 

Therefore, in order to introduce the necessary base for the polymerisation of lactide, 

the salts of DMAP with benzoic acid (pKa = 4.2) (9) and with γ-RSA (pKa ~ 1.6) (10) 

respectively, were prepared and screened for the copolymerisation of lactide and MAC 

(Table 3.7). Moreover, different commercially available benzoic acid derivatives, such 

as p-nitrobenzoic acid (pKa = 3.4) (11), p-trifluoromethylbenzoic acid (pKa ~ 4.0) (12), 

and 2,6-difluorobenzoic acid (pKa ~ 2.0) (13) are available for screening. These 

substituents possess a strong electron-withdrawing nature, which by inductive effect 

causes the stabilisation of the negative charge of the carboxylate anion thus increasing 

the acidity of the of the benzoic acid. Therefore, by selecting different substituents on 

the ring or their relative position to the ring, the acidity of the catalyst can be altered 

significantly (Figure 3.22). It is hypothesised that stronger acidic catalysts will 

enhance the polymerisation rate of the carbonate against that of lactide. 

 

 

Figure 3. 22. Substituted benzoic acid salts and derivatives available for the ROCOP of L-lactide and 

MAC or AOMEC. 
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Table 3. 7. Molecular characterisations of P(LLA-co-MAC) copolymers obtained by ROCOP of L-

lactide and MAC catalysed by benzoic acid derivatives and initiated by BnOH. 

Entry Catalyst (mol%) 
Time 

(hours) 

Lactide 

conv. (%)a 

MACa 

conv. (%) FMAC
a Mn, SEC 

(kDa)b ĐM
b 

1c 9 (15%) + 2 (5%) 64 >95 32 0.07 13.7 1.09 

2c 10 (15%) + 2 (5%) 64 >95 36 0.08 13.1 1.07 

3c 13 (15%) 24 0 0 - - - 

4d, g 8 (5%) 24 0 0 - - - 

5d, g 8 (10%) 24 75 75 0.27 2.2 1.86 

6d no catalyst 24 20 20 - 1.3 1.65 

7d 10 (10%) 24 25 45 - 0.8 1.56 

8f 8 (10%) 24 10 20 - - - 

9d 12 (10%) 24 80 80 0.24 2.9 2.54 

10d 11 (10%) 24 50 90 0.3 3.0 2.47 

11d, e 8 (10%) 24 30 37 - 4.3 1.61 

12d, e 12 (10%) 24 14 16 - 2.6 2.54 

13d, e 11 (10%) 24 87 71 0.28 3.0 2.76 
 

fMAC = 0.25; a Determined by 1H NMR spectroscopy; b Determined by SEC in CHCl3, calibrated against 

PS standards; c [M]0 = 3.0 M in CDCl3 in RT, [M]0/[I]0 = 50; d in bulk at 155 °C; [M]0/[I]0 = 30; 

ecomonomer was AOMEC; f [M]0 = 4.0 M in toluene at 100 °C, [M]0/[I]0 = 30; g fMAC = 0.50. 

 

Solution based copolymerisations (entries 1-2) catalysed by 9 and 10 proceeded with 

good control but with a relatively low incorporation of the cyclic carbonate in the 

polymer chain, as a direct result of lactide’s higher polymerisation rate. Compared to 

the previous catalytic systems used in this chapter based, FMAC values were again lower 

than the best result in the case of DDP/DMAP and in the same region with the sulfonic 

acids. In both experiments, lactide reached almost 100% monomer conversion, while 

MAC’s final conversion did not exceed 36%. The polymerisations proceeded with 

good control, as evidenced by the extremely low dispersities (ĐM = 1.07 – 1.09). 

Interestingly, 9 could not catalyse the ROCOP of L-lactide and MAC on its own (entry 

3), emphasising the synergistic effect the free base has on the salt’s catalytic activity. 

Based on these results, it was decided not to pursue the screening of more benzoic 

acid-based salts in the ROCOP experiments in solution. 

The copolymerisations of L-lactide with MAC or AOMEC in bulk conditions (which 

are more industrially relevant) catalysed by free benzoic acid derivatives and initiated 

by benzyl alcohol were subsequently investigated. The degree of polymerisation was 
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lowered to 30, the reaction time was set to 24 h and the reaction temperature was 155 

°C for all the experiments. Interestingly, it was discovered that 8 could only catalyse 

the copolymerisation when its loading was set to 10 mol% in relation to the monomers 

(entries 4, 5, 11); by lowering the molar fraction of MAC at 0.25 and increasing the 

loading of the acid at 10%, after 24 h 75% conversion of both monomers was achieved, 

and MAC could be incorporated into the copolymer chain at ca. 27%, a value which 

was in close accordance with the theoretical one. In direct contrast with recently 

published results with -caprolactone as lactide’s comonomer,88, 89 the polymerisation 

was not controlled as evidenced by a broad molar mass distribution (ĐM = 1.86) and a 

lower experimental Mn value (2.2 kDa) than the calculated one. Possible explanations 

could originate from severe transesterification, transcarbonation or decarboxylation 

events (as a consequence of high T) leading to scrambled polymer chains or multiple 

ether linkages as well as from instantaneous single-turnover ring-opening of the 

carbonate affording its precursor diol which can act as a separate initiating nucleophile, 

therefore producing telechelic polymers of different architecture. A control experiment 

of this polymerisation in solution ([M]0 = 4.0 M in toluene at 100 °C for 24h, entry 8) 

demonstrated lower conversion values for both comonomers. A separate control 

experiment (in bulk, at 155 °C) in which no catalyst was used (entry 6), showed that 

polymerisation was still occurring, although only ill-defined oligomers could be 

retrieved. Thus, there is the possibility of auto-catalysed polymerisation as described 

by Bourissou and coworkers71, a scenario which under the influence of an acidic 

catalyst can be greatly emphasised and cause severe side-reactions. The substituted 

benzoic acid derivatives were also screened under identical reaction conditions (entries 

7, 9, 10) with 12 demonstrating the best catalytic activity for both comonomers 

achieving 80% conversion after 24 h. 11 promoted the ROP of the cyclic carbonate 

much more efficiently than that of lactide (90% conversion versus 50% respectively) 

and 13 displayed mild catalytic activity for both comonomers. Unfortunately, none of 

the polymerisations achieved the desired copolymer molar mass and the dispersity of 

all the obtained poly(ester-carbonate)s was quite broad (1.56 < ĐM < 2.54) indicating 

that even though these catalysts were able to promote the ROCOP, they were also quite 

efficient intra/inter-molecular transesterification catalysts. Another explanation for the 
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low molar mass of the isolated polymers could be the in-situ hydrolytic degradation of 

the polymer catalysed by acidic conditions in bulk conditions. 

AOMEC was also screened as a comonomer for the ROCOP with L-lactide (entries 

11-14), in solvent-free polymerisations at 155 °C. The evidence of the substituent 

effect on the polymerisation activity of these acidic organocatalysts was reflected on 

the conversion values of both comonomers. The most active catalyst was 11 (87% and 

71% conversion for lactide and AOMEC, respectively) followed by 8 and 12. The 

polymerisations were not well-controlled, with the obtained molar mass values being 

lower than expected and molar mass distributions being quite broad (1.61 < ĐM < 2.76). 

The inherent lower reactivity of AOMEC compared to MAC was observed in these 

experiments as well. 

 

3.2.10 Thermal analysis of poly(ester-carbonate)s. 

Thermal analysis of the obtained alkene-functional poly(ester-carbonate)s (realised by 

the ROCOP of L-lactide and MAC or AOMEC) by differential scanning calorimetry 

(DSC) was undertaken to investigate the effect of MAC incorporation on the thermal 

properties of the formed materials. Copolymers are miscible if they form a single 

phase. Usually the components in a polymer blend are not miscible unless there is an 

attractive interaction between groups on two or more polymer chains (copolymers of 

random/statistical nature). The most widely used technique to determine miscibility 

uses the measurement of the glass transition. The observation of a single glass 

transition with a value somewhere between the Tg values of the individual component 

polymers is an indication of a miscible system.90  

All analysed poly(ester-carbonate)s showed a single Tg in their DSC thermograms 

which is indicative of a random copolymer structure and that no microphase separation 

took place in the melt conditions (Figure 3.23, Table 3.8). Bn-O-PMAC20 

homopolymer was found to be an amorphous polymer with a Tg = -20.7 °C, while the 

benzyl--functional-PLLA homopolymer with a degree of polymerisation equal to 50 

synthesised by the ROP of L-lactide catalysed by DPP/DMAP was found to be a semi-
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crystalline polymer with observed Tg = 53.3 °C and a melting temperature, Tm = 155.2 

°C.  

 

 

Figure 3. 23. DSC thermogram of P(LLA-co-MAC7.0%) obtained by melt crystallisation showing a 

clear glass transition (A), cold-crystallisation (B) and melting transition (C). 

 

This high melting temperature of PLLA is indicative of a highly isotactic enrichment 

of lactidyl units of identical stereospecific configuration into the polymer chain mainly 

as a consequence of minimal epimerisation of the chiral monomer during the ROP 

process. The random (statistical) microstructure of the copolymers of low dispersity 

and the effect of the varying MAC incorporation directed the thermal nature of these 

materials. Specifically, the gradual increase of the carbonate’s incorporation (FMAC) 

into the final copolymer chain caused the depression of both Tg and Tm of the material.  
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Table 3. 8. Thermal analysis (DSC) data of the synthesised poly(ester-carbonate)s. 

Entry Polymer 
Catalyst 

used  

Tg 

(°C)a 

Tm2 

(°C)b 

Tm1 

(°C)a Tcc (°C)c ĐM
d 

1 Bn-O-PMAC20 5 -20.7 - - - 1.1 

2 Bn-O-PLLA50 1/2 53.3 156.1 155.2 - 1.06 

3 P(LLA-co-MAC7.0%) 9/2 45.1 140.7 145.1 121.2 1.09 

4 P(LLA-co-MAC8.0%) 9/2 45.2 140.6 144.3 108.7 1.07 

5 P(LLA-co-MAC11.4%) 7/2 38.1 138.8 135.3 112.3 1.07 

6 P(LLA-co-MAC12.1%) 1/2 44.72 138.6 138.2 117.2 1.14 

7 P(LLA-co-MAC14.2%) 1/5 45.23 140.8 144.6 112.3 1.13 

8 P(LLA-co-MAC21.1%) 1/2 33.05 - 95.6 - 1.09 

9 P(LLA-co-MAC19.4%) 6/5 8.2 92.3 - - 1.8 

10 P(LLA-co-MAC26.1%) 1/5 24.3 - 135 - 1.41 

11 P(LLA-co-MAC29.8%) 6 15.2 - 128 - 2.5 
 

Analysis conditions: All data was collected applying a heating rate of 10 °C/min and a cooling rate of 

10 °C/min under a N2 atmosphere; aTg and Tm2 measured by DSC analysis in the 2nd scan; bTm1 measured 

by DSC analysis in the 1st heating run; cTcc is the cold crystallisation temperature measured during the 

2nd heating run from samples in the melt. dDetermined by SEC in CHCl3, calibrated against PS standards. 

 

For polymers with dispersity > 1.2 (entries 10-12) different thermal behaviour was 

observed. Transesterified or gradient block-like copolymers have a different 

microstructure than their statistical analogues, with different and bigger blocks of 

homopolymeric content less spaced-out within the chain which translates into the 

retainment of high levels of crystallinity in the case of polylactide and higher melting 

temperatures although not being able to recrystallise and re-melt during the 2nd run, as 

a result of the relatively slow crystallisation rate of PLLA and the high carbonate 

content disrupting the crystal packing of the PLLA segment.90 

 

 

 

 

 



147 

3.3 Conclusions 

In conclusion, the organocatalytic ring-opening copolymerisation of L-lactide with 

three functional monomers, two allyl functional 6-membered cyclic carbonates, 6-

methyl-5-allyloxycarbonyl-1,3-dioxan-2-one (MAC), 2-allyloxymethyl-2-

ethyltrimethylene carbonate (TMAC) and an isopropyl functional 5-membered cyclic 

phosphate, 2-isoproxy-1,3,2-dioxophospholane 2-oxide (iPP) is described.  

1H and 13C NMR spectroscopy and SEC provided evidence that copolymers of defined 

composition and microstructure were synthesised employing a wide array of novel or 

already reported organocatalytic systems which enabled the regulation of the 

polymerisation activity of each comonomer selectively. Specifically, the 

copolymerisation of lactide with the cyclic phosphate showed the large difference in 

reactivity of the two monomers leading to the synthesis of block-like or gradient 

copolymers with a first PLA block followed by a shorter polyphosphate block, rather 

than a more statistical structure, which was the desired result.  

The change to another family of monomers, the 6-membered cyclic carbonates 

improved the copolymerisation behaviour of lactide and shifted the microstructure of 

the materials into a more random nature. Unfortunately, no organocatalytic system was 

found capable of regulating the polymerisation rate of both monomers at an equal rate, 

therefore achieving quantitative conversion (maximising the atom economy of the 

reactions) and removing the need of thorough removal of unreacted monomer. 

Thermal analysis of the polymers revealed their full miscibility in the melt through a 

single Tg, showcasing their relative statistical nature. Furthermore, PLLA’s 

crystallinity could be retained for up to 21% carbonate content in the copolymer 

structure (for copolymers of ĐM <1.2), a value which is unprecedently high, and is a 

consequence of the random placement of carbonate units in the copolymers. Higher 

carbonate content can be achieved as well, but with a significant compromise in the 

molar mass distribution of the polymers, which translates into generally amorphous 

materials. These results are quite promising and encouraging in order to further study 

these copolymerisations towards the synthesis of functional and degradable PLLA-

based copolymers of defined composition. The pendent alkene reactivity of the 
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carbonate could be further exploited for the attachment of biologically relevant 

moieties or for further crosslinking studies which could transform these polymers into 

suitable candidates for applications in the biomedical field. 

In short, this work provides a new and promising methodology for the introduction of 

a readily exploitable functionality in poly(lactide)-based copolymers. As it is 

emphatically described in the literature, the alkene handle provides a starting-point and 

an opportunity for a wide variety of post-ROP chemistries to be explored.28 The 

crystallinity of the material derived from the isotacticity of the PLA segment paves the 

way for homo-/hetero-stereocomplexation possibilities with the scope of producing 

materials of enhanced thermal and mechanical properties and tunable degradability. 
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4.1 Introduction 

Growing concerns over the environmental damage caused by petroleum-based plastic 

waste and the associated health effects that arise from petroleum processing necessitate 

a shift to environmentally benign commodity plastics.1-4 Biodegradable and 

biocompatible aliphatic polyesters and polycarbonates such as poly(-caprolactone) 

(PCL), polylactide (PLA), poly(lactide-co-glycolide) (PLGA), and poly(trimethylene 

carbonate) (PTMC) are two of the most important and thoroughly-studied classes of 

polymers which are gaining increasing attention both in academia and industry as a 

direct consequence of their wide palette of applications ranging from the biomedical 

and pharmaceutical fields, to industrial and engineering plastics or everyday 

commodity devices.4 These polymers are generally synthesised by ring-opening 

polymerization (ROP) of cyclic carbonates and esters through anionic, cationic, 

coordination/insertion and nucleophilic routes.5-23 The ROP of cyclic esters and 

carbonates is the state-of-the-art method for the controlled synthesis of aliphatic 

polyesters and polycarbonates of various architectures and microstructures. It is a type 

of chain-growth polymerisation technique in which an initiator is used to ring-open a 

cyclic monomer in order to generate a reactive centre to which further cyclic 

monomers are added to form a longer chain (macromolecule, polymer).24, 25 The 

replacement of metal catalysts with organic catalysts has emerged for the synthesis of 

plastics, especially for those used in biomedical and microelectronic applications. 

Several attributes of organic catalysts, including their low cost and wide availability, 

easy removal from polymers, low toxicity, and versatile catalytic mechanisms, make 

possible a greener and more versatile synthesis of polyesters and polycarbonates.26 

Commercial isotactic stereoregular PLA synthesised from the polymerisation of 

enantiomerically pure lactide is a semi-crystalline brittle material with a melting 

temperature ca. 150-180 °C depending on its stereoregularity; the toughness in its raw 

state is inadequate to withstand a high level of impact strength.27 The poor thermal and 

mechanical properties of PLA limit its wide use in applications that require plastic 

deformation at high stress levels, such as screws and fracture fixation plates. 

Furthermore, the low crystallisation rate and degree of crystallinity after fast 
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processing (e.g. injection moulding) results in PLA having low heat distortion 

temperatures (HDT).28 Therefore, there are still many challenges for the full market 

acceptance of PLA as an engineering material. In order to address these issues many 

strategies have been developed to improve PLA’s properties. Similar to other brittle 

polymers such as polystyrene, these routes include plasticisation, copolymerisation or 

melt-blending with flexible polymers of different nature.29 

Among degradable materials, aliphatic polycarbonates have emerged as an important 

class of polymers, primarily due to the unprecedented ease in introduction of 

functional groups at both monomer30-34 and post-polymerization stages.35-39 New step- 

and atom-efficient synthetic methodologies have also been discovered to access a 

battery of well-defined functional polycarbonates from inexpensive starting 

materials.40-44 The simultaneous organocatalytic copolymerisation of lactide with 

functional cyclic carbonates (5- or 6-membered) in a sequence-controlled manner is 

an attractive method of improving the properties and applicability of the polyester, but 

presents a major synthetic challenge mainly as a consequence of the large difference 

in the reactivity ratios of the two comonomers with lactide being preferentially 

incorporated first, thus forming gradient-block type copolymers as evidenced by the 

results of Chapter 3 in this work.45, 46 Increased reaction times in order to obtain 

quantitative conversion of both comonomers were further investigated, but they were 

found to be detrimental to the polymer’s dispersity and microstructure; further 

randomization (chain scrambling) is caused by side-reactions such as 

transesterification or back-biting.8, 47  

Recently a new class of strained 8-membered cyclic carbonates derived from 

diethanolamine (2,2'-dihydroxydiethylamine) were prepared and their organocatalytic 

polymerisation to well-defined N-substituted polycarbonates was reported.48-54 The N-

substitution not only enhances the ring strain, thus enhancing the polymerisation 

activity of the carbonate, but also provides a synthetic handle to introduce functionality 

to these polycarbonates. Tailoring the functionality of these polymers has been 

successfully accomplished through their post-ROP functionalisation as well as through 

the preparation of functionalized monomers.55-58 This methodology enables precise 
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control of the polycarbonate’s physical properties, its degradation rate as well as the 

ability to bind biological molecules. It is important to note that not all pendant 

functionalities such as hydroxyl, carboxylic acid, secondary amides are compatible 

with conventional ROP techniques.59 In these cases, a masked form of the pendant 

functionality must be used during polymerisation which can be “activated” post-

ROP.60-62  

Two of the most prominent reactive groups are the alkene55, 63 and alkyne57 groups, 

which are quite versatile and can be used in a range of coupling reactions (thiol-ene / 

thiol-yne “click” reactions, Michael-type additions, epoxidations, cycloaddition, 

hydrogenation, hydroboration, halogenation).64-73 These two reactive handles which 

are compatible with ROP conditions, once incorporated to a polymer chain can be 

further modified in a post-polymerisation step in order to tailor the desired application 

and their detailed application field can has been summarized in the literature by recent 

review and feature articles.74-79  

In this chapter, the organocatalytic synthesis of alkene and alkyne functional well-

defined aliphatic polycarbonates and poly(ester-carbonate)s is described. The homo-

polymerisation of two 8-membered-N-cyclic carbonates catalysed by a number of 

organic catalysts (covering and extending those of the literature) is firstly investigated. 

During the undertaking of this work, a detailed study regarding the DBU-catalysed 

homopolymerisation of the alkene-functional carbonate was reported,63 so only some 

initial studies were done in order to assess the polymerisation behaviour and activity 

of this monomer. Subsequently, the simultaneous ROCOP of the two comonomers 

with lactide is described. The judicious choice of catalytic system leads to statistical 

copolymers of the desired microstructure and molecular weight. The elucidation of 

reactivity ratios in combination with detailed 1H/13C NMR spectroscopic analyses and 

MALDI-ToF MS analyses provide convincing data for the randomness of the 

copolymers. Thermal analyses by the means of DSC and TGA provide data for the 

crystallinity of the copolymers of moderately high carbonate content.  
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4.2 Results and Discussion 

4.2.1 Synthesis of allyl 2-oxo-1,3,6-dioxazocane-6-carboxylate (A-8NC). 

The allyl functional 8-N-membered cyclic carbonate monomer was prepared in two 

steps from a commercially available and inexpensive diethanolamine precursor 

(Scheme 4.1).49, 63 The protection (functionalisation) of the secondary amine was 

carried out in the first step by a simple addition-elimination reaction with allyl 

chloroformate or N-(allyloxy carbonyloxy) succinimide in THF. Without any further 

purification,63 the ring closing of the functionalised diol using ethyl chloroformate or 

triphosgene in the presence of triethylamine afforded the desired cyclic carbonate. The 

pure monomer was recovered in 55% yield as a white solid powder after purification 

via flash-column chromatography using DCM/EtOAc (7:3) followed by two 

recrystallisations by hot hexanes. The disappearance of the alcohol resonance in the 

1H NMR spectrum as well as the appearance of a new resonance at δ = 155.6 ppm in 

the 13C NMR spectrum corresponding to the new carbonate carbonyl carbon indicated 

the formation of the cyclic carbonate. (Figures 4.1). 

 

 

Scheme 4. 1. Two-step synthesis of allyl 2-oxo-1,3,6-dioxazocane-6-carboxylate (A-8NC) monomer. 
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Figure 4. 1. 1H NMR spectra (CDCl3, 400 MHz) of A) purified allyl-functional diethanolamine 

precursor; B) allyl 2-oxo-1,3,6-dioxazocane-6-carboxylate (A-8NC); C) 13C NMR spectrum of A-8NC 

monomer (CDCl3, 125 MHz). (*CHCl3). 
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4.2.2 Synthesis of prop-2-yn-1-yl 2-oxo-1,3,6-dioxazocane-6-carboxylate 

P-8NC) 

The propargyl functional 8-N-membered cyclic carbonate monomer was prepared in a 

similar manner to the allyl analogue in a two-step synthesis method (Scheme 4.2). The 

protection of the secondary amine was carried out in the first step by a simple addition-

elimination reaction with propargyl chloroformate in THF. Without any further 

purification,49 the ring closing of the crude functionalised diol using ethyl 

chloroformate or triphosgene in the presence of triethylamine afforded the desired 

cyclic carbonate as an off-white tacky solid. The pure monomer was recovered in 47% 

yield in the form of white needle-like crystals after two recrystallisations from 

THF/diethyl ether. The disappearance of the alcohol resonance in the 1H NMR 

spectrum as well as the appearance of a new resonance at δ = 155.04 ppm in the 13C 

NMR spectrum corresponding to the new carbonate carbonyl carbon indicated the 

formation of the cyclic carbonate (Figure 4.2). 

 

Scheme 4. 2. Synthesis of prop-2-yn-1-yl 2-oxo-1,3,6-dioxazocane-6-carboxylate (P-8NC). 
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Figure 4. 2. 1H NMR spectra (CDCl3, 400 MHz) of A) purified propargyl-functional diethanolamine 

precursor; B) prop-2-yn-1-yl 2-oxo-1,3,6-dioxazocane-6-carboxylate (P-8NC); C) 13C NMR spectrum 

of P-8NC monomer (CDCl3, 125 MHz). (*CHCl3). 
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The organocatalytic homo-polymerisation of both cyclic carbonate monomers was 

investigated using a range of organic catalysts (DBU, (−)-sparteine, thiourea, diphenyl 

phosphate and DMAP) which had all previously been studied for the ring-opening 

polymerisation of lactide and MAC in order to assess their polymerisation behaviour 

(Figure 4.3). Initial polymerisation studies of the A-8NC monomer were performed in 
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Figure 4. 3. Chemical structure of the screened organocatalysts. 

 

 

Scheme 4. 3. Organocatalysed homo-ROP of A-8NC. 

 

Table 4. 1. Homo-ROP (catalyst screening) of A-8NC (all initiated by BnOH). 

Entry Catalyst (mol%) 
Time 

(hours) 
Conv.(%)a 

Mn, theory 

(kDa)b 

Mn, NMR 

(kDa)a 

Mn, SEC 

(kDa)c 
ĐM

c 

1 1 (0.5) 4.5 85 9.1 9.6 10.3 1.08 

2 2 (1.5) / 1 (1.5) 4 90 9.6 9.6 9.6 1.10 

3d 2 (5) / 5 (5) 288 60 6.5 7.6 3.2 1.09 

4d 3 (10) / 4 (20) 40 81 8.6 7.0 8.2 1.09 
 

Reaction Conditions: [M]0 = 1.0 M in CDCl3, [M]0/[I]0 = 50; a Determined by 1H NMR spectroscopy;  

b(FWrep. unit × [M]o/[I]o × % conversion) + FWinitiator); c Determined by SEC in CHCl3 calibrated against 

PS standards; d reaction done at 50 °C. 

 

DBU (1) TU (2)

DPP (3) DMAP (4) (−)-sparteine (5)
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The conversion of the monomer for all polymerisations was monitored by 1H NMR 

spectroscopy of a crude mixture, by monitoring the change of the integral of the 

methylene signals on the carbonate ring and polymer backbone (at  = 4.26 – 4.31 ppm 

and 4.07 – 4.18 ppm, respectively). The number-average molecular weight (Mn) of the 

purified homopolymer was determined by measuring the integral of the benzyl protons 

resonance of the initiator against either the integral of the methylene on the 

polycarbonate backbone (at  = 4.21 – 4.28 ppm), or the integral of the alkene CH 

resonance ( = 5.84 – 5.97 ppm). Polymerisations catalysed by DBU, TU/DBU and 

DPP/DMAP proceeded with good control as depicted by the low dispersity values and 

monomodal molar mass distributions (Figures 4.4 and 4.5). DSC thermal analysis of a 

P(A-8NC)50 polymer (Table 4.1, entry 1) showed the amorphous character of the 

polycarbonate with its Tg at -17.2 °C (Appendix A.1). 

Comparing with experimental results from Chapter 3 (Table 3.3), it is worth 

mentioning that the allyl functional 8-membered carbonate derived from 

diethanolamine is considerably more reactive than the 6-membered cyclic carbonate, 

MAC.55 This increased reactivity of this class of cyclic carbonates has been 

extensively addressed in the literature .49, 53, 63 The size of the ring and the possible 

number of conformations it can support (as an 8-membered cyclic structure) as well as 

the presence of a planar nitrogen atom in the ring and the nature of the substituent, all 

these factors influence the sterics and electronics of the monomer. An electron-

withdrawing -NR3 group (carbamate) delocalises the electron-density out of the ring, 

thus transforming (by inductive effect) the carbonyl carbon more electrophilic and in 

essence more susceptible to nucleophilic attack. Added to that, is the particular affinity 

with the organocatalyst which dictates the resilience/tendency of the monomer to ring 

open.  
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Figure 4. 4. Size exclusion chromatogram of the P(A-8NC)50 polymer (Table 4.1, entry 1); (in CHCl3, 

calibrated against PS standards). 

 

 

Figure 4. 5. 1H NMR spectrum of a P(A-8NC)50 polymer (CDCl3, 400 MHz). (*CHCl3). 

 

Furthermore, the obtained experimental Mn values were in close accordance with the 

calculated ones, thus showing minimal termination, branching or solvation effects took 
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and DBU/TU catalysts realising the fastest polymerizations followed by the 

bifunctional system of DPP/DMAP. The TU/(–)-sparteine system was the least active 

organocatalyst achieving 60% conversion after 12 days. After purification of the 

polymer by repeated precipitations in cold hexanes, SEC analysis showed a lower 

molar mass value than the theoretical one and with a big discrepancy with the value 

obtained via 1H NMR spectroscopy. This result was surprising as the TU/amine system 

provides excellent control in ROP reactions being extremely selective towards the 

ring-opening and polymerisation route rather than the transesterification of the open 

ester.80  

In order to further elucidate the nature of this issue, the polymer was analysed with 

MALDI-ToF MS (Figure 4.6, Table 4.2). Two main distributions were observed which 

were a mixture of linear and cyclic polymers. The main distribution was revealed to 

be a potassium charged cyclic species (no end-groups observed) with spacings equal 

to the m/z of the monomer (215.06). The secondary distribution was found to be a 

sodium charged benzyl alcohol -capped linear polymer with spacings equal to the 

m/z of the monomer (215.06).  

 

Table 4. 2. Theoretical and observed m/z values of the two distributions within the polymer realised 

from the ROP of A-8NC catalysed by TU / (−)-sparteine.  

 

 

DP Calculated m/z Experimental m/z

6 1329.06 1327.98

7 1544.42 1543.13

8 1759.48 1757.23

9 1974.54 1972.39

10 2189.60 2187.72

11 2404.66 2404.61

12 2619.72 2619.12

13 2834.78 2833.84

DP Calculated m/z Experimental m/z

6 1421.46 1422.09

7 1636.52 1636.14

8 1851.58 1852.64

9 2066.64 2066.45

10 2281.70 2281.61

11 2496.76 2496.80

12 2711.82 2711.95

13 2926.88 2927.22

Cyclic P(A-8NC) Linear P(A-8NC) 



167 

 

Figure 4. 6. MALDI-ToF mass spectrum of the P(A-8NC) homopolymer realised from the ROP of A-

8NC catalysed by TU / (−)-sparteine (Table 4.1, entry 3); (reflectron mode). 

 

It is suggested that the polymerisation initially proceeds through the benzyl alcohol 

initiator to afford linear polycarbonate chains which then subsequently backbite to 

yield cyclic polymer structures. Such cyclic polymer structures may be expected based 

on the observations of Waymouth and coworkers50 and Sardon and coworkers.63 In 

their studies, cyclic polymers were intentionally prepared via zwitterionic ROP of N-

substituted eight membered cyclic carbonates in which the authors suggested that the 

conformational restrictions imposed by the planar nitrogen lead to favourable 

conformation for cyclic structures when using planar nitrogen containing 8-membered 

cyclic carbonate monomers. 

During the undertaking of this research a detailed study regarding the monomer 

synthesis, polymerisation and post-ROP functionalisation of the A-8NC monomer was 

published by Sardon and coworkers, so no further experiments were done.63  
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The homo-polymerisation of the new alkyne functional 8-membered-N-cyclic 

carbonate, P-8NC was then studied. Initial polymerisation studies of the P-8NC 

monomer were performed in a sealed NMR tube in CDCl3 at 25 °C with initial 

monomer to initiator ratio ([M]0:[I]0) = 50 and benzyl alcohol was the initiator 

(Scheme 4.4, Table 4.3). The screened catalysts were identical as with the homo-ROP 

of the A-8NC as to establish a safe conclusion about the comparison of the difference 

in polymerisation activity of the two monomers. 

 

 

Scheme 4. 4. Organocatalysed homo-ROP of P-8NC. 

 

Monomer conversion for all polymerisations was monitored by 1H NMR spectroscopy 

of a crude sample, specifically through the change in integral of the methylene signals 

on the carbonate ring and polymer backbone (at  = 4.26 – 4.31 ppm and 4.17 – 4.23 

ppm, respectively), with the number-average molecular weight (Mn) of the pure 

homopolymer determined by measuring the integral of the benzyl protons’ resonance 

of the initiator against either the integral of the methylene on the polycarbonate 

backbone (at  = 4.21 – 4.28 ppm), or the integral of the alkyne CH resonance ( = 

2.51 – 2.53 ppm). 

All polymerisations proceeded with good control to high conversion, and after 

precipitation of the polymers in hexanes, SEC revealed narrow dispersities and 

experimental molar masses closely accorded to the theoretical and 1H NMR 

spectroscopy values (Figures 4.7, 4.8). Identically to the ROP of A-8NC, TU and 

sparteine organocatalysts caused the same problem with the obtained SEC molar mass 

value almost half compared to the calculated one. It was postulated that cyclic species 
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are the reason behind this discrepancy, with cyclics having different hydrodynamic 

volume than their linear counterparts, therefore eluding later and returning lower Mn 

values. Compared to its allyl counterpart, the propargyl functional cyclic carbonate 

was found to be slightly more reactive achieving higher conversions faster in milder 

conditions with all the screened catalysts.  

 

Table 4. 3. Screening of available organocatalysts for the homo-ROP of P-8NC initiated by BnOH. 

Entry Catalyst (mol%) 
Time 

(hours) 
Conv.(%)a 

Mn, theory 

(kDa)b 

Mn, NMR 

(kDa)a 

Mn, SEC 

(kDa)c 
ĐM

c 

1d 1 (0.5) 5 85 9.1 9.6 10.2 1.06 

2 2 (0.5) / 1 (0.5) 3.5 90 9.6 9.6 8.8 1.07 

3e 2 (5) / 5 (5) 288 85 9.1 9.6 4.0 1.11 

4e 3 (10) / 4 (20) 28 91 9.6 6.7 7.6 1.08 
 

Reaction Conditions: [M]0 = 1.0 M in CDCl3, [M]0/[I]0 = 50; a Determined by 1H NMR spectroscopy;  

b(FWrep. unit × [M]o/[I]o × % conversion) + FWinitiator); c Determined by SEC in CHCl3 calibrated against 

PS standards; d[M]0 = 0.83 M; e reaction done at 50°C. 

 

 

Figure 4. 7. Size exclusion chromatogram of a P(P-8NC) homopolymer realised by the ROP of P-

8NC catalysed by DPP/DMAP (Table 4.3, entry 4); (in CHCl3, calibrated against PS standards). 
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Figure 4. 8. 1H NMR spectrum of a P(P-8NC)44 polymer (Table 4.3 entry 1) (CDCl3, 400 MHz); 

(*CHCl3). 

 

4.2.3.1 Optimisation and extension of the homo-ROP of P-8NC 

Building on the promising results of the organocatalysts screening, further studies into 

the polymerisation control of the P-8NC monomer were undertaken. The initiator 

versatility was also explored, investigating the synthesis of telechelic and block 

copolymers.57 DBU was chosen as a single ROP catalyst as it is commercially 

available, inexpensive and reactive towards the ROP of P-8NC (Scheme 4.5, Table 

4.4., Figures 4.9 and 4.10). 

 

 

Scheme 4. 5. Different topologies of polymerisation of P-8NC. 
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Figure 4. 9. Initiators (ROH) used for the homo-ROP of P-8NC. 

 

The polymerisation study was extended across a range of degrees of polymerisation 

(DPs) (20-200, Table 4.4) utilising benzyl alcohol as the standard -aromatic 

monofunctional end-group of the polymer as well as 1,3-propane diol which serves as 

a bifunctional initiator which produces linear -dihydroxy (telechelic) polymers 

(Figure 4.11). All polymerisations were well-controlled and the experimental molar 

masses (via 1H NMR spectroscopy and SEC) were in close accordance to the 

theoretical values. The dispersity of all the polymers across the range of molecular 

weights was < 1.1 showcasing the high end-group fidelity and the plot of [M]0/[I]0 vs 

Mn, SEC was also linear, showing the control of molar mass along the whole range of 

targeted DPs (Figure 4.10). 

 

Table 4. 4. Initiator versatility and molar-mass expansion for the homo-ROP of P-8NC. 

 

aDetermined by 1H NMR spectroscopy; b(FWrep. unit × [M]o/[I]o × % conversion) + FWinitiator); cDeter-

mined by SEC in CHCl3 calibrated against PS standards; d[M]0 = 0.5 M, [DBU]0 = 0.005 M; e[M]0 = 

0.83 M, [DBU]0 = 0.00415 M; f[M]0 = 0.4 M, [DBU]0 = 0.004 M; g[M]0 = 0.3 M, [DBU]0 = 0.003 M. 

 

 

 

 

1,3-propane diol

(PDO) HO-PEG-OH Benzyl alcohol 

(BnOH)

Entry ROH M0/I0 
Time 

(hours) 

Conv. 

(%)a 

Mn, theory 

(kDa)b 

Mn, NMR 

(kDa)a 

Mn, SEC 

(kDa)c ĐM
c 

1d BnOH 20 2 95 4.2 3.3 4.4 1.08 

2e BnOH 30 2 95 6.2 6.2 6.9 1.07 

3e BnOH 50 5 85 9.0 8.6 10.2 1.06 

4f PDO 75 8 95 15.2 15.1 14.1 1.07 

5g PDO 100 15 93 19.9 21.2 20.3 1.05 

6g PDO 200 20 95 40.4 41.8 40.5 1.06 

7e 
OH-PEG-

OH 
30 2 95 9.9 - 10.5 1.07 



172 

 

Figure 4. 10. A) Size exclusion chromatograms of P(P-8NC) homopolymers (Table 4.4, entries 1-6); 

B) [M]0/[I]0 vs Mn, SEC (in CHCl3, calibrated against PS standards). 

 

A linear relationship between ln([M]0/[M]t) vs time revealed first order kinetics in 

monomer, attesting to the controlled nature of the polymerisation (Figure 4.12).24 To 

further prove the controlled nature of the polymerisation, a P-8NC polymerisation 

([M]0/[I]0 = 150) was sampled at various points through the reaction and a Mn vs 

conversion graph plotted (Figure 4.13). A linear relationship between Mn and 

conversion demonstrated that controlled growth in molecular weight is achieved as the 

monomer undergoes polymerisation. 
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Figure 4. 11. 1H NMR spectrum of a 1,3-PDO initiated P(P-8NC) homopolymer; (CDCl3, 400 MHz).  

 

 

Figure 4. 12. A) Conversion (%) vs time; B) Semi-logarithmic plot of monomer consumption vs time 

for the ROP of P-8NC catalysed by DBU (Table 4.4, entry 4); (in CDCl3, [M]0/[I]0 = 75, [M]0 = 0.4 
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Figure 4. 13. Mn vs conversion graph for a DP150 homo-ROP of P-8NC catalysed by DBU. 

 

To further demonstrate the living nature of the polymerisation, a second-feed, two-step 

one-pot experiment in which the chain extension of a P(P-8NC)45 macroinitiator (Mn 

= 9,600 Da; ĐM = 1.06) with an additional 50 equivalents of P-8NC resulted in the 

isolation of a P(P-8NC)95 that exhibited an increase in molar mass (Mn = 20,300 Da), 

while maintaining an extremely low dispersity of 1.05 (Figure 4.14). 

Polymerisation was also initiated from a commercially available dihydroxy 

bifunctional poly(ethylene glycol) (PEG) macroinitiator (Mn = 3,600 Da, ĐM = 1.04). 

The reaction proceeded with good control, resulting in a P(P-8NC)-block-PEG-block-

P(P-8NC) triblock amphiphilic copolymer with narrow dispersity (Mn = 10,400 Da, 

ĐM = 1.07), further demonstrating the initiator versatility of the monomer (Figures 

4.15 and 4.16). 
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Figure 4. 14. Size exclusion chromatograms of the parent macro-CTA P(P-8NC)45 and the resultant 

living chain-extended P(P-8NC)95; (in CHCl3, calibrated against PS standards). 

 

 

Figure 4. 15. 1H NMR spectrum of a triblock P(P-8NC)-block-PEG-block-P(P-8NC) copolymer 

(Table 4.4 entry 7); (CDCl3, 500 MHz). 
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Figure 4. 16. SEC traces of the parent PEG-macroinitiator and the triblock P(P-8NC)-block-PEG-

block-P(P-8NC) copolymer (Table 4.4 entry 7); (in CHCl3, calibrated against PS standards). 

 

Further analysis of a low molar mass DP20 P(P-8NC) polymer (initiated by 1,3-PDO 

and catalysed by DBU) by matrix-assisted laser desorption ionisation time of flight 

mass spectrometry (MALDI-ToF MS) revealed a more detailed view of the polymer’s 

microstructure (Figure 4.17, Table 4.5). Multiple distributions could be observed in 

the obtained spectrum. A theoretical model of all the depicted distributions was 

employed in order to help identify the obtained different species (spectrum E).  
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Figure 4. 17. MALDI-ToF MS spectrum of a P(P-8NC)20 homopolymer (reflector mode); A) 

zoomed-out spectrum; B) Computer-model of a sodium-charged cyclic species zoomed-in at the 10th 

repeating unit; C) Computer-model of a sodium-charged H2O-initiated linear polymer zoomed-in at 

the 10th repeating unit; D) Computer-model of a telechelic linear species initiated by 1,3-PDO 

zoomed-in at the 10th repeating unit; E) MALDI-Tof MS spectrum zoomed-in at the 10th repeating 

unit. 
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A zoom-in at the 10th repeating unit helped identify and assign the distributions. The 

desired sodium-charged telechelic polymer DP10-centered distribution was located at 

2230.6 m/z (spectrum D). The cyclic species were again present as shown before in 

the case of the allyl functional A-8NC monomer as a result of intramolecular 

backbiting of the active polymerisation chain into the already formed linear polyester 

and the subsequent expulsion of the benzyl alcohol. The DP10 cyclic chain could be 

identified at 2155.6 m/z (spectrum B). There was also a sodium-charged distribution 

identified to originate from initiation from adventitious H2O leading to a linear species 

with an acidic -end group (HO-C=OO-). Water can act as a nucleophile and attack 

the carbonyl carbon of the cyclic carbonate, therefore ring-opening it and acting 

antagonistically to the chosen initiator.81 

 

Table 4. 5. Theoretical and observed m/z values of the three different distributions within the 

homopolymer realised from the ROP of P-8NC catalysed by DBU. 

 

 

4.2.4 ROCOP of A-8NC with Lactide 

Having established that this new class of 8-membered-N-cyclic carbonates with 

pendant carbamate functionalities are more reactive towards their organocatalysed 

ROP compared to their 6-membered analogues, it was interesting to investigate their 

copolymerisation behaviour with L-lactide (LLA) and D-lactide (DLA), a cyclic chiral 

di-ester monomer which is traditionally more reactive than the carbonates (Scheme 

4.6).  

Species DP Calculated m/z Experimental m/z

Cyclic 10 2154.9 2155.6

H2O-initiated 10 2172.6 2173.6

1,3-PDO 

initiated 
10 2230.7 2230.6
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Scheme 4. 6. Organocatalytic ROCOP of A-8NC and L-lactide. 

 

The aim of this study was the synthesis of well-defined statistical poly(ester-

carbonate)s with the desired comonomer composition. Thus, the pendant functionality 

of the carbonate would be selectively spaced-out within the copolymer chain, 

emulating a multi-block structure from a one-step one-pot procedure. Additionally, the 

retainment of lactide’s stereopurity through the ROP process was of upmost 

importance, since this would translate into functional, degradable semi-crystalline 

materials which would be subjected into stereocomplexation studies in order to further 

enhance their thermomechanical properties. 

 

4.2.4.1 Catalyst Screening 

Following the homo-polymerisation of the 8-membered-N-cyclic carbonates, the 

alkene functional (A-8NC) and the alkyne functional (P-8NC) with the 

organocatalysts, an initial test of the ROCOP with L-lactide was undertaken to assess 

the copolymerisation activity of the two comonomers. The organocatalysts used in this 

study were DBU, DPP and DMAP (Table 4.6). The targeted degree of polymerisation 

was 50, the initial total monomer concentration was 2.0 M in CDCl3, the reaction’s 

temperature was 25 °C and the initiator was benzyl alcohol. The two comonomers 

were loaded at an equimolar ratio (fA-8NC = fLLA = 0.5). Monomer conversion was 

monitored via 1H NMR spectroscopy. Small aliquots (50 L) of the reaction were 

withdrawn at predetermined time intervals and diluted in C6D6. The conversion of the 

carbonate was measured by the relative integration of the polymer methylene protons 

resonance at  = 3.19 – 3.28 ppm against the monomer’s protons resonance at  = 2.67 

– 2.93 ppm. The conversion of lactide was measured by the relative integration of its 
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methyl polymer and monomer protons resonance at  = 1.28 – 1.48 ppm and  = 1.15 

– 1.17 ppm, respectively. The weakly acidic catalyst DPP, in accordance with the 

literature could not polymerise lactide. After 72 h of reaction time, the carbonate was 

at 54% conversion, while no polymerisation was detected for lactide. DMAP was able 

to polymerise both monomers, but with a strong preference towards the ester. After 72 

hours of reaction time, lactide was almost quantitatively converted to polymer, while 

A-8NC was at 72%. This result indicates a strong difference in the reactivity of the 

two comonomers, leading to a gradient block-like well-defined copolymer with narrow 

dispersity indicative of the selectivity of DMAP towards ROP and not 

transesterification of the open ester.5 DBU as a strong base was able to polymerise 

efficiently and fast both comonomers, leading to full monomer consumption within 30 

minutes.  

 

Table 4. 6. Organocatalyst screening for the ROCOP of A-8NC and LLA. 

Entry Catalyst (%) 
A-8NC 

conv. (%)a 

LLA conv. 

(%)a 

Time 

(hours) 

Mn, SEC 

(Da)b 
ĐM

b 

1 3 (10%) 54 0 72 3.5 1.1 

2 4 (10%) 70 >95 72 9.0 1.08 

3 1 (2%) >99 >99 0.5 10.0 1.7 

4c 3 (10%) / 4 (20%) 91 95 48 12.6 1.08 
 

aDetermined by 1H NMR spectroscopy; bDetermined by SEC in CHCl3, calibrated against PS standards; 

c[M]tot = 3.0 M. 

 

Transesterification side-reactions were dominant and as a direct consequence the 

dispersity of the polymer was 1.7. In order to expand the use of DPP, the use of the 

bifunctional system with DMAP (molar ratio DPP:DMAP = 1:2) was also screened as 

a suitable organocatalyst. The polymerisation was closely monitored for 48 h and 

surprisingly enough, the two comonomers showed similar conversion numbers, until 

the reaction was terminated at 48 h, when lactide was at 95% conversion with the 

carbonate closely following at 91% (Figure 4.18).  
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Figure 4. 18. ROCOP of A-8NC with LLA catalysed by DPP/DMAP (Table 4.6, entry 4); A) 

Conversion (%) vs Time (h); B) Semi-log plot of monomer consumption vs time (h); C) Evolution of 

molar mass distributions vs time (ĐM values in brackets; in CHCl3, calibrated against PS standards). 

 

This result gave a good indication of a selective and random incorporation of carbonate 

units into the polyester chain while keeping a good control in the molar mass and molar 

mass distribution of the copolymer. Lactide was still polymerising with a slightly faster 

rate than the carbonate, so an alternating monomer insertion sequence was excluded. 

Further studies followed where the reactivity ratios of the two comonomers were 

investigated along with a comprehensive 1H/13C NMR spectroscopic analyses in order 

to unravel the copolymers microstructure. 
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4.2.4.2 Copolymerisation studies of A-8NC with lactide catalysed by 

Diphenyl Phosphate & 4-Dimethylaminopyridine 

The ROCOP of the cyclic carbonate A-8NC with lactide was expanded into a full study 

examining the whole range of possible carbonate feed loadings (fA-8NC) from 10 mol% 

to 90 mol% in relation to the whole copolymer composition (Table 4.7).  

 

Table 4. 7. ROCOP of A-8NC & L-lactide catalysed by DPP/DMAP. 

Entry fLLA 

A-8NC 

conv. 

(%)a 

LLA 

conv. 

(%)a 

FA-8NC
a FLLA

b 
Mn, NMR 

(kDa)a 

Mn, SEC 

(kDa)c 
ĐM

c 

1 0.10 92 94 0.87 0.13 14.2 13.1 1.11 

2 0.20 90 93 0.77 0.23 14.2 13.5 1.1 

3 0.30 92 95 0.66 0.34 14.8 13.8 1.1 

4 0.40 92 97 0.56 0.44 13.6 15.0 1.09 

5 0.50 90 94 0.48 0.52 10.4 12.6 1.08 

6 0.60 92 98 0.37 0.63 8.6 12.3 1.08 

7 0.70 92 97 0.28 0.72 10.2 16.4 1.08 

8 0.75 92 95 0.24 0.76 8.2 13.3 1.13 

9 0.80 91 96 0.20 0.80 9.2 15.6 1.07 

10 0.85 91 96 0.14 0.86 8.0 15.1 1.12 

11 0.90 93 96 0.09 0.91 10.0 16.7 1.06 
 

aDetermined by 1H NMR spectroscopy; fLLA is the molar ratio of L-LA in the feed; FA-8NC is the 

experimental molar incorporation of the carbonate into the final copolymer; bFLLA = 1-FA-8NC; 

cDetermined by SEC in CHCl3, calibrated against PS standards; Reaction conditions: [M]tot = 3.0 M in 

CDCl3, [M]0/[I]0/[DPP]0/[DMAP]0 = 50/1/5/10, 25 °C, time = 48 h.  

 

The molar composition of the copolymers was determined by 1H NMR spectroscopy 

(Figure 4.19) by comparing the integral value of the polycarbonate’s pendant -CH2-

CH=CH2 two protons against the integral value of the overlapped resonances of the 

polylactide methine protons with the polycarbonate allyl CH2-CH=CH2 two protons, 

following equation (1): 
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𝐹A−8NC =
𝐼𝑔

𝐼𝑖+𝐼𝑐+𝐼𝐿𝐶
  (Eq. 1) 

 

 

Figure 4. 19. 1H NMR spectrum of a P(LLA-co-A8NC24%) copolymer (Table 4.7, entry 8); (*CHCl3); 

(CDCl3, 500 MHz). 

 

All copolymerisations were terminated once both comonomers had reached 

conversion ≥ 90%. The experimental molar ratio of the carbonate into the copolymers 

(FA-8NC) was measured at close range with the feed values (fA-8NC). The experimentally 

obtained FLLA values were higher than molar feed fLLA values as a result of higher 

conversion of lactide in almost all experiments and possibly due to the slight solubility 

of low molar mass polycarbonate segments which were washed away during the 

purification process. This result combined with the similar polymerisation rate of both 

comonomers is indicative of a statistical incorporation of the two monomeric units into 

the copolymer chain driven by the targeted feed values. The two small peaks next to 

the PLLA methine and methyl protons at  = 5.01 – 5.05 ppm (LC) and  = 1.49 – 1.53 

ppm (LC) respectively are identified as sequence dyads, specifically as distinct lactide 

units (L) next to a carbonate unit (C) as a consequence of NMR spectroscopy’s ability 

to differentiate and identify resonances of distinct chemical environment.82, 83 
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Furthermore, the evolution and broad shape of the polycarbonate backbone methylene 

resonances as the carbonate content is increasing (Figure 4.20) compared to the sharp-

shaped peaks of the homopolymer, also serves as an indication of the randomness of 

these copolymers.83 

 

 

Figure 4. 20. Evolution of 1H NMR spectra of P(LLA-co-A8NC) copolymers of increasing carbonate-

content; (CDCl3, 500MHz). 

 

13C NMR spectroscopy was also employed to further study the monomer sequence and 

microstructure in the purified copolymers (Figures 4.21, 4.22). The carbonyl carbon is 

sensitive to its environment and it is therefore possible to determine the statistical, 

fA-8NC = 0

fA-8NC = 1

fA-8NC = 0.5
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alternating or blocky nature of the copolymers by analysis of the interaction of every 

repeat unit with its neighbouring repeat unit(s). The polylactide carbonyl carbon 

resonates at  = 169.92 ppm and corresponds to a homopolymer triad labelled (LLL) 

with an ester-cantered moiety flanked by two ester-bonds on each side of the chain. 

Upfield in the spectrum in the region of  = 169.54 – 169.76 ppm, the stereoerrors of 

the chiral polyester chain can be identified. Their relative strength compared to the 

isotactic peak translates to minimal epimerisation of the monomer during ROP which 

is expected as DMAP is not a strong epimerisation catalyst.5 As the incorporation of 

more carbonate units is realised, new peaks rise upfield and downfield to the main 

PLLA resonance (Figure 4.22). These are identified as sequence peaks from ester 

moieties neighbouring with different carbonate environments (CLC, LLC, CLL) where 

“L” is assigned to a lactoyl (lactic acid) unit and “C” to a carbonate unit. 

 

 

Figure 4. 21. 13C NMR spectrum of a P(LLA-co-A8NC24%) copolymer (Table 4.7, entry 8); (CDCl3, 

500MHz). 
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A similar scenario is unveiled at the carbonyl region of the polycarbonate. For the 

homopolymer two distinct resonances are identified at  = 155.99 ppm and  = 155.09 

ppm which belong to the NC=OOCH2- carbamate carbon and the -OC=O- carbonate 

carbon respectively (CC). As lactide begins to incorporate into the polycarbonate 

chain, a separate resonance rises upfield to the carbonate carbon, specifically at  = 

154.58 ppm. This new peak is identified as a carbonate carbonyl carbon next to an 

ester environment, therefore depicts a sequence dyad (CL). Also noteworthy is that 

from FLLA ≥ 0.6 and onwards, this sequence peak equalises and even dwarfs the 

carbonate-carbonate peak, thus displaying the predominant nature of the ester-

carbonate sequence into the copolymer, rather than the blocky character of 

homopolymer content.  

 

 

Figure 4. 22. Stacked 13C NMR spectra of the P(LLA-co-A8NC) copolymers of increasing carbonate 

content zoomed-in at the A) carbonyl region of the polyester (left) and B) polycarbonate (right) 

segments (CDCl3, 500MHz). 
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As a control experiment, a diblock copolymer P(A8NC-block-LLA) was synthesised 

(Scheme 4.7, Figures 4.23, 4.24). 30 equivalents of A-8NC were first polymerised 

using DBU as an organocatalyst followed by an in-situ addition (with no quenching or 

purification) of 30 equivalents of lactide until the completion of the polymerisation 

which ultimately yielded the diblock copolymer (Mn, SEC = 12.2 kDa, ĐM = 1.15). 1H 

and 13C NMR spectroscopy of this polymer revealed no sequence (ester-carbonate) 

peaks compared to the statistical analogues. The small methyl resonances at Figure 

4.23A located at  = 1.49 – 1.53 ppm of the 1H NMR spectrum can be identified as the 

final repeating unit of the PLLA block and not a sequence resonance.  

 

Scheme 4. 7. Synthesis of a diblock P(A8NC)-block-PLLA copolymer. 

 

Figure 4. 23. 1H NMR spectra of a A) statistical P(LLA-co-A8NC48%) B) diblock P(A8NC-block-

LLA) copolymer copolymer; (CDCl3, 500MHz). 
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13C NMR spectroscopy also reveals no sequence peaks (Figure 4.24). Specifically 

looking at the polycarbonate region, the upfield resonance of the ester-carbonate bond 

is missing. At the polyester region, the carbonyl carbon peak of PLLA is depicted as a 

well-resolved singlet with no evident neighbouring peaks. This result shows a high 

isotactic enchainment of the PLLA chain with ester units of identical neighbouring 

chemical environment (i.e. no carbonate moieties seem to be present). It is also worth 

noting that the shape of the polycarbonate peaks in the 1H NMR spectrum of the 

diblock copolymer are much sharper and more defined than in the statistical analogue. 

This comes as a validation of the previous note that randomising the ester and 

carbonate moieties reflects on the appearance and definition of their respective 1H 

NMR spectra.  

 

 

Figure 4. 24. 13C NMR spectra focused on the carbonyl region of the polyester and polycarbonate of 

A) a statistical P(LLA-co-A8NC48%) copolymer; B) a diblock P(A8NC-block-LLA) copolymer; 

(CDCl3, 125MHz). 
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In situ 1H NMR spectroscopic analysis during the polymerisations allowed for the 

conversions of the individual monomers to be followed, making determination of the 

reactivity ratios of the monomers feasible. In order to determine the reactivity ratios, 

polymerisations with molar fractions of co-monomer in the feed ranging from 0.1-0.9 

were carried out. The average molar fraction compositions of the copolymers (FLLA 

and FA-8NC) and the exact molar fraction composition of the monomers in the feed (fLLA 

and fA-8NC) were obtained from the in-situ 1H NMR spectra of the LLA-A8NC 

copolymerisations at low conversions (typically ≤ 10%). The reactivity ratios for LLA-

A-8NC copolymerisations in CDCl3 were determined from the average values 

obtained for each monomer feed ratio using two of the most popular statistical models 

in the literature, the Kelen-Tüdos 84 and Finemann-Ross (Figure 4.25).85 The average 

obtained values were revealed to be rLLA = 1.72 and rA-8NC = 0.70 from the Fineman-

Ross model and rLLA = 1.30 and rA-8NC = 0.80 from the Kelen-Tüdos model. In both 

cases rLLA > 1 and rA-8NC < 1, therefore there seems to be a slight preference for lactide 

homo-polymerisation vs cross-polymerisation, but since neither values were large or 

approaching zero (rLLA ∼1∼rA-8NC), the repeat unit distribution in P(LLA-co-A8NC) 

is still expected to be approximately random, which is confirmed by the molar 

composition values and the NMR spectroscopic data of the purified copolymers.86, 87 

 

Figure 4. 25. A) Graphical representation of the Kelen - Tüdos reactivity ratio calculation; B) 

Graphical representation of the Fineman-Ross reactivity ratio calculation. 
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DOSY-NMR spectroscopy was employed to show that the obtained copolymers were 

diffusing as one entity and not a mixture of homopolymers (Figure 4.26). From the 

obtained spectrum, it is shown that the ester and carbonate units diffuse at the same 

rate, thus are bonded covalently and are both attached to a benzyl alcohol -end group. 

 

Figure 4. 26. DOSY NMR spectrum of a P(LLA-co-A8NC) copolymer (*CHCl3); (CDCl3, 500 

MHz). 

 

Further analysis of the obtained poly(ester-carbonate)s was carried out via MALDI-
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analysed as distinct monomer sequences by applying the equation 108.10 + 23.00 +

(215.09 × 𝑨) + (144.06 × 𝑩) (Eq. 2), where A is the number of carbonate units and 

B is the number of lactidyl units, 23.00 is the molar mass of a sodium atom and 108.10 

is the molar mass of the initiator. The absence of secondary distribution demonstrates 

the excellent control of the copolymerisation which lead to a well-defined copolymer 

with high end-group fidelity and no by-product from side-reactions. 

 

 

Figure 4. 27. A) MALDI-ToF MS spectrum of a low molar mass P(LLA-co-A8NC) copolymer (fA8NC 

= 0.5); B) Zoom-in and further analysis of separate mass peaks; (reflector mode). 
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4.2.5 Thermal analysis of the alkene functional poly(ester-carbonate)s 

Analysis of allyl-functional poly(ester-carbonate)s by differential scanning 

calorimetry (DSC) and thermogravimetric analysis (TGA) was undertaken to 

investigate the effect of the A-8NC incorporation on the thermal properties of the 

polymers. In principle, polymers are either miscible (compatible) or immiscible 

(incompatible). With immiscible polymers, the individual components occur as 

separate phases. Regions of different phases exist at the same time alongside one 

another. Each of these phases can individually undergo a glass transition which means 

that several different glass transitions are measured. A comparison of the step heights 

and the glass transition temperatures with those of the pure components can provide 

information on the relative content of the phases and possible interactions between 

those, as well as on the quality of the mixing process. With copolymers, the glass 

transition (Tg) is dependent on the type of polymerised monomers and their 

configuration in the macromolecule. If the monomers are miscible or statistically 

distributed (random-like copolymers), then one single glass transition is observed. 

With block and graft copolymers, a phase separation often occurs, thus two glass 

transitions are then measured. 

The Fox equation88-90 can be used to predict the Tg of copolymers consisting of any 

ratio of two monomers as long as the Tg’s of the homopolymers are known and a 

statistical structure of the copolymer is obtained (equation 3): 

 

1

𝑇𝑔
= 𝐹2 (

1

𝑇𝑔2
−

1

𝑇𝑔1
) +

1

𝑇𝑔1
    (Eq. 3) 

 

Where F2 is the molar fraction of monomer 2 in the polymer and Tg1 and Tg2 represent 

the glass transition temperatures of the homopolymers of monomer 1 and 2, 

respectively. The relation of Tg (Kelvin) and weight percentage of monomer is linear 

for copolymers. Comparison of the experimental values and calculated values for Tg 

and molar fraction of A-8NC of P(LLA-co-A8NC) copolymers showed that the 
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experimental values were in good agreement with the theoretical values and in between 

the corresponding terminal values of the PLLA and P(A-8NC) homopolymers. This 

result is in good agreement with the random distribution of the comonomers in the 

copolymer chains (Figure 4.28). P(A-8NC) homopolymer is an amorphous polymer 

independently of its molar mass, with a Tg = -21.47 °C.  

 

 

Figure 4. 28. Plot of theoretical Tg values of the obtained copolymers calculated from the Fox 

equation and the experimental values versus the molar fraction of the carbonate unit in the copolymer 

chain (Tg values are from the 2nd heating scans). 
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work (Table 4.8. entries 13-14) showed melting peaks in solution-crystallised samples 

at 151.44 °C and 152.76 °C, respectively. Both these polymers showed 

recrystallisation events during their 2nd heating scan evident by the distinct exotherms 

of cold crystallisation (at 88.5 °C and 99.1 °C, respectively) followed by melting 

temperatures (150.7 °C and 155.4 °C, respectively), (Tables 4.8 and 4.9).  

 

Table 4. 8. Thermal analysis of alkene-functional poly(ester-carbonate)s prepared from the 

DPP/DMAP organocatalytic ROP of L-lactide, D-lactide and A-8NC. 

Entry FLLA
a ŁLA

a ŁA-8NC
b 

Xc
c 

(%) 

Tg
d 

(°C) 

Tm1
e 

(°C) 

Hm1

f
 (J/g) 

Tm2
g 

(°C) 

Hm2

h
 (J/g) 

1 0 - - - 
21.4

3 
- - - - 

2 0.13 2.14 9.33 - -8.0 - - - - 

3 0.23 2.43 5.41 - -4.9 - - - - 

4 0.34 3.82 3.34 - 4.7 - - - - 

5 0.44 4.56 2.65 - 7.1 - - - - 

6 0.52 5.81 2.15 - 13.6 - - - - 

7 0.63 7.8 1.78 - 19.2 - - - - 

8 0.72 9.5 1.48 - 25.7 - - - - 

9 0.76 10.9 1.38 8.3 30.6 94.44 7.735 - - 

10 0.8 12.5 1.32 19.0 34.6 103.5 17.69 - - 

11 0.86 13.8 1.16 29.5 37.6 121.94 27.44 125.36 8.62 

12 0.91 15.2 1.05 34.2 44.6 133.57 31.86 135.44 25.58 

13 1 - - 54.2 50.6 151.44 50.44 150.68 45.42 

14i 1   52.7 49.8 152.76 49.04 155.39 48.41 
 

aDetermined via 1H NMR spectroscopy; ŁLA calculated based on Eq. 4; bDetermined via 13C NMR 

spectroscopy; ŁA-8NC calculated based on Eq. 5; cDegree of crystallinity of PLA blocks: Xc = Hm1/H0
m, 

H0
m theoretical maximum enthalpy of fusion value for polylactide crystallites of 100% Xc = 93.6 J/g;95, 

98 dDetermined from the 2nd heating scans; eCrystallisation temperature measured by DSC analysis in 

the first heating run; fMelting enthalpy in the 1st heating run; gCrystallisation temperature obtained in 

the second heating run from samples in the melt; hMelting enthalpy in the 2nd heating run; iPDLA; DSC 

conditions: 10 °C/min for all cycles, under N2 gas. 

 

DSC thermograms of poly(ester-carbonate)s of increasing carbonate content were also 

obtained and investigated for the presence of a melting peak. It was found that 

copolymers with a lactide content < 76 mol% were totally amorphous, as no Tm was 



195 

found on either heating scans. For copolymers with carbonate incorporation ≤ 24 

mol% a melting peak was observed, establishing the semi-crystalline nature of these 

materials (Figure 4.30). In general, both the Tg and the Tm values are observed to 

decrease with the increasing number of carbonate units in the polymer. 

 

Table 4. 9. Recrystallisation events of poly(ester-carbonate)s prepared from the DPP/DMAP 

organocatalytic ROP of L-lactide, D-lactide and A-8NC. 

Entry fLLA
a FLLA

b Tcc (°C)c Ηcc (J/g)d 

1 0.75 0.76 - - 

2 0.8 0.8 - - 

3 0.85 0.86 97.56 14.68 

4 0.9 0.91 84.02 23.19 

5 1 1 88.45 35.99 

6e 1 1 99.09 8.84 
 

aMolar fraction of L-lactide in the polymerisation feed; bExperimental molar fraction of L-lactide 

determined via 1H NMR spectroscopy; cCrystallisation temperature obtained in the second heating run 

from samples in the melt; Cold-crystallisation enthalpy at the 2nd heating run; ePDLA. 

 

Figure 4. 29. Chart of Tm1 vs FLLA. This shows the linearity of the melting temperatures of the 

obtained poly(ester-carbonate)s during the 1st heating scan vs the final incorporation of the carbonate 

in the polymer chain. 
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The plot of Tm1 vs the experimental molar fraction of PLLA in the samples follows a 

linear trend (Figure 4.29). This is quite interesting since it provides the opportunity to 

selectively tune and predict the melting temperature of the desired copolymer based 

on the desired carbonate incorporation. This depression of the thermal values is a 

known phenomenon in poly(L-lactide) chemistry; the inclusion of amorphous polymer 

segments in sequences inhibits the crystallization behaviour of the semicrystalline 

PLA fragments and improves the polymer chain mobility.99 The relative low 

crystallisation enthalpies, Ηcc (Table 4.9) as well as the broad shape of the 2nd melting 

peak (Tm2) compared to Tm1 are attributed to the difficulty (inertia) of the PLA crystals 

to reform under fast cooling and heating rates. Ideally, much slower cooling and 

heating rates (even an isothermal treatment called annealing) are required in order for 

the crystallisation to be fully effective and this presents a great challenge for PLA 

polymers of low optical purity.93 

 

 

Figure 4. 30. A representative full DSC thermogram of a P(LLA-co-A8NC9%) copolymer. Both Tgs 

can be observed (A, C) as well as both Tms (B, E) of the two heating cycles. A small cold 

crystallisation peak during the 2nd heating scan (D) can also be identified; (10 °C/min, N2 

atmosphere). 
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The calculation of the L-lactoyl (ŁLA) and carbonate (ŁA-8NC) average block sequence 

lengths of all synthesised copolymers were calculated from their respective 1H and 13C 

NMR spectra (Figures 4.19 – 4.22) and they were based on modified previously 

published methods (equations 4, 5, Table 4.8).83, 100 Obviously, the trend of increasing 

block lengths follows the reactivity ratios of the two comonomers as well as their molar 

loading in the polymerisation feed. Therefore, the plot of ŁLA, ŁA-8NC vs the fLLA shows 

a gradual alteration of the block length values, which is not linear since the 

copolymerisation is not an ideal 100% random or alternating (Figure 4.31). 

 

𝐿𝐴8𝑁𝐶 =
𝐼𝐶𝐶

𝐼𝐶𝐿
+ 1  (Eq. 4) 

𝐿𝐿𝐴 =
(𝐼𝑖+𝐼𝑐)−𝐼𝑔

𝐼𝐿𝐶
+ 1 (Eq. 5) 

 

 

Figure 4. 31. Graphical depiction of the evolution of lactoyl and carbonate average block length 

values vs the molar feed of lactide. The gradient blue coloured area covers the semi-crystalline region 

of the copolymers. 
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As expected, copolymers with an average lactoyl block length larger than 10 (more 

than 5 lactidyl units) exhibit semi-crystalline behaviour, since the blocks are 

sufficiently long enough in order for crystals to form. The co-monomer average block 

length which translates into a specific lactidyl and carbonate content in the copolymer 

has a direct effect on the degree of crystallinity (Xc) of the copolymers and is directly 

proportionate to it (Figure 4.32). Since the Xc is an indication of the magnitude of 

crystallinity at a certain melting temperature, it is quite interesting to observe that this 

property can also be selectively tuned and designed for this class of copolymers. 

 

 

Figure 4. 32. Plot of Xc vs ŁLA for the semi-crystalline P(LLA-co-A8NC) copolymers. 
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at 109.2 °C was also observed, therefore the PLLA block was long enough in order to 

crystallise. No crystallisation or melting events were recorded during the 2nd heating 

run and a single Tg could now be detected at 6.67 °C. This could be a result of melt-

blending and shift of the two distinct Tgs towards a single value.101 

 

 

Figure 4. 33. DSC thermogram (1st run) of a diblock P(A8NC)30-block-PLLA30. The P(A-8NC) Tg 

(A), the PLLA Tg (B) and the PLLA Tm (C) can be observed. (10 °C/min, N2 atmosphere). 
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Figure 4. 34. A) TGA thermograms (thermal decomposition profiles); B) 1st derivative of % weight vs 

temperature (DTG) of pure PLLA and P(LLA-co-A8NC) copolymers of varying carbonate 

incorporation. 
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From the DTG thermograms (Figure 4.34B) the thermal degradation profile of the 

materials can be further analysed. PLLA starts decomposing with a slow rate from ca. 

250 °C but retains most of its mass until 325 °C where its degradation rate accelerates 

rapidly until the end of its run at 400 °C. For the P(LLA-co-A8NC9.4%) copolymer, a 

bimodal degradation curve is observed. This corresponds to the lower temperature 

region (200 – 300 °C) which belongs to the carbonate segment and the higher 

temperature region (300 – 400 °C) which is the polyester degradation region. For the 

higher carbonate loadings, a single-step profile is recorded in the expected (200 – 300 

°C) region. 

 

4.2.6 ROCOP of P-8NC with Lactide & Thermal Analysis 

After successfully carrying out the polymerisation study of A-8NC, investigating the 

ROP kinetics of this monomer and exploring the thermal properties of the statistical 

copolymers with lactide, the ROCOP of the alkyne-functional 8-membered-N-cyclic 

carbonate (P-8NC) with lactide was undertaken on the basis of similar reactivity 

between the two cyclic carbonate monomers. DPP and DMAP proved to be quite 

efficient catalysts with these two families of comonomers, promoting the 

copolymerisations in a well-controlled manner over the course of 48 h at room 

temperature. Therefore, no catalyst screening was done for the propargyl functional 

monomer, and the ROCOP with lactide catalysed by DPP/DMAP was performed 

directly. 

 

4.2.6.1 Copolymerisation studies of P-8NC with lactide catalysed by 

Diphenyl Phosphate & 4-Dimethylaminopyridine 

As an initial experiment, the targeted degree of polymerisation was 50, the initial total 

monomer concentration was 3.0 M in CDCl3, the reaction’s temperature was 25 °C and 

the initiator was benzyl alcohol. The two comonomers were loaded at a ratio of fP-8NC 

= 0.25, fLLA = 0.75) (Scheme 4.8, Figure 4.35).  
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Scheme 4. 8. ROCOP of P-8NC with L-lactide catalysed by DPP/DMAP. 

 

 

Figure 4. 35. ROCOP of P-8NC with LLA catalysed by DPP/DMAP; A) Conversion (%) vs time (h); 

B) Semi-log plot of monomer consumption vs time (h). 
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Monomer conversion was monitored via 1H NMR spectroscopy. Small aliquots (50 

L) of the reaction were withdrawn at predetermined time intervals and diluted in 

C6D6. The carbonate’s conversion was measured by the relative integration of the 

polymer’s methylene protons resonance at  = 3.21 – 3.30 ppm against the monomer 

protons resonance at  = 2.65 – 2.91 ppm. Lactide’s conversion was measured by the 

relative integration of its methyl polymer and monomer protons resonance at  = 1.28 

– 1.48 ppm and  = 1.15 – 1.17 ppm, respectively. The polymerisation was closely 

monitored for 48 h and similar to the A-8NC ROCOP with lactide, the two 

comonomers showed similar conversion numbers, until the reaction was terminated at 

48 h, when lactide was at 94% conversion with the carbonate closely tailing at 91%. 

The polymer was precipitated from cold hexanes and methanol in order to afford a 

catalyst-and monomer-free P(LLA-co-P8NC) copolymer (Figure 4.36). Similar to the 

1H NMR spectra of the P(LLA-co-A8NC) copolymers, two distinctive signals at  = 

1.49-1.52 ppm and  = 5.02-5.03 ppm belong to methyl and methine protons of lactide 

next or in between carbonate units respectively, thus demonstrating the ester-carbonate 

sequence. Furthermore, the signals of the polycarbonate backbone protons are broader 

compared to the homopolymer, which is another proof of randomness. The molar 

composition of the copolymer was determined by 1H NMR spectroscopy by comparing 

the integral value of the polycarbonate’s pendant -CH2-CH≡CH two protons against 

the integral value of the resonance of the polylactide’s methine protons, following 

equation (6): 

𝐹𝑃8𝑁𝐶 =
𝐼𝑔

𝐼𝑔+(𝐼𝑐+𝐼𝐿𝐶)
       (Eq. 6) 
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Figure 4. 36. 1H NMR spectrum of a P(LLA-co-P8NC26%) copolymer (*residual CHCl3, **polymer 

chain-end), (CDCl3, 500 MHz). 

 

The polymer Mn,NMR was 8.1 kDa consisting of 12 carbonate units and 38 lactidyl units 

covalently bonded to an -benzyl alcohol end group and was identical to the 
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Figure 4. 37. SEC chromatogram of a P(LLA-co-P8NC26%) copolymer; (CHCl3, calibrated against PS 

standards). 
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Figure 4. 38. 13C NMR spectrum of a P(LLA-co-P8NC26%) copolymer; (CDCl3, 500 MHz). 
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calculated from the 1H and 13C NMR spectra (respectively) of the copolymers in a 

similar manner to the allyl analogues based on equations 7 and 8: 

 

3

6
CLC               

1

CHCl3

LLC

11                 12                 

9

4
5

10                 

2

1

10                 

3
4

11                 

12                 

96

7
8

5

13                 
14                 

2                 7,8                 13,14                 

LLL

CLC



207 

𝐿𝐿𝐴 =
𝐼5.14−5.21

𝐼5.01−5.06
+ 1  (Eq. 7) 

𝐿𝑃8𝑁𝐶 =
𝐼155.04

𝐼154.59
+ 1  (Eq. 8) 

 

Table 4. 10. ROCOP of L-LA and P-8NC catalysed by DPP/DMAP. 

Entry fLLA 

P-8NC 

conv. 

(%)a 

LLA 

conv. 

(%)a 

FA-8NC
a FLLA

b 
Mn, NMR 

(kDa)a 

Mn, SEC 

(kDa)c 
ĐM

c 

1 0.75 94 91 0.26 0.74 8.1 11.2 1.15 

2 0.80 95 93 0.19 0.81 6.7 10.7 1.09 

3 0.85 93 92 0.14 0.86 6.3 11.2 1.07 

4 0.90 97 92 0.08 0.92 8.6 12.6 1.09 
 

aDetermined by 1H NMR spectroscopy; bFLLA = 1-FP-8NC; cDetermined by SEC in CHCl3, calibrated 

against PS standards; Reaction conditions: [M]tot = 3.0 M in CDCl3, [M]0/[I]0/[DPP]0/[DMAP]0 = 

50/1/5/10, 25 °C, time = 48 h.  

 

DSC analysis of the P(LLA-co-P8NC) copolymers revealed their thermal properties 

and similarities can be observed with the allyl analogues as well (Table 4.11). The Tgs 

of all copolymers were plotted against the theoretical values derived from the Fox 

equation88, 89 (Figure 4.39) and were in close accordance with each other, thus proving 

the random-like microstructure of these materials. As previously, only one Tg could be 

seen in every thermogram, as a consequence of the miscibility of the copolymers in 

the melt and its value was gradually increasing by increasing the PLA content in the 

copolymer. 
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Table 4. 11. Thermal analysis of P(LLA-co-P8NC) copolymers. 

Entry FLLA
a ŁLA

a ŁA-8NC
b Xc

c 

(%) 

Tg
d 

(°C) 

Tm1
e 

(°C) 

Hm1
f
 

(J/g) 

Tm2
g 

(°C) 

Hm2
h

 

(J/g) 

1 0.74 8.84 1.45 - 37.53 - - - - 

2 0.81 10.65 1.36 17.8 41.24 95.92 16.64 - - 

3 0.86 12.07 1.38 28.6 42.9 118.07 26.62 - - 

4 0.92 23.83 1.28 26.7 45.6 130.24 24.87 - - 

5 1 - - 54.24 50.62 151.44 50.44 150.68 45.42 
 

aDetermined via 1H NMR spectroscopy; bDetermined via 13C NMR spectroscopy; cDegree of 

crystallinity of PLA blocks: Xc = Hm1/H0
m, H0

m theoretical maximum enthalpy of fusion value for 

polylactide crystallites of 100% Xc = 93.6 J/g;95, 98 dDetermined from the 2nd heating scans; 

eCrystallisation temperature measured by DSC analysis in the first heating run; fMelting enthalpy in the 

1st heating run; gCrystallisation temperature obtained in the second heating run from samples in the melt; 

hMelting enthalpy in the 2nd heating run; DSC conditions: 10 °C/min for all cycles, N2 atmosphere. 

 

 

Figure 4. 39. Experimental Tg values of all P(LLA-co-P8NC) copolymers (black dots) against the 

theoretical model (red line) derived from the Fox equation. 
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The crystallinity of the copolymers was also evaluated against their average lactoyl 

block sequence length and carbonate incorporation. It was found that copolymers with 

a carbonate content up to 19 mol% were able to crystallise and melt (on the 1st scan 

only). This value is lower than the 24 mol% carbonate incorporation in the case of the 

allyl-functional copolymers. This could be a result of the P-8NC monomer higher 

reactivity compared to the A-8NC which could enhance the statisticality of the 

structures, therefore randomising even further the copolymers and shortening the 

lactoyl block lengths. It was found that the P(LLA-co-P8NC26%) had an average lactoyl 

block length equal to 8.84 [compared to 10.9 for the P(LLA-co-A8NC24%)], a number 

which is below the minimum required value (10) in order for any crystals to be able to 

form. For the remaining copolymers, their ŁLA was higher than 10, so all of them 

displayed semi-crystalline behaviour. Another reasonable explanation might be that 

there is a theoretical threshold of maximum carbonate content (∼ 24-25 mol%), and 

above that any crystallization is not thermodynamically favourable. The Tm values 

followed an increasing tendency following the increasing PLLA content, which was 

also observed with the allyl-functional copolymers and the maximum Tm value 

belonged to the P(LLA-co-P8NC8%), which was 130.2 °C. None of the copolymers 

displayed any melting events during their 2nd heating scans. This could be due to a 

number of reasons. For example, stereo-errors could have been introduced due to 

epimerisation during polymerisation or due to transesterification of the polymer 

samples, but since crystallinity was observed for the sample prepared via solution 

crystallisation (1st heating scan) it is likely that DSC conditions were not optimal for 

melt crystallisation of the polymer. It is known that, the crystallisation rate of PLLA-

type polymers is typically slow, so very slow cooling and heating runs are required in 

order for the crystals to be able to pack and form uniformally.91 

TGA analysis was employed to study the thermal stability and thermal decomposition 

of these copolymers (Figure 4.40). For a P(LLA-co-P8NC14%) copolymer, a Td, onset 

value of ∼270 °C was found which is 50 °C compared to the allyl-functional 

copolymers and a Tmax ∼ 350 °C which is also ca. 50 °C higher than the value of the 

P(LLA-co-A8NC) copolymer of similar carbonate loading. It is interesting to note that 
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by simply altering the pendant functionality, such distinct differences in the thermal 

stability of similar copolymers can be observed.  

 

 

Figure 4. 40. TGA and DTG thermograms of a P(LLA-co-P8NC14%) copolymer; (10 °C/min, N2 

atmosphere). 
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4.3 Conclusions 

Herein, the synthesis and the organocatalytic ring-opening polymerisation of two 

functional (alkene and alkyne) 8-membered-N-cyclic carbonates was studied. This 

class of monomers is fairly new and less studied than their 6-membered counterparts 

which are usually ring-closed products of functionalised bis-MPA precursors. 

Diethanolamine is used as a starting material and via 2 simple steps (amine protection 

and ring-closure), these carbonate monomers are afforded in medium yields (45-55%). 

Their polymerisation was studied using commercially available and thoroughly 

studied organocatalysts from the literature, such as DBU and TU. The 

homopolymerisation of both cyclic carbonates proceeded with good control and the 

‘living’ nature of the reactions was proved via chain-extension experiments. The 

initiator versatility was also explored, by synthesizing mono- and bi-functional 

telechelic block copolymers, as well as amphiphilic structures initiating from PEG-

OH, therefore displaying the possible architectures and the wide span of applications 

these polymers could have. 

The next step was to study the ROCOP of the cyclic carbonates with lactides. 

Statistical poly(ester-carbonate)s were targeted with the pendant functionality 

selectively spaced-out in the copolymer. This could be achieved by tuning the loading 

feed of the two comonomers accordingly and by finding a catalytic system which 

should quantitatively convert both comonomers with the same rate, therefore 

suppressing any side-reactions (i.e. transesterification) and yielding well-defined 

polymers of low dispersity. The avoidance of lactide epimerisation during the ROP 

process was of upmost importance, since the crystallinity of the materials could be 

exploited in order to subject these polymers to stereocomplexation studies. The 

catalytic system which satisfied all those criteria was DPP and DMAP (1:2). This 

simple system which is inexpensive and stable proved to be quite an efficient 

organocatalyst. All the copolymers were easily purified and as a result of their high 

degree of randomness (evidenced by the experimental reactivity ratios and through 

NMR spectroscopic analyses), displayed high degrees of crystallinity even for 

unprecedented degree of carbonate content (19 mol% and 24 mol% for the allyl and 
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propargyl functional copolymers, respectively). Their high statisticality was also 

proven by plotting their Tg values against the standard theoretical model (Fox 

equation).  

All these results will serve as a basis for the continuation of this study regarding the 

post-ROP functionalisation of the copolymers and the stereocomplexation studies 

which will follow in Chapter 5. 
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5. Post-Polymerisation Modification of Alkene-

Functional Statistical Poly(ester-carbonate)s 

and Stereocomplexation Studies 
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5.1 Introduction 

Biodegradable polymers, naturally derived polymers as well as modern synthetic 

polymers originated from sustainably-sourced monomers, are the basis for the 21st 

century palette of sustainable, eco-efficient plastics.1-4 Polylactide or poly(lactic acid) 

(PLA),5-7 a renewable, biocompatible8 and biodegradable9 aliphatic polyester, has 

received a significant amount of interest in both academic and industrial research over 

recent years.10, 11 Industrially produced PLLA is a very brittle material with poor 

thermal and mechanical stability.12 Furthermore, its low crystallization rate and degree 

of crystallinity after rapid processing i.e. melt-extruding, injection printing, results in 

a material having low heat-deflection temperatures (HDT).13 All these limitations 

hinder the industrial implementation of PLA and as such various methods have been 

developed to improve PLA’s macroscopic properties, in order to be widely accepted 

as a neat industrial or biomedical material.  

The mixing of two polymers can lead to the formation of a complex whose properties 

are usually quite different from those of the parent polymers. Complexation can occur 

between polymers of different chemical natures and tacticities (e.g. between an 

isotactic and a syndiotactic polymer), or enantiopure states (two isotactic polymers of 

different configurations/chiralities).14 In the last two cases, the process is often called 

stereocomplexation (SC). Focusing on PLA’s stereochemical diversity, it has been 

discovered that when enantiopure PLA homochiral chains are blended together, they 

display this effect in which sequences/blocks of a specific enantiomer of PLA co-

crystallize with the opposite enantiomer driven by the multisite hydrogen bonding 

interactions between L-lactoyl and D-lactoyl unit sequences, giving rise to a double-

helical stereocomplex microstructure (sc-PLA) which possesses enhanced 

thermomechanical and rheological properties compared to isotactic PLA.15-17 

Furthermore, numerous examples of different materials comprised of stereocomplexed 

PLA-based copolymers of architectures and topologies (block, statistical, graft, star, 

branched) have been reported.18-25 Copolymerisation of lactide with various families 

of cyclic monomers paves the way for the introduction of functionalities which are 

difficult to incorporate otherwise (e.g. through substituted lactide analogues) and alters 
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the physicochemical and thermomechanical properties of the materials especially with 

the use of hydrophilic or amorphous segments which contrast the semi-crystalline and 

hydrophobic polyester segment. 

The enhanced stability of sc-PLA originates in its high crystallinity and higher 

crystallisation rate/tendency compared to the homochiral non-complexed PLLA or 

PDLA chains, which is a direct result of its physicochemical structure consisted of 

stronger H-bonds and dipole-dipole interactions between the enantiomeric PLA 

chains. This ultimately leads to a denser packing of the macromolecular chains.26-28 

These stronger non-covalent inter/intra-molecular interactions within the 

stereocomplex phase are evidenced by the slower hydrolytic biodegradation profile of 

the PLLA/PDLA blends compared to their homochiral analogues.29 Simultaneously, 

more acidic degradation products (lactic acid oligomers) of lower molar mass are 

formed and a rapid decrease in the pH of the degradation medium occurs.30  

Current trends in macromolecular chemistry dictate the tuning of the properties of 

synthetic polymer materials to advanced levels for selective applications.31-33 

Functional aliphatic polycarbonates have attracted significant attention as alternative 

materials to polyesters for use as biomedical polymers in recent years.34, 35 The 

incorporation of pendent functionalities offers a facile method of modifying materials 

post-polymerisation and especially for the attachment of biologically active molecules, 

thus enabling functionalities not compatible with ring-opening polymerisation 

(hydroxyl, carboxylic acid, amines) to be introduced into the polymer without 

affecting its molecular characteristics. The biocompatibility of the degradation 

products of aliphatic polycarbonates (they contain no acids) elevates them as 

invaluable copolymers to co-exist with PLA. Cyclic carbonates are a class of 

monomers which can be synthesised quite easily bearing a wide palette of 

functionalities such as benzyl esters,36 allyl esters,37-41 propargyl esters,42 azides,43 

carbamic acid benzyl ester,44 and photolabile 2-nitrobenzoxycarbonyl groups45 have 

been reported. Moreover, their starting materials are inexpensive, readily accessible 

and commercially available. Recently, allyl-functional polycarbonates (obtained by 

organocatalytic ROP) were shown to be efficiently functionalized with thiol-
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containing molecules using the thermally initiated thiol−ene reaction in the presence 

of azobis-isobutyronitrile (AIBN)37 as well as photoinitiated thiol-ene in the presence 

of commercially patented photo-initiators.46 Vinyl−sulfone functionalized polymers 

were also obtained by ROP in the presence of stannous octoate. These polymers again 

were shown to be reactive toward a variety of thiol-containing molecules (Figure 5.1). 

Materials like these have proved useful as no protection or deprotection steps are 

needed to yield the functional polymer. In addition, the versatility of the alkene group 

allows a wide range of post-ROP modifications to be performed. The broad range of 

techniques that can be used to modify alkene-functional polycarbonates is particularly 

useful as it provides a toolbox of methodology to enable the introduction of 

functionality into aliphatic polycarbonates. 

 

 

Figure 5. 1. 6- and 8-Membered cyclic carbonates bearing a small selection of available 

functionalities.34, 47 
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In this chapter, the semi-crystalline alkene- and alkyne-functional P(LLA-co-A8NC) 

& P(LLA-co-P8NC) statistical copolymers (the synthesis and properties of which were 

described in Chapter 4) were subjected to stereocomplexation studies with their 

enantiomerically opposite counterparts, and with PDLA. These new materials 

displayed increased crystallinity compared to their parent enantiopure copolymers and 

this translated into enhanced thermal stability, evidenced by DSC and TGA studies. 

Moreover, taking advantage of the terminal alkene functionality which - as a 

consequence of the highly statistical nature of the copolymers – was selectively located 

into the copolymer chain, post-ROP photoinitiated & radical-mediated thiol-ene 

reactions were performed (Scheme 5.1).  

 

 

Scheme 5. 1. Scheme for the simplified mechanism of the photoinitiated thiol−ene coupling reaction 

catalysed by the addition of a chemical photo-initiator (PI), (kP: propagation rate constant, kCT: chain 

transfer rate constant). 

 

These reactions are  initiated by exposing the thiols to heat or UV light, which generate 

highly reactive thiyl radicals which in turn react with the alkene, or alkyne.48, 49 A wide 

variety of mono-functional thiols were successfully attached to the P(LLA-co-A8NC) 

copolymers. Full characterisation of the resultant modified materials (1H/13C NMR 
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spectroscopy, SEC, DSC and TGA) confirmed the quantitative completion of the 

reactions, the retainment of the copolymers’ well-defined characteristics (narrow ĐM) 

and the retainment of crystallinity even up to ca. 25% carbonate incorporation bearing 

a thiolated moiety. Finally, these thiolated copolymers were also subjected to 

stereocomplexation studies, which proved that the pendent functionalities can 

withstand this procedure, further elevating the modified the thermal properties of the 

resultant materials.  
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5.2 Results and Discussion 

5.2.1 Stereocomplexation of statistical semi-crystalline alkene- and 

alkyne- functional poly(ester-carbonate)s 

The thermal properties of the alkene- and alkyne-functional P(LLA-co-A8NC) & 

P(LLA-co-P8NC) statistical copolymers were described in Chapter 4. It was found 

that the A-8NC derived poly(ester-carbonate)s displayed crystallinity (evidenced by 

the appearance of a Tm) up to ≈ 25 mol% of carbonate contents, while for P-8NC 

derived copolymers, this value was approximately 20 mol% of carbonate 

incorporation. Thus, stereocomplexation of copolymers with opposite chirality might 

be possible and was explored. To that end, equimolar blends were prepared via 

precipitation which was carried out by combining solutions of the polymers in 

chloroform in equimolar amounts at room temperature, followed by dropwise addition 

in ice cold vigorously stirred hexane. Precipitates from a dilute mixed solution of 

PLLA and PDLA have been shown to comprise only of the stereocomplex, regardless 

of the parent polymers molar mass or blending ratio. Tsuji et al. reported that the 

precipitated blends contained only racemic crystallites (stereocomplexes) consisting 

of equimolar amounts of D -monomer and L-monomer units, independent of their 

initial blending ratio in solution. The enthalpy of fusion and melting temperature of 

the racemic crystallites was higher than that of the stereocomplexes obtained by 

casting a methylene chloride solution of the PDLA + PLLA mixture and slowly 

evaporating the solvent.50 

As a control experiment, an equimolar blend of pure PDLA and PLLA (Mn = 20.0 kDa, 

ĐM ≤ 1.2 by SEC, obtained by the solution ROP (in CHCl3 at 25 °C) of L-LA and D-

LA catalysed by DBU)51 was prepared to form the PDLA/PLLA stereocomplex, SC-

[PLLA/PDLA]. DSC thermal analysis of the parent PLLA and PDLA polymers 

revealed their semi-crystalline nature with their Tm appearing at ca. 144 °C (Hm = 32 

J/g) and the Tg at 55 °C (Figure 5.2) during the 1st scan. This melting temperature of 

PLA is quite lower than the maximum values reported in the literature (ca. 180 °C for 

polymerisations catalysed by stannous octoate-type and other metal-based catalysts)52-
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54, indicative of a moderately isotactic polymer, as DBU is not a stereoselective ROP 

catalyst and as a strong base may cause some undesirable racemisation of the 

enantiopure monomer during the ROP process, therefore resulting into lower 

stereoregularity and lower crystallinity of the final material.51 No melting events were 

present during the 2nd scan, as a result of the inability of PLA to recrystallise, possibly 

as a consequence of low inherent crystallinity, non-ideal DSC conditions or residual 

DBU which might cause undesirable transesterification leading to loss of 

stereoregularity.55 

 

 

Figure 5. 2. DSC thermogram (1st heating run) of a PLLA or PDLA polymer realised by the ROP of 

L-LA or D-LA ([LA]0/[BnOH]0/[DBU]0 = 100/1/1, [LA]0 = 0.7 M, Mn, SEC = 20. 0 kDa, ĐM = 1.19) 

showing the A: Tg and B: Tm of these polymers; (N2 atmosphere, heating/cooling rate of 10 °C min-1 

unless stated otherwise). 

 

DSC analysis of the blended sample obtained after precipitation in hexane and drying 

at 60 °C under vacuum revealed melting peaks corresponding to PLLA and PDLA 

homocrystallites (1st heating scan) around 90 °C, a cold crystallisation exotherm 

A

B
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corresponding to the crystallisation of the stereocomplex as well as a melting 

temperature for SC-[PLLA/PDLA] at 202.5 °C (Hm = 42 J/g) (Appendix A.2). During 

the 2nd heating scan, only the stereocomplex melting was evident at 188 °C (Hm = 

33.5 J/g) after a cold crystallisation exotherm at 106 °C. The cold-crystallisation 

temperature of the stereocomplex was identified at ca. 110 °C, so it was decided to 

anneal (heat the sample at a specific temperature for an extended period of time in 

order to remove thermal history or minor thermal events) the polymer at that 

temperature in order to enhance the crystallisation efficiency of the stereocomplex.  

 

Figure 5. 3. DSC thermogram of an equimolar blend of PLLA and PDLA obtained from the 

melt. The thermogram displays the glass transition (A), melting transitions for different PDLA/PLLA 

stereocomplexation domains (B, C) and the cold crystallisation of the SC-[PLLA/PDLA] (D) from the 

melt; (N2 atmosphere, heating/cooling rate of 10 °C min-1 unless stated otherwise). 

 

The DSC analysis was then repeated (Figure 5.3) using the same instrumental 

conditions, and two melting events were present during the 1st scan at 163 °C (Hm = 

5.2 J/g) and 199.5 °C (Hm = 5.2 J/g). These correspond to two different crystalline 

domains of SC-PLA which are distinguished possibly by the fast heating rate (10 °C 

1st scan

2nd scan

A

B

C

D
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min-1) which hindered the uniformal and efficient crystallisation of the 

stereocomplex.56 During the 2nd heating run, a Tg at 55.73 °C is observed followed by 

a Tcc = 111.03 °C (Hm = 35.37 J/g) and a single sharper Tm of the stereocomplex at 

195.84 °C (Hm = 41.67 J/g). No homocrystallisation or different melting domains 

were observed in the DSC thermogram following crystallisation from the melt. No 

thermal events were recorded during the cooling cycle intermittent to the 1st and 2nd 

heating scans. Obviously, these Tm values are lower than the values reported in the 

literature57 for similar PLLA/PDLA stereocomplexes as a consequence of the inherent 

lower isotacticity and crystallinity of the parent PLLA and PDLA polymers as 

discussed above. This phenomenon is carried forward through all stereocomplexation 

cases discussed below. 

Table 5. 1. Stereocomplexation of P(LLA-co-A8NC) copolymers with PDLA and with copolymers of 

identical composition and opposite chirality, P(DLA-co-A8NC)  (equimolar quantities). 

Entry Polymer 
Tg2

a 

(°C) 

Tm1
b 

(°C) 

Hm1
c 

(J/g) 

Tm2
d 

(°C) 

Hm2
e
 

(J/g) 

Tc
f 

(°C) 

1 P(LLA-co-A8NC9.4%) 48.4 193.7 39.2 193.2 39.2 98.7 

2 P(LLA-co-A8NC14.1%) 45.8 186.9 30.6 181.2 24.9 114.0 

3 P(LLA-co-A8NC20.2%) 45.9 180.0 18.9 177.5 14.0 119.6 

4 P(LLA-co-A8NC24.7%)g 39.8 171.6 19.6 170.7 0.3 93.4h 

5 P(LLA-co-A8NC9.4%) 34.9 194.1 45.6 192.9 38.8 122.3i 

6 P(LLA-co-A8NC14.1%) 31.4 179.7 42.0 178.8 32.1 92.4 

7 P(LLA-co-A8NC20.2%) 23.9 167.5 23.2 170.6 18.5 103.3 

8 P(LLA-co-A8NC24.7%)g 26.5 155.8 21.3 156.1 13.6 102.6h 

All samples annealed at 150 °C in vacuo for 24h before analysis; Entries 1-4 describe equimolar blends 

with PDLA; Entries 5-8 describe equimolar blends with copolymers of identical composition and 

opposite chirality, P(DLA-co-A8NC); DSC conditions: 5mg samples, N2 atmosphere, 10 °C min-1 

heating and cooling rates, non-annealed samples; aTg at the 2nd heating scan; bMelting temperature 

measured by DSC analysis in the first heating run; cSamples obtained by solution crystallisation; 

dMelting temperature measured by DSC analysis in the second heating run; eResults obtained from 

samples in the melt; fCrystallisation temperature obtained in the second heating run from samples in the 

melt; g5 °C min-1 heating and cooling rates; hCrystallisation temperature obtained in the 1st heating run; 

iCrystallisation peak at the cooling run. 



230 

After stereocomplexation of PLLA and PDLA was confirmed in the melt and in 

samples prepared via precipitation, equimolar blends of alkene-functional, semi-

crystalline and statistical poly(ester-carbonate)s, P(LLA-co-A8NC9.4%), P(LLA-co-

A8NC14.1%), P(LLA-co-A8NC20.2%) and P(LLA-co-A8NC24.7%)  with PDLA and with 

their opposite chirality counterparts (copolymers synthesised with D-LA, synthesis 

details and characterisation data for these copolymers are shown at Appendix A.3, 

A.4) were prepared and analysed by DSC (Table 5.1).  

 

 

Figure 5. 4. Stacked DSC thermograms of equimolar stereocomplexes of P(LLA-co-A8NC) 

copolymers with PDLA (Table 5.1, entries 1-4, post-annealing 1st heating scans). The thermograms 

display the glass transition (A), homochiral melting (B), crystallisation peak of the stereocomplexes, 

(C) and the melting temperature of the resulting SCs (D); (N2 atmosphere, heating/cooling rate of 10 

°C min-1 unless stated otherwise). 

 

 

A
B C

D

P(LLA-co-A8NC9.4%) + PDLA

P(LLA-co-A8NC14.1%) + PDLA

P(LLA-co-A8NC20.2%) + PDLA

P(LLA-co-A8NC24.7%) + PDLA
Exo up
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Pleasingly, all copolymers which displayed semi-crystalline behaviour (see Table 4.8), 

were successfully stereocomplexed as evidenced by the DSC results. Specifically, the 

blends with PDLA (Table 5.1, entries 1-4) showed melting temperatures ranging from 

171.6 – 193.7 °C (1st heating scans), which is 60-80 °C higher than their homochiral 

parent polymers. Initial DSC scans showed that a low degree of homochiral melting 

was still present (stacked 1st and 2nd heating scans are shown in Appendix A.5, A.6), 

therefore a 24-hour annealing process was deemed necessary in order to enhance the 

stereocomplexation of the blends by heating them between the homochiral Tm and the 

SC Tm in vacuo in order to remove their thermal history and enhance the crystallisation 

efficiency of the stereocomplex. The DSC scans after the annealing process, showed a 

more uniformal stereocomplex formation. The post-annealing 1st scan results still 

contained minor homochiral melting events between 80 – 90 °C, and the distinct 

stereocomplex melting above 160 °C (Figure 5.4). 

From the graphical depiction of the thermal behaviour of the blends of chiral 

copolymers with PDLA (Table 5.1, entries 1-4), a gradual decrease of the melting 

temperatures as well as a significant broadening of the shape of the endotherm as the 

carbonate incorporation of the parent copolymers increases is observed. In the case of 

the 9.4 mol% carbonate copolymer, there is a small melting peak at ≈ 165 °C, which 

can be attributed to a second stereocomplex domain belonging to the large PLLA 

segment of the copolymer. All samples were subjected to a second heating scan as well 

(Figure 5.5). A crystallisation exotherm was observed either in the cooling run or a 

cold crystallisation exotherm during the 2nd heating scan. After their successful 

recrystallisation, all blends displayed a 2nd Tm which in all cases had a more defined 

and sharp shape as a result of the absence of any homochiral melting, showcasing the 

strength and resilience of the stereocomplex. All melting enthalpies of the 2nd scan had 

lower values than those in the 1st scan, as the DSC conditions were probably not 

optimal (lower heating rates would be more suitable) in order for the crystals to 

properly form and melt. The crystallisation of the PLA-SC as described in the 

literature, demands very low cooling and heating rates. This is more evident in entry 

4, in which the very high content of the carbonate disrupts the PLLA and PDLA 

segment interaction, therefore the melting enthalpy is quite low (0.3 J/g).  
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Figure 5. 5. Stacked DSC thermograms of equimolar stereocomplexes of P(LLA-co-A8NC) 

copolymers with PDLA (Table 5.1, entries 1-4, post-annealing 2nd heating scans). The thermograms 

display the glass transition (A), crystallisation peak of the stereocomplexes, (B) and the melting 

temperature of the resulting SCs (C). No homochiral melting is observed; (N2 atmosphere, 

heating/cooling rate of 10 °C min-1 unless stated otherwise). 

 

When plotted against the molar feed of the carbonate (fA8NC), the melting temperatures 

of the 1st and 2nd scan follow a linear trend, and their absolute values are gradually 

diminished as more carbonate is incorporated in the stereocomplex (Figure 5.6). This 

is anticipated, as the average lactoyl block sequence length is diminished, and this has 

a detrimental effect to the optical purity of the copolymers, thus disrupting their 

crystallinity. This absolute linear relationship of the melting temperatures of the 

stereocomplexes against the composition of the copolymers (molar % of carbonate 

incorporation) shows that the thermal properties of these materials can be tuned and 

pre-designed per the desired application. 

A

B

C Exo up

P(LLA-co-A8NC9.4%) + PDLA

P(LLA-co-A8NC14.1%) + PDLA

P(LLA-co-A8NC20.2%) + PDLA

P(LLA-co-A8NC24.7%) + PDLA
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Figure 5. 6. Plots of A) Tm (1) and B) Tm (2) of the 1st and 2nd heating scans of the equimolar 

respective stereocomplexes comprised of P(LLA-co-A8NC) copolymers of different carbonate molar 

(%) incorporation with PDLA (Table 5.1, entries 1-4) against the molar feed ratio of the carbonate. 

 

The TGA thermograms of the [P(LLA-co-A8NC) + PDLA] blends when plotted with 

the [PLLA+PDLA] blend as reference show that the increase of the carbonate’s 

incorporation to the copolymer has a detrimental effect on the thermal stability of the 

blends (Figure 5.7). Even at 9.4 mol% of carbonate units in the copolymer, the thermal 

degradation profile of the blend is distinctly different to the pure PLA stereocomplex, 

and as the incorporation of the polycarbonate further increases, the blends become 

more thermally labile,  with the Td gradually decreasing from 265 to 225 °C. Compared 

to the non-stereocomplexed P(LLA-co-A8NC) copolymers (Figure 4.34), there is a 

slight increase in the Td ranging from 10 – 25 °C. The 1st derivative of the thermal 

degradation curves expressed in % mass loss vs temperature clearly show a mix of 

major thermal degradation profiles which proportionally shift towards a lower Td, ca. 

375 °C for the [P(LLA-co-A8NC9.4%) + PDLA] blend to 265 °C for the [P(LLA-co-

A8NC24.7%) + PDLA] blend, as the carbonate content of the copolymer increases 

(Appendix A.7).  
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Figure 5. 7. TGA thermograms of the equimolar stereocomplexes of [P(LLA-co-A8NC) + PDLA] 

blends (Table 5.1, entries 1-4) compared to a pure PLA-SC; (N2 atmosphere, heating rate of 10 °C 

min-1). 

 

Copolymers with D-LA as their polyester segment were synthesised with identical 

composition to their L-LA counterparts (Appendix A.3, A.4) and were subjected to 

stereocomplexation studies as well (Table 5.1 entries 5-8, Figures 5.8, 5.9). The 

annealing process which was applied was identical (24 h in vacuo at temperatures 

between the Tm, homochiral and Tm,sc) to the previous examples in order to eliminate or 

suppress any homochiral melting events and enhance the crystallisation ability of the 

stereocomplexes. Immediately after the annealing process, DSC analysis was 

conducted and as with previous examples, during the 1st heating scans, the 

stereocomplexes are evident with their Tm at a range between 155 – 195 °C. Some 

homochiral melting is still present, especially for the high polyester-content polymers.  

 

P(LLA-co-A8NC9.4%) + PDLA

P(LLA-co-A8NC20.2%) + PDLA

P(LLA-co-A8NC14.1%) + PDLA

PLLA+PDLA 

P(LLA-co-A8NC24.7%) + PDLA
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Figure 5. 8. Stacked DSC thermograms of equimolar stereocomplexes of P(LLA-co-A8NC) 

copolymers with P(DLA-co-A8NC) copolymers of identical composition, post-annealing (Table 5.1, 

entries 5-8, 1st heating scans). The thermograms display the glass transition (A), homochiral melting 

(B), crystallisation peak of the stereocomplexes, (C) and the melting temperature of the resulting SCs 

(D); (N2 atmosphere, heating/cooling rate of 10 °C min-1 unless stated otherwise). 

 

The Tgs of these materials are less defined compared to the [P(LLA-co-A8NC) +  

PDLA] materials, possibly due to the absence of a pure PLA moiety in the crystal. 

Furthermore, in absolute values, the melting temperatures and their corresponding 

melting enthalpies are lower than the [P(LLA-co-A8NC) + PDLA] blends, following 

the trend of their parent homochiral copolymers. After a cooling run, the 2nd heating 

scans were recorded (Figure 5.9). Exothermic crystallisation events again occurred 

either during the cooling runs or during the heating runs (cold crystallisation) followed 

by the melting of the re-formed stereocomplexes. Similar to before, there was a slight 

depression in both the Tm values as well as their corresponding melting enthalpies. As 

a similar note, the DSC conditions could be further optimized (much slower heating 

runs), in order to fully reform the stereocomplexed crystals. 
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Figure 5. 9. Stacked DSC thermograms of equimolar stereocomplexes of P(LLA-co-A8NC) 

copolymers with P(DLA-co-A8NC) copolymers of identical composition, post-annealing (Table 5.1, 

entries 5-8, 2nd heating scans). The thermograms display the glass transition (A), crystallisation peak 

of the stereocomplexes, (B) and the melting temperature of the resulting SCs (C). A small percentage 

of homochiral melting is still present; (N2 atmosphere, heating/cooling rate of 10 °C min-1 unless 

stated otherwise). 

 

In both figures, it can be clearly observed that there is a depression of the melting 

temperatures as the carbonate content is increased, which is a similar scenario as with 

the [P(LLA-co-A8NC) + PDLA] blends. By plotting these values in both the first and 

second heating runs, an absolute linear trend is once again observed, which leads to 

the same conclusion, that the thermal stability of these materials can be tuned and pre-

designed as desired (Figure 5.10). 
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Figure 5. 10. Plots of A) Tm (1) and B) Tm (2) of the 1st and 2nd heating scans of the equimolar 

stereocomplexes comprised of P(LLA-co-A8NC) +  P(DLA-co-A8NC) (Table 5.1, entries 5-8) 

against the molar feed ratio of the carbonate. 

 

The TGA thermograms of the [P(LLA-co-A8NC) + P(DLA-co-A8NC)] blends when 

plotted with the [PLLA+PDLA] blend as reference show that the increase of the 

carbonate’s incorporation to the copolymer has a detrimental effect on the thermal 

stability of the blends as previously observed (Figure 5.11). The deviation from the 

pure PLA stereocomplex thermal degradation profile is more evident in these blends 

as no pure PLA segment is used. As the incorporation of the polycarbonate further 

increases, the materials become more thermally labile, with the Td gradually 

decreasing from ca. 350 to 230 °C. Again, as previously described, when compared to 

their non-stereocomplexed analogues, these materials exhibit an enhanced thermal 

stability ranging from ∼ 10 °C to 25 °C. The 1st derivative of the thermal degradation 

curves (Appendix A.8) clearly displays the drift of the thermal stability towards lower 

temperature values, with the ester-rich structures retaining their thermostability versus 

the carbonate-rich materials.  
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Figure 5. 11. TGA thermograms of the equimolar stereocomplexes of [P(LLA-co-A8NC) + P(DLA-

co-A8NC)] blends (Table 5.1, entries 5-8) compared to a pure PLA-SC; (N2 atmosphere, heating rate 

of 10 °C min-1). 

 

Although the melting enthalpy is reported to be maximum in the case of 

stereocomplexation between equimolar mixing PLLA and PDLA homopolymers, 

stereocomplexation is still observed for blends in which the polymers are present in 

different ratios (asymmetrical ratios).58 Therefore, it was investigated whether this was 

true for blends of [PDLA + P(LLA-co-A8NC9.4%)] as well as for blends comprised of  

[P(LLA-co-A8NC9.4%) +  P(DLA-co-A8NC9.4%)]. Mixing molar ratios of  95:5, 75:25: 

50:50, 25:75 and 5:95 between the two polymers were used and screened in each case. 

Samples were prepared by precipitation in hexane and annealed at 150 °C for 24 h 

before thermal analysis. First heating scan DSC measurements revealed endothermic 

events at temperatures in the vicinity of homochiral melting (∼ 150 °C) which 

originates from the melt of either PDLA or the P(LLA-co-A8NC9.4%) copolymer and 

the stereocomplex melt around 190 °C (Figure 5.12).  

P(LLA-co-A8NC9.4%) + P(DLA-co-A8NC9.4%) 

P(LLA-co-A8NC20.2%) + P(DLA-co-A8NC20.2%) 

P(LLA-co-A8NC14.1%) + P(DLA-co-A8NC14.1%) 

PLLA+PDLA 

P(LLA-co-A8NC24.7%) + P(DLA-co-A8NC24.7%) 
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Figure 5. 12. Stacked DSC thermograms of P(LLA-co-A8NC9.4%) : PDLA blends (post-annealing, 1st 

heating scans). The thermograms display the glass transition (A), crystallisation peak (B), homochiral 

melting (C), and the melting temperature of the resulting SCs (D); (N2 atmosphere, heating/cooling 

rate of 10 °C min-1 unless stated otherwise). 

 

The homochiral melting events are more enhanced in the most asymmetrical blending 

ratios, as a result of a large excess of one component. For the 25:75 – 75:25 blending 

ratios, only the stereocomplexes can be observed, showcasing the tendency of the 

system to form these high ordered crystalline domains. The second heating scan DSC 

measurements successfully erased any homochiral melting and in all cases, only the 

stereocomplex melting events are present (Figure 5.13). The melting temperature of 

all samples was in the vicinity of 190 °C, with the melting enthalpy to vary from 1.3 – 

39 J/g depending on the blending ratio, with the more symmetrical blends to possess 

the strongest stereocomplexes, as expected. The Tgs of all materials were at ∼ 45 – 

50 °C.  
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Figure 5. 13. Stacked DSC thermograms of P(LLA-co-A8NC9.4%) : PDLA blends (post-annealing, 2nd 

heating scans). The thermograms display the glass transition (A), crystallisation peak (B) and the 

melting temperature of the resulting SCs (C); (N2 atmosphere, heating/cooling rate of 10 °C min-1 

unless stated otherwise). 

 

As a control experiment, an equimolar blend of a diblock copolymer, P(LLA-block-

A8NC) (see Chapter 4) of similar molar mass to the statistical analogues with PDLA 

was prepared and subjected to DSC analysis. After annealing the blend at 120 °C 

following the standard procedure, the 1st heating scan revealed two major endotherms, 

at 141 and 186 °C respectively (Figure 5.14). These were identified as the PDLA 

melting temperature and the stereocomplex melting temperature accordingly.  
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Figure 5. 14. DSC thermograms (1st heating scans) of a [P(LLA-block-A8NC) + PDLA] equimolar 

blend annealed at A) 120 °C and B) 150 °C; (N2 atmosphere, heating/cooling rate of 10 °C min-1). 

 

The melting enthalpies of the two events were of similar magnitude (≈ 35 J/g), showing 

the presence of the two crystalline domains in the material at an equilibrium. The 2nd 

heating scan showed no melting events, constituting the material completely 

amorphous. In order to eliminate the PDLA homochiral melting, a further annealing at 

150 °C was done. Subsequently, the DSC 1st heating scan revealed only one endotherm 

at ca. 193 °C identifying to the stereocomplex melting. This value was 7 °C higher 

than the previous SC Tm as a result of the disruption of the homochiral crystals which 

now contributed to the enhancement of the crystallinity of the stereocomplexed 

domain. The 2nd heating scan revealed no crystallisation nor melting events once again, 

so the material after its melting process is unable to reform into a crystal, possibly due 

to emphasised presence of the carbonate which hinders the proper alignment of the 

PLLA and PDLA segments in order to stereocomplex. Interestingly, the phase 

separation of the diblock copolymer was not retained in the stereocomplex and a single 

Annealed at 150 °C

Annealed at 120 °C

A)

B)
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Tg was recorded each time belonging to the stereocomplexed moiety. The blending of 

two ally-functional copolymers of opposite optical configuration and different 

carbonate content was also attempted. A P(LLA-co-A8NC9.4%) was mixed with a 

P(DLA-co-A8NC20.2%) in a CHCl3 solution, precipitated in hexanes and annealed 

above the melting temperatures of the parent copolymers. DSC analysis revealed a 

stereocomplex melt at ∼190 °C in both runs. No homochiral melting was seen 

(Appendix A.9). 

Having established the successful blending of the homochiral copolymers derived 

from L-lactide (or D-lactide) and the allyl-functional A-8NC monomer which led to the 

preparation of highly crystalline stereocomplexes of many compositions and thermal 

properties, the investigation into the copolymers originating from the propargyl-

functional 8-membered-N-cyclic carbonate, P-8NC was undertaken. In Chapter 4, it 

was described that the P(LLA-co-P8NC) copolymers were of similar statistical 

microstructure to their alkene-functional analogues, and their thermal properties were 

also alike. It was established that the crystallinity of the materials was retained for up 

to ∼ 20 mol% of carbonate content in the final copolymers. Thus, equimolar blends of 

alkyne-functional, semi-crystalline and statistical poly(ester-carbonate)s, P(LLA-co-

P8NC10.7%), P(LLA-co-P8NC15.2%), P(LLA-co-P8NC19.8%) with PDLA and with their 

opposite chirality counterparts (copolymers synthesised with D-LA) were prepared and 

analysed by DSC (Table 5.2). Successful stereocomplexation was evident for all 

experiments, with the melting temperatures of the highly crystalline domains to appear 

at 166-185 °C. After annealing the materials following the standard procedure, the 

blends of P-8NC and L-LA derived statistical copolymers with neat PDLA (Table 5.2, 

entries 1-3) showed the highest values of melting enthalpies, as expected as a 

consequence of PDLA’s high degree of crystallinity (Figure 5.15). All complexes were 

able to recrystallise and melt in the 2nd heating scan as well, without any homochiral 

melting evident and with little deviation from the 1st heating values, an indication of 

the resilience and strength of the formed crystals. As the copolymers with ∼ 25 mol% 

carbonate content showed no crystallinity as compared to their alkene-functional 

analogues, they were not tested for stereocomplexation. 
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Table 5. 2. Stereocomplexation of P(LLA-co-P8NC) copolymers with PDLA and with copolymers of 

identical composition and opposite chirality (equimolar quantities); (Synthesis thermal properties of 

parent polymers and copolymers containing D-LA can be found at Tables 4.11, Figure 5.3 and 

Appendix A.10, A.11). 

Entry Polymer 
Tg2

a 

(°C) 

Tm1
b 

(°C) 

Hm1
c 

(J/g) 

Tm2
d 

(°C) 

Hm2
e
 

(J/g) 

Tc
f 

(°C) 

1 P(LLA-co-P8NC10.7%) 47.52 185.45 33.63 178.38 14.67 134.71 

2 P(LLA-co-P8NC15.2%) 47.38 176.73 27.9 179.06 28.1 124.46 

3 P(LLA-co-P8NC19.8%) 42.72 166.4 11.76 164.4 10.91 104.78 

4 P(LLA-co-P8NC10.7%) 44.53 181.08 43.38 179.01 37.95 111.23 

5 P(LLA-co-P8NC15.2%) 39.17 172.87 29.79 174.56 7.07 132.6 

6 P(LLA-co-P8NC19.8%) 44.7 158.4 5.81 162.4 4.09 117.6 

All samples annealed at 150 °C in vacuo for 24h before analysis; Entries 1-3 describe equimolar blends 

with PDLA; Entries 4-6 describe equimolar blends with copolymers of identical composition and 

opposite chirality, P(DLA-co-P8NC); DSC conditions: 5mg samples, N2 atmosphere, 10 °C/min heating 

and cooling rates, non-annealed samples; aTg at the 2nd heating scan; bMelting temperature measured by 

DSC analysis in the first heating run; cSamples obtained by solution crystallisation; dMelting 

temperature measured by DSC analysis in the second heating run; eResults obtained from samples in 

the melt; fCrystallisation temperature obtained in the second heating run from samples in the melt. 

 

A similar scenario was observed for the blends of P(LLA-co-P8NC) statistical 

copolymers with their D-LA counterparts, P(DLA-co-P8NC) (Table 5.2, entries 4-6, 

Figure 5.16). All experiments led to successful stereocomplexation of varying extent 

(indicated and quantified by the corresponding Tms and Hms). All materials were able 

to recrystallise after their melt, but in this case, the arithmetic loss in enthalpic value 

was larger, as a consequence of the high total concentration of polycarbonate in the 

crystals, which thermodynamically and kinetically inhibits the crystallisation of PLA 

segments. 
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Figure 5. 15.  Stacked DSC thermograms of equimolar stereocomplexes of P(LLA-co-P8NC) 

copolymers with PDLA (Table 5.2, entries 1-3, 2nd heating scans). The thermograms display the glass 

transition (A), crystallisation peak of the stereocomplexes, (B) and the melting temperature of the 

resulting SCs (C); (N2 atmosphere, heating/cooling rate of 10 °C min-1). 

 

In perfect accordance to the allyl-functional stereocomplexes, the propargyl-functional 

blends of both [PDLA + P(LLA-co-P8NC)] and [P(LLA-co-P8NC) +  P(DLA-co-

P8NC)] displayed melting temperatures which followed a linear fashion with the 

varying composition of the blends (Figure 5.17). In a marked contrast with the A-8NC 

derived stereocomplexes, the Tms of the P-8NC derived stereocomplexes in the 2nd 

heating scans were very close in value with the Tms in the 1st heating scan, therefore, 

the level of crystallinity is retained better in these materials during the 2nd heating scan. 
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Figure 5. 16. Stacked DSC thermograms of equimolar stereocomplexes of P(LLA-co-P8NC) 

copolymers with P(DLA-co-P8NC) of identical composition (Table 5.2, entries 4-6, 2nd heating 

scans). The thermograms display the glass transition (A), crystallisation peak of the stereocomplexes, 

(B) and the melting temperature of the resulting SCs (C); (N2 atmosphere, heating/cooling rate of 10 

°C min-1). 

 

The stereocomplexation affinity of these copolymers was tested with a blend of an 

allyl-functional statistical copolymer with a propargyl-functional statistical copolymer 

of opposite stereochemical configuration. Thus, a P(LLA-co-A8NC9.4%) was mixed 

with an equimolar quantity of a P(DLA-co-P8NC10.7%) and the solution was 

precipitated in hexane. After annealing at 120 °C (which is close to the Tm of the 

propargyl-functional copolymer) for 24 h, the DSC thermogram was recorded (Figure 

5.18). 
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Figure 5. 17. Plots of Tm  vs fP-8NC (%) (1st heating scans) of the equimolar stereocomplexes comprised 

of A) [P(LLA-co-P8NC) +  PDLA]; B) [P(LLA-co-P8NC) +  P(DLA-co-P8NC)] (Table 5.2, entries 

1-3, 4-6). 

 

 

Figure 5. 18. DSC thermogram of the blended polymer consisted of an equimolar quantity of P(LLA-

co-A8NC9.4%) and P(DLA-co-P8NC10.7%); A) 1st heating scan; B) 2nd heating scan; (N2 atmosphere, 

heating/cooling rate of 10 °C min-1). 

R² = 0.9985

170

175

180

185

0 5 10 15 20 25

T m
(°

C
)

fP-8NC (%)

R² = 0.993

165

170

175

180

185

0 5 10 15 20 25

T m
(°

C
)

fP-8NC (%)

A) B)

2nd heating scan

1st heating scan

A)

B)

Exo up



247 

In the 1st heating run, a small endotherm at 78.6 °C appears, which is attributed to the 

melting of a small domain of homochiral, non-stereocomplexed PLA fraction of a 

parent copolymer followed by a broad exotherm which corresponds to stereocomplex 

crystallisation. Its broad shape and low enthalpy (4 J/g) dictate that the large 

percentage of the crystalline domain has already been formed via precipitation and 

annealing processes. The melting of the SC follows at 181 °C. After the cooling run, 

the 2nd heating run displays a well-defined Tg at 40.6 °C, followed by a sharp cold-

crystallisation peak at 107.6 °C (29 J/g). This high value of enthalpy of crystallisation 

precedes a larger 2nd stereocomplex melting at 176.2 °C. No homochiral melting is 

observed in the 2nd run, therefore it is suggested the crystallisation rate of the 

stereocomplex is much higher. The existence of two different functionalities in a single 

crystal with a total ∼ 20 mol% of dual carbonate incorporation in the material 

highlights a biodegradable material with big potential and options for post-ROP 

modification chemistries and is a candidate for a wide variety of applications.  

Finally, the TGA/DTG thermograms of the [P(LLA-co-P8NC10.7%) + PDLA] and 

[P(LLA-co-P8NC10.7%) + P(DLA-co-P8NC10.7%)] blends when plotted in a comparison 

with the [PLLA+PDLA] stereocomplex as reference (Figure 5.19) show the faster 

thermal degradation of the materials in correlation with the increasing carbonate 

content. This observation is in agreement with reports from the literature which state 

the lower thermal stability of the aliphatic polycarbonates (amorphous polymers) as 

compared to the semi-crystalline polyesters.34, 59, 60 
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Figure 5. 19. TGA (A) and DTG (B) thermograms of [P(LLA-co-P8NC10.7%) + PDLA] and P(LLA-

co-P8NC10.7%) + P(DLA-co-P8NC10.7%)] blends compared to the neat [PLLA+PDLA] stereocomplex 

showcasing the comparison in the thermal degradation profile of these materials; (N2 atmosphere, 

heating rate of 10 °C min-1). 
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A multi-step degradation profile of the stereocomplexes can be observed from the 1st 

derivative graphs (DTG) (Figure 5.19B). The neat [PLLA+PDLA] SC is the most 

thermally stable, preserving most of its mass up to > 350 °C, although a slow 

degradation begins at ca. 270 °C. As more carbonate starts being incorporated into the 

material, more complex graphs can be observed with the carbonate moieties being 

more thermally labile. In the case of the [P(LLA-co-P8NC10.7%) + PDLA] SC, a 

thermal transition around 300 °C is evident where approximately 20% of the material’s 

mass is lost, with the remaining material being stable until ca. 350 °C. For the P(LLA-

co-P8NC10.7%) + P(DLA-co-P8NC10.7%)] blend, the big bulk of the material starts being 

thermally compromised around 230 °C with most of its mass being completely 

deteriorated around 325 °C. For the two carbonate-containing materials, a small mass 

loss around 65 °C is possibly attributed to a small amount of trapped solvent (n-

hexane). 

 

5.2.2 Post-ROP modification of statistical alkene-functional poly(ester-

carbonate)s via radical photo-initiated addition of a thiol. 

The functionalisation of aliphatic polycarbonates via a thiol-ene reaction has been 

reported previously using a range of thiols and azobis-isobutyronitrile (AIBN) as a 

radical source.34, 35 This method requires the application of heat and air-free conditions 

in order to produce and maintain the necessary radicals and is reported to require long 

reaction times (∼24 h) to achieve full conversion. In an effort to refine the reaction 

further for use with P(LA-co-A8NC) type copolymers, the employment of a photo 

initiator to replace AIBN was explored. To produce the radicals required for the thiol-

ene reaction a UV source would only be required, the reaction can therefore take place 

at room temperature and is air-stable. The photo initiator 2-benzyl-2-(dimethylamino)-

4'-morpholinobutyrophenone (Irgacure® 369, Scheme 5.1) was chosen due to its 

commercial availability and broad absorption range. Furthermore, it has been 

successfully applied to the functionalisation of similar type polymers.41 
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Scheme 5. 1 Structure and UV light activation of the Irgacure® 369 photo initiator used for the thiol-

ene reactions in this work. 

 

The thiol-ene functionalisations of P(LA-co-A8NC) statistical copolymers initiated by 

benzyl alcohol were undertaken by the polymer’s dissolution in 1,4-dioxane and the 

addition of two to ten equivalents of a monofunctional thiol followed by the addition 

of 5-20 mol% Irgacure® 369 with respect to the polymer’s alkene groups (determined 

by high-field 1H NMR spectroscopy).  

 

 

Scheme 5. 2 Photo-initiated radical thiol-ene addition to the P(LA-co-A8NC) copolymers. 

 

After 1 h exposure to UV light from a lightbox ( = 365 nm) the polymers were 

precipitated twice into hexanes (Table 5.3). The conversion of the allyl groups was 

confirmed by 1H NMR spectroscopy by the disappearance of the vinyl protons signals 

at  = 5.27 – 5.30 ppm and the allyl signal at  = 5.88 – 5.94 ppm and the appearance 
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of the corresponding signals of each thiol (Figure 5.20, functionalisation with 1-

dodecanethiol example spectrum, entry 9 of Table 5.3).   

 

Table 5. 3. Photoinitiated radical thiol-ene post-polymerisation modification of P(LA-co-A8NC) 

copolymers. 

Copolymer Thiol (Equiv.)a 
Conv. 

(%)b Mn (kDa) (ĐM)c 

(1) P(DLA-co-A8NC14.1%) 2-Mercaptoethanol (5) > 99 13.2 (1.09) 

(2) P(DLA-co-A8NC14.1%) 3-Mercaptopropionic acid (5) > 99 14.1 (1.1) 

(3) P(DLA-co-A8NC20.2%) 1-Hexanethiol (10) > 99 13.0 (1.18) 

(4) P(DLA-co-A8NC20.2%) Benzyl mercaptan (10) > 99 9.2 (1.16) 

(5) P(DLA-co-A8NC25.1%) 1-Thioglycerol (10) > 99 10.9 (1.12) 

(6) P(LLA-co-A8NC9.4%) 1-Dodecanethiol (5) > 99 13.7 (1.14) 

(7) P(LLA-co-A8NC14.1%) 1-Dodecanethiol (10) > 99 11.6 (1.12) 

(8) P(DLA-co-A8NC20.2%) 1-Dodecanethiol (10) > 99 12.0 (1.19) 

(9) P(DLA-co-A8NC25.1%) 1-Dodecanethiol (10) > 99 13.0 (1.21) 

All reactions done in 1,4-dioxane (50 mg ml-1), 5-20 mol% of Irgacure® 369 photo initiator, 25 °C, 

reaction time 1 h, stirred; aMolar equivalents in respect to the allyl groups; bDetermined by 1H NMR 

spectroscopy after purification of the polymers; aMolar mass and dispersity of resulting functionalised 

copolymer, determined by SEC (RI detector) in CHCl3, calibrated against PS standards. 
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Figure 5. 20. Stacked 1H NMR spectra of a A) P(LLA-co-A8NC25.1%) after photo-initiated radical 

addition of 1-dodecanethiol; B) the parent P(LLA-co-A8NC25.1%) copolymer; (400MHz, CDCl3); 

(*CHCl3, **ester-carbonate sequence PLA protons (methine & methyl region)). 

 

SEC was also used to quantify the shift in molar mass of the thiol-modified polymers 

and the retainment of the well-defined molecular characteristics of the materials (Table 

5.3, Figure 5.21). The dispersity values of all copolymers were kept ≤ 1.21, therefore 

no significant side-reactions took place during the click reactions. A small high molar 

mass shoulder was observed in some functionalised polymers possibly as a result of 

the electron-withdrawing groups on these thiols reducing the reactivity of the radical, 

thus making the radical addition less efficient and allowing a certain degree of cross-

linking between the terminal alkene groups on the polymer backbone to become 

competitive, leading to the formation of a smaller (high molar mass) second 

population. In order to overcome the problem of unwanted crosslinking, the 

equivalents of thiol to pendent alkene groups on the polymer backbone was increased, 

the exposure time to UV was varied and the polymer’s and the photo-initiator’s 

concentration was reduced. Du Prez and co-workers have previously reported that 

increasing the concentration of thiol relative to alkene groups can reduce the number 

of side-reactions which occur in radical thiol-ene additions,61 and indeed increasing 

the thiol concentration was found to greatly improve the efficiency of 

functionalisation. Using a minimum of 5 equivalents of thiol, functionalised polymers 

with narrow dispersities were successfully produced (Table 5.3). 

c                 

a                 

d                 

a                 
e                 f                 

g                 h                 

i

c                 

d                 

e                 f                 

g                 

h                                                   

*                                 

i
B) **

**



253 

 

Figure 5. 21. SEC traces of a A) P(LLA-co-A8NC14.1%) copolymer before and after its 

functionalisation with 1-dodecanethiol; B)  P(LLA-co-A8NC14.1%) copolymer before and after its 

functionalisation with 2-mercaptoethanol (in CHCl3, calibrated against PS standards). 
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FTIR spectroscopy also indicated the disappearance of the alkene C=C stretch 

absorption at 1650 cm-1 thus confirming the successful addition, while all remaining 

peaks remained unaltered, indicating no degradation during the functionalisation 

occurred (Figure 5.22).  

 

Figure 5. 22. Stacked FTIR spectra of A) a parent P(LLA-co-A8NC9.4%) copolymer with the double 

bond alkene absorption annotated; B) a P(LLA-co-A8NC9.4%) after photo-initiated radical addition of 

1-dodecanethiol, showing the absence of the alkene signal and the appearance of the thiol stretch. 
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In order to further demonstrate the versatility of this system, P(LA-co-A8NC)  

copolymers of varying carbonate incorporation (therefore varying allyl-group 

concentration) were functionalised with a range of thiol-containing molecules 

including some with functional groups that are not compatible with the ring-opening 

polymerisation process such as alcohol and carboxylic acid groups (Table 5.3). In all 

cases, 1H NMR spectroscopic analysis of the modified polymers demonstrated that 

addition of the thiol to the allyl groups was occurring to >99%, evidenced by the 

disappearance of the vinyl resonances at  = 5.27 – 5.30 ppm and the allyl signal at  

= 5.88 – 5.94 ppm and with data consistent with those expected for the modified side-

chain groups (1H NMR spectra of the thiol-modified copolymers shown at Appendix 

A.12). In addition, in all cases, analysis by SEC revealed shifts to lower retention times 

while maintaining narrow, unimodal distributions with polydispersity indices similar 

to that of the unmodified parent materials. 

 

5.2.3 Thermal analysis of thiol-functional poly(ester-carbonate)s 

Analysis of the thiol-functional polymers by differential scanning calorimetry (DSC) 

and thermogravimetric analysis (TGA) was undertaken to investigate the effect of 

chemical structure on the thermal properties and degradation of these materials (Table 

5.4). The glass transitions of all copolymers were in good accordance with the values 

of their non-functionalised precursors and within the range of ∼30 – 53 °C. A similar 

conclusion can be expressed for the melting transitions. Thiol-functionalised 

poly(ester-carbonate)s with an allyl-bearing carbonate segment of up to ∼25 mol% 

retained their semi-crystalline behaviour and their Tms were recorded within a 10% 

decrease of their precursors’ starting values. A notable exception was the 1-

thioglycerol functional copolymer which was completely amorphous (Tg = 30.4 °C). 

A possible reason for this result, could be the stereochemical nature of the pendent 

functionality which could interfere with the crystal packing of the sidechain combined 

with the presence of two alcohol groups. In sharp contrast, longer alkyl-chain 

modifications (i.e. 1-dodecanethiol) which possess a more ordered, regular, flexible 

and highly symmetrical structure enhance the crystallisation rate of the material.62 
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Table 5. 4. DSC analysis of thiol-functionalised P(LA-co-A8NC) copolymers. 

Copolymer Thiol 
Tg 

(°C)a 

Tm1 

(°C)b 

Hm1 

(J/g)c 

Tm2 

(°C)d 

Hm2 

(J/g)e 

(1) P(DLA-co-A8NC14.1%) 
2-Mercaptoethanol 

34.21 118.7 24.38 - - 

(2) P(DLA-co-A8NC14.1%) 

3-

Mercaptopropionic 

acid 
36.94 120.04 22.4 - - 

(3) P(DLA-co-A8NC20.2%) 
1-Hexanethiol 

21.1 89.7 14.49 - - 

(4) P(DLA-co-A8NC20.2%) 
Benzyl mercaptan 

52.8 104.25 11.62 - - 

(5) P(DLA-co-A8NC25.1%) 
1-Thioglycerol 

30.41 - - - - 

(6) P(LLA-co-A8NC9.4%) 
1-Dodecanethiol 

29.24 129.13 25.97 132.01 9.36 

(7) P(LLA-co-A8NC14.1%) 
1-Dodecanethiol 

27.86 128.4 23.55 132.09 5.8 

(8) P(DLA-co-A8NC20.2%) 
1-Dodecanethiol 

41.24 95.92 16.62 - - 

(9) P(DLA-co-A8NC25.1%) 
1-Dodecanethiol 

31.27 86.42 9.68 - - 

DSC analysis conditions: 5 mg samples, N2 atmosphere, 10 °C/min heating and cooling rates; aTg at 

the 2nd heating scan; bMelting temperature measured by DSC analysis in the first heating run; cSamples 

obtained by solution crystallisation; dMelting temperature measured by DSC analysis in the second 

heating run; eResults obtained from samples in the melt; 

 

1-Dodecanethiol-functional copolymers with a ∼ 10-15 mol% thiol-modified side-

chain concentration also exhibited crystalline behaviour in the 2nd heating scan. This 

could be an indication, that all these polymers could ideally retain their crystallinity, 

but probably the DSC conditions needed further optimisation applying slower cooling 

and even more slower heating rates in order for the rest of the functionalities to 

withstand the DSC test and (the polymers would sufficiently recrystallise). TGA/DTG 

analysis showed a faster thermal degradation profile for the functionalised material, 

with half of its mass degraded at 260 °C with a more unimodal degradation profile, 

while for the non-functionalised polymer the same mass loss was recorded at 325 °C 

(Figure 5.23, Appendix A.13). 
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Figure 5. 23. TGA thermogram of a 1-dodecanethiol functionalised P(LLA-co-A8NC10.4%) copolymer 

vs a non-functionalised copolymer (N2 atmosphere, heating rate of 10 °C min-1). 

 

5.2.4 Stereocomplexation of thiol-functional poly(ester-carbonate)s 

The successful photo-initiated thiol addition to the statistical alkene functional P(LA-

co-A8NC) copolymers revealed functionalised materials with semi-crystalline phases. 

As such, the possibility of stereocomplexation of these materials was investigated as 

well. Equimolar blends of purified thiolated copolymers with PLA of opposite chirality 

(Table 5.5 entries I-IV),  with copolymers of identical composition and functionality 

and opposite lactide chirality (Table 5.5 entries V-VI) and with a copolymer bearing a 

different thiol (Table 5.5 entry VII) were prepared. After precipitation of the blended 

solutions in hexanes and annealing above the homochiral Tm, DSC analysis was 

conducted and revealed the formed stereocomplexes in all screened experiments. The 

recorded Tgs had values in between the values of the parent polymers, as expected in 

all stereocomplexes.  
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Table 5. 5. Stereocomplexation of thiol-functionalised P(LA-co-A8NC) type copolymers (copolymer 

numbering from Table 5.3). 

Entry 
Copolymer 

used 

Tg2
a 

(°C) 

Tm1
b 

(°C) 

Hm1
c 

(J/g) 

Tm2
d 

(°C) 

Hm2
e
 

(J/g) 
Tc

f (°C) 

I (6) 46.58 185.53 33.76 188.2 31.34 90.83 

II (7) 46.58 179.6 16.88 182.6 22.2 96.48 

III (8) 39.17 172.36 29.49 174.7 7.88 130.59 

IV (9) 46.22 166.74 32.28 176.1 1.44 - 

V (6) 33.82 191.13 5.56 185.4 35.04 98.11 

VI (7) 8.88 170.59 26.9 178.8 28.39 60.51 

VII (2) 21.05 177.13 37.1 181.96 34.88 71.82 

Entries I-IV: Equimolar blends with PLA of opposite chirality to the functionalised copolymer; Entries 

V-VI: Equimolar blends with thiol-functionalised copolymers of opposite lactide chirality; Entry VII: 

Equimolar blend with Polymer (6); DSC analysis conditions: 5 mg samples, N2 atmosphere, 10 °C min-

1 heating and cooling rates; aTg at the 2nd heating scan; bMelting temperature measured by DSC analysis 

in the first heating run; cSamples obtained by solution crystallisation; dMelting temperature measured 

by DSC analysis in the second heating run; eResults obtained from samples in the melt. 

 

All melting temperatures were in the range of ∼165 – 190 °C depending on the % of 

carbonate incorporation and the nature of the thiol attached. The corresponding fusion 

enthalpies carried the same trend with the highest PLA content materials to display the 

highest crystallinities. After their melt, all of the tested stereocomplexes were able to 

recrystallise during their 2nd heating runs and melt for a second time (during the 2nd 

heating run) at a higher temperature than the 1st time (with a higher Hm). This result 

showed that the polymers had not achieved their optimum crystalline configuration out 

of precipitation and annealing, and possibly by using optimised DSC conditions 

(slower cooling and heating runs), even the 1st run thermal results could have been 

improved. A stacked representation of the DSC thermograms of a pure PLLA/PDLA 

crystal against the presence of ca. 10% of carbonate moiety and a functionalised 10% 

carbonate moiety (Figure 5.24) as well as the thermogram of  a blend between two 

thiol-functional copolymers of similar carbonate loading (Appendix A.14) highlight 
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the thermal transitions in all cases and shows the resilience of the thiol-modified 

materials compared to their parent materials and neat polyesters. 

 

 

Figure 5. 24. Stacked DSC thermograms of equimolar stereocomplexes  (2nd heating runs, N2 

atmosphere, heating/cooling rates of 10 °C min-1).The thermograms display the glass transition (A), 

crystallisation peak of the stereocomplexes, (B) and the melting temperature of the resulting SCs (C). 

 

TGA/DTG analysis (Figure 5.25, Appendix A.15) of equimolar stereocomplexes of 

various composition showed the detrimental effect the thiol-functionalised carbonate 

moieties have over the thermal stability of the materials in accordance to what has 

previously been described throughout this work. The blend of two thiol-functionalised 

copolymers with a total of ca. 20% of carbonate content demonstrate the fastest 

degradation with two main steps at ~ 270 °C and 350 °C belonging to the carbonate 

and ester segments respectively. The SC with just 10% of thiol-functional carbonate 

surprisingly shows initially the highest resilience to temperature (up to ca. 20% of its 

mass) and displays a single degradation step with the highest mass loss rate at ~ 350 

°C., while the two non-functionalised stereocomplexes retain their big bulk of their 
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mass better, showing both a two-step degradation procedure with a small initial mass 

loss at ~ 250 °C – 300 °C and a main mass loss region at the vicinity of ~ 375 °C. 

 

 

Figure 5. 25. Comparative TGA thermograms of equimolar stereocomplexes; (N2 atmosphere, heating 

rate of 10 °C min-1); (DTG graphs can be found at Appendix A.15). 
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5.3 Conclusions 

Concluding, the successful stereocomplexation of alkene- and alkyne-functional 

statistical poly(ester-carbonate)s was achieved. Stereocomplexation was evident for 

up to ∼25 mol% of carbonate content for the alkene-functional blends and up to ∼20 

mol% for the alkyne-functional blends. The resiliency of the stereocomplexes and their 

enhanced crystallisation rate over the homochiral PLA chains was demonstrated via 

the preparation of asymmetrical molar blends of functional poly(ester-carbonate)s of 

opposite chirality and with PLA of opposite optical configuration. Furthermore, the 

successful preparation of a stereocomplex of different functionalities was synthesised 

(alkene and alkyne in the same crystal). 

Post-polymerisation modification of alkene-functional copolymers via the means of 

photo-initiated radical thiol-ene reactions was shown as well. The optimised reaction 

conditions were mild, and the max molar equivalents of thiols required in order to 

suppress any side-reactions such as polymer-crosslinking were 10. A wide palette of 

thiols was successfully attached to different carbonate content copolymers and were 

extensively characterised by 1H/13C NMR spectroscopy, FTIR spectroscopy and SEC. 

The retainment of the well-defined molecular character of the materials was proven by 

the corresponding increase in molar mass and the preservation of the low dispersity ≤ 

1.21. The vast majority of these functionalised copolymers retained their semi-

crystalline nature showing melting events during DSC analysis.  

Finally, it was demonstrated that post-polymerisation functionalisation of the alkene-

functional polymers did not disrupt the stereocomplex formation. Thermal analysis of 

the polymers revealed a melting peak in all cases and successful stereocomplexation 

was observed in copolymer/PDLA and copolymer/copolymer blends by differential 

scanning calorimetry of samples prepared by precipitation for copolymers with up to 

∼25 mol% of thiol content. This result shows the translation of the thermal properties 

of these materials in the post-ROP modified stage.  
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6. Conclusions & Outlook 
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6.1 Conclusions 

The main purpose of the research carried out for this thesis was the synthesis of 

functional polyester-based polymers focused on poly(lactic acid) (PLA). 

Subsequently, it would be desirable these materials to have a tuneable composition 

which could be pre-designed and realised via the use of proper monomers and catalysts 

during the polymerisation process. Organocatalysis was a key component of the 

project in order to be able to retrieve catalyst-free polymers as well as using 

commercially available or readily made, stable catalysts. The yielded polylactide-

based polymers should display high levels of isotacticity (optical activity) as a result 

of the retention of the monomer enantiopurity during the ROP process, as this would 

translate to high levels of crystallinity in the materials. Most importantly, the 

stereoregularity would open the way for the stereocomplexation of these polymers, 

yielding structures of enhanced molecular order and thermomechanical properties.  

In Chapter 2, this challenge was firstly approached by the organocatalytic ROP of 

activated analogues of -hydroxy acids, specifically lactic acid and malic acid. The 

corresponding O-carboxyanhydrides were synthesised per literature procedures and 

polymerised in an organocatalytic fashion with the target of preparing semi-crystalline 

polymers ready to be stereocomplexed. In this way, the functionality of P(L-BMA) 

polymers (a benzyl ester or a carboxylic acid after the deprotection step) could be 

blended into a PLA crystal derived from the P(L-lacOCA) segment. The ROP reactions 

proceeded in a fairly controlled manner although a second polymer population 

(shoulder) could be detected via SEC in the case of higher molar mass polymers. 

Nevertheless, the realised polymers possessed high levels of isotactic enrichment as 

evidenced by 1H/13C NMR spectroscopy, meaning no significant racemisation of the 

monomers was occurring during the polymerisations. The realised PLAs were of high 

crystalline content as demonstrated by DSC analysis. Unfortunately, the P(L-BMA) 

polymers were generally amorphous, probably as a consequence of the pendant 

aromatic ester functionality.  

In Chapter 3, enantiopure lactide was used as a comonomer in copolymerisation 

reactions with other families of cyclic monomers. The goal was to yield statistical-like 
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(not alternating) copolymers which would contain the desired incorporation of the two 

monomeric units and satisfying all the pre-mentioned objectives as well. A key 

challenge to overcome was the inherent reactivity of lactide towards its 

homopolymerisation versus cross-polymerisation. The two families of monomers 

which were used were 5-membered cyclic phosphates and 6-membered cyclic 

carbonates. For the phosphate an isopropyl functionality was selected, while an allyl 

functionality was selected for the carbonates. By screening a wide variety of 

organocatalysts which have been reported in the literature, the most successful 

outcome was observed with the 6-membered carbonate, MAC as a comonomer to 

lactide. A bifunctional organocatalytic system which consisted of an acid and a base, 

DPP and DMAP was the most fitting to the objective. Both of these compounds have 

been used extensively as catalysts for the ROP of cyclic monomers. Functional 

copolymers of statistical microstructure with up to ∼ 23 mol% of polycarbonate were 

realised, showing crystallinity as well. A direct drawback was the high initial carbonate 

feed in order to reach this level of final incorporation, which translated to significant 

loss of monomer due to its lower conversion compared to lactide’s almost quantitative 

conversion levels. 

In Chapter 4, while keeping DPP and DMAP as the optimum organocatalytic system, 

the comonomer substrate was altered. A fairly new class of monomers, the 8-

membered cyclic carbonates derived from diethanolamine were used.1, 2 The allyl and 

propargyl functionalities were chosen, largely as a consequence of the wide palette of 

post-ROP chemistries available with these handles, and due to their inertness during 

the ROP process. The ROCOP with lactide revealed similar polymerisation rate which 

essentially yielded well-defined random copolymers of extremely narrow dispersity 

with the pre-selected composition. Full NMR spectroscopy characterisation as well as 

SEC & MALDI-ToF MS analyses were employed to back this statement. Thermal 

analysis of these materials revealed impressive crystalline behaviour up to ∼ 25 mol% 

of carbonate content. Thus, the main objective of this work was largely achieved in 

this chapter.  
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In Chapter 5, a comprehensive stereocomplexation study was done in order to fully 

realise and record the potential of these copolymers as components of highly-ordered 

crystals. The resilience of the stereocomplexed crystalline domains vs the 

homocrystallites was demonstrated by recording DSC thermograms with melting 

endotherms belonging to the stereocomplexes being predominantly present even at 

extremely asymmetrical blends. This result was confirmed with blends of both 

enantiomerically opposite copolymers (consisting of either l- or d- lactide components) 

and blends of enantiomerically pure copolymers with PLA of opposite chirality. Both 

the alkene and alkyne functional copolymers presented similar thermal behaviour. As 

a next step, the post-ROP photo-initiated thiol-ene reaction of the allyl-functional 

copolymers was undertaken. A wide variety of thiols was successfully installed 

without altering the composition of the copolymers or causing any degradation side 

reactions.3 These thiolated materials were isolated and subjected to 

stereocomplexation studies with absolute success. These results demonstrated the 

suitability of these structures for blending which essentially yielded materials of many 

possible compositional combinations. 

As such, the majority of the planned objectives were successfully realised. The 

development and potential of the work detailed in this thesis provides a platform for 

further research in a wide range of areas, a selection of which are suggested herein.  

 

 

6.2 Outlook 

The tuneable compositional character and thermal properties of the realised 

copolymers of Chapter 4 in combination with their stereocomplexation possibilities as 

demonstrated in Chapter 5 constitute them as powerful candidates for further research 

endeavours.  

PLA-based polymers and aliphatic polycarbonates are both readily biodegradable 

materials.4, 5 The degradation rate of this new class of random poly(ester-carbonate)s 
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with alkene and alkyne functionalities needs to be evaluated. Of important interest 

could be what role the actual composition (ester to carbonate ratio) plays in the 

degradation profile of these materials. Also, combinations of stereocomplexed crystals 

or post-ROP functionalised polymers could be also evaluated and studied concerning 

their degradation behaviour and the optimal conditions under which this behaviour can 

be tuned.  

The post-ROP functionalisation study of the terminal alkyne-functional P(LA-co-

P8NC) copolymers or P(P8NC) homopolymers, unfortunately could not be undertaken 

within the timeline of this research. The alkyne functional group is utilised in many 

organic reactions as a consequence of its versatile reactivity. Alkynes have been 

widely studied in a range of coupling reactions (Sonogashira, Glaser and Eglinton),6-8 

cycloaddition reactions (Diels–Alder with 1,3-dienes, Huisgen-1,3-dipolar)9 and in 

reactions such as hydrogenation, hydroboration, halogenation and the radical 

thiylation (or thiol-yne) in which two equivalents of the corresponding reagent can be 

added to one alkyne group as a result of its double unsaturation.10 In particular the 

copper-catalyzed derivative Huisgen-1,3-dipolar cycloaddition of alkynes and azides 

(CuAAC) has been extensively applied in materials chemistry as a fast and quantitative 

‘click’ method of functionalization.11-13 

The facile synthesis of materials bearing dual functionality should also be further 

investigated. This could be achieved either by the simultaneous copolymerisation of 

lactide with a mixture of alkyne/alkyne-functional 8NCs or with the blending of 

readily isolated copolymers in order to yield stereocomplexed materials possessing 

both functionalities. Such an approach could be used to generate post-ROP modified 

materials simultaneously bearing multiple functional groups incompatible with ROP. 

Initiating the polymerisations with a suitable hydrophilic mono- or bi-functional PEG 

initiator could yield amphiphilic copolymers of different topologies (diblocks, 

triblocks, telechelics) which would provide an ideal platform to explore hydrogel 

formulations or nano-particle based drug delivery vehicles. 
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7.1 Materials 

All chemicals and solvents, unless otherwise stated, were ordered from Sigma-Aldrich, 

Fisher Scientific and Alfa Aesar and used without further purification. Silica gel (pore 

size = 40 Å) was obtained from Fischer Scientific and used as received. Dry toluene, 

tetrahydrofuran, chloroform, pentane, diethyl ether and methylene chloride were 

obtained by purification over an Innovative Technology SPS alumina column and 

degassed by repeated freeze-pump-thawing prior to use. 3-Mercaptopropionic acid 

was ordered from Alfa Aesar and used as received. 1,8-Diazabicyclo[5.4.0]undec-7-

ene (DBU), benzyl alcohol, 1,3-propanediol were dried over CaH2, distilled, and stored 

under an inert atmosphere of N2. CDCl3, C6D6, and poly(ethylene glycol) (PEG) 

(number-average molecular weight (Mn) = 3,500 g mol-1) were dried over 3 Å 

molecular sieves in dry methylene chloride and stored under an inert atmosphere of N2 

following the removal of sieves by cannula filtration and the removal of solvent under 

reduced pressure. 1-(3,5-Bis(trifluoromethyl)phenyl)-3-cyclohexylthiourea (TU)1 was 

synthesised as previously reported and dried over CaH2 in dry tetrahydrofuran. TU 

was isolated by removal of the drying agent via cannula filtration, followed by removal 

of the solvent under reduced pressure, and stored under an inert atmosphere of N2. 4-

(Dimethylamino)pyridine (DMAP) and diphenyl phosphate (DPP) were both 

recrystallized from dry CH2Cl2/n-hexane and dried thoroughly under high vacuum 

before storage in a glovebox. DMAP was also sublimed twice under high vacuum 

before insertion into the glovebox. L- and D- lactide (Corbion/Purac) were 

recrystallised from dry toluene (60 °C)  three times, followed by sublimation (two 

times) under high vacuum (60 °C, 0.01 mbar) before insertion and storage into a N2-

filled glovebox. Benzyl bromide and acetone were dried and stored over 3 Å molecular 

sieves. Acidic Amberlyst A15 was washed repeatedly with methanol and air-dried 

prior to use. Irgacure 369 photo initiator was obtained from BASF and stored in a light-

free environment prior to use. Lithium L-lactate (97%, Alfa Aesar) and L-lactic acid 

(anhydrous, 98%, Alfa Aesar) were dried over P2O5 in a desiccator for 5 days in vacuo 

and then stored in a nitrogen atmosphere glovebox prior to use. The PLLA and PDLA 

used for stereocomplexation studies in Chapter 5 were prepared by the ROP of the 
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respective enantiomer of lactide catalysed by DBU2 (CHCl3 SEC, RI, PS standards: 

Mn = 20.0 kDa, ĐM = 1.06). 

 

7.2 General Considerations 

All polymerisations were performed under an inert nitrogen atmosphere in a glovebox 

unless otherwise stated. All other chemical manipulations were performed using 

standard Schlenk-line techniques. 

 

7.2.1 NMR spectroscopy 

NMR spectra were recorded on a Bruker Avance III 400 MHz, Avance III HD 400 

MHz or Avance III HD 500 MHz spectrometer at 293 K unless stated otherwise. 

Chemical shifts are reported as δ in parts per million (ppm) and referenced to the 

residual solvent signal (CDCl3: 
1H, δ = 7.26 ppm, 13C, δ = 77.36 ppm, (CD3)2SO: 1H, 

δ = 2.50 ppm, 13C, δ = 39.52 ppm, (CD3)2CO: 1H, δ = 2.05 ppm, 13C, δ = 29.84 ppm 

(CD3), 206.26 ppm (CO). 

 

7.2.2 Mass spectrometry 

High resolution mass spectrometry was performed on a Bruker UHR-Q-ToF MaXis 

spectrometer with electrospray ionisation. MALDI-ToF (matrix-assisted laser 

desorption ionisation-time of flight) mass spectrometry analysis was performed on a 

Bruker Daltonics Ultraflex II mass spectrometer using a nitrogen laser delivering 2 ns 

pulses at 337 nm with positive ion ToF detection performed using an accelerating 

voltage of 25 kV. Trans-2-[3-(4-tertbutylphenyl)-2-methyl-2-propylidene]malonitrile 

(DCTB) was used as a matrix (0.6 μL of a 10 g L-1 solution in tetrahydrofuran), with 

sodium trifluoroacetate used as a cationisation agent (0.6 μL of a 10 g L-1 solution in 

tetrahydrofuran). Analyte (0.3 μL of a 5 g L-1 solution in tetrahydrofuran) was applied 

in between separate loadings of DCTB and sodium trifluoroacetate, with solvent being 
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allowed to evaporate between applications, to form a thin matrix-analyte-matrix film. 

All samples were measured in reflectron mode and calibrated against a 2000-5000 g 

mol-1 poly(ethylene glycol) standard. MALDI-ToF mass spectra of higher molar mass 

samples were recorded using a Waters QToF Premier mass spectrometer equipped 

with a Nd:YAG (third harmonic) operating at 355 nm with a maximum output of 65 

µJ delivered to the sample in 2.2 ns pulses at 50 Hz repeating rate. Time-of-flight mass 

analyses were performed in the reflectron mode at a resolution of about 10,000. All 

the samples were analysed using trans-2-[3-(4-tert-butylphenyl)-2-methylprop-2-

enylidene]malononitrile (DCTB) as matrix. That matrix was prepared as 40 mg.mL-

1 solution in CHCl3. The matrix solution (1 μL) was applied to a stainless-steel target 

and air-dried. Polymer samples were dissolved in THF to obtain 1 mg.mL-1 solutions 

and 50 µL of 2 mg.mL-1 NaI solution in acetonitrile has been added to the polymer 

solution. Therefore, 1 μL of this solution was applied onto the target area already 

bearing the matrix crystals, and air-dried. For the recording of the single-stage MS 

spectra, the quadrupole (rf-only mode) was set to pass all the ions of the distribution, 

and they were transmitted into the pusher region of the time-of-flight analyser where 

they were mass analysed with 1s integration time. 

 

7.2.3 Size exclusion chromatography 

Size exclusion chromatography (SEC) was conducted on systems composed of a 

Varian 390-LC-Multi detector suite fitted with differential refractive index (RI), light 

scattering, and ultraviolet detectors, equipped with a guard column (Varian Polymer 

Laboratories PLGel 5 μM, 50 × 7.5 mm) and two mixed D columns (Varian Polymer 

Laboratories PLGel 5 μM, 300 × 7.5 mm). The mobile phase was either CHCl3 (HPLC 

grade) with 0.5% triethylamine, or tetrahydrofurane (THF) (HPLC grade with 0.5% 

w/w Et3N), with a flow rate of 1.0 mL min-1. SEC samples were calibrated against 

either Varian Polymer Laboratories Easi-Vials linear poly(styrene) standards (162 – 

2.4 × 105 g mol-1) (CHCl3 SEC), or linear poly(methylmethacrylate) standards (556 – 

1.8 × 106 g mol-1) (THF SEC) using Cirrus v3.3 software. 
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7.2.4 FT-IR spectroscopy 

IR spectra were obtained using a Perkin-Elmer Spectrum 100 FT-IR spectrometer. 

Observed spectra were an accumulation of 16 scans with a background scan 

subtracted. 

 

7.2.5 UV light source for post-polymerisation modifications 

Photoinitiated post-polymerisation functionalisations were carried out in a Metalight 

QX1 light box equipped with 12 × 9 W bulbs with a peak output at λ = 365 nm. 

Samples were typically placed 10 cm away from the source with the bulbs arranged 

concentrically around them. 

 

7.2.6 Thermal analysis 

Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) were 

performed using Mettler Toledo DSC1 Star and TGA/DSC Star systems. DSC heating 

and cooling cycles were run in duplicate in series between -50 and 220 °C under a 

nitrogen atmosphere at a heating rate of +/- 10 °C min-1 in a 40 μL aluminium crucible. 

TGA was conducted between 25 and 500 °C at a heating rate of 10 °C min-1 in a 40 

μL aluminium crucible. 

 

 

7.3 Experimental protocols of Chapter 2 

7.3.1 Synthesis of (S)-5-methyl-1,3-dioxolane-2,4-dione, (L-lacOCA) 

A solution of triphosgene (80 mmol, 23.70 g) in 50 mL of anhydrous 

THF was added dropwise (20 min) at 0 °C over a stirred suspension of 

L-lactic acid lithium salt (100 mmol, 10.0 g) and 100 mg of activated 

charcoal in 100 mL of anhydrous THF under dry atmosphere. The homogeneous 
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reaction mixture was stirred at room temperature for 8 h. Charcoal was filtered off and 

THF was removed under reduced pressure and trapped with liquid nitrogen. *** 

CAUTION: The latter solution was carefully neutralised at 0 °C with aqueous NH4OH 

solution (30% v/v) diluted in ethanol.*** Dry diethyl ether (3 × 150 mL) was added 

to the residue and the lithium salts were removed by filtration. Recrystallisation from 

dry diethyl ether followed by sublimation under high vacuum at room temperature 

afforded colourless crystals (2.18 g, yield 47%). Characterisation data was in 

accordance with that previously reported.3 

1H NMR (CDCl3, 400 MHz): δ 5.20 – 5.09 (CHCH3, q, J = 7.1 Hz, 1H), 1.99 – 1.60 

(CHCH3, d, J = 7.1 Hz, 3H).  

13C NMR (CDCl3, 100 MHz): δ 170.5 (CHCOO), 147.7 (OCOO), 85.0 (CHCH3), 

23.4 (CH3). 

CHN Analysis: Calculated for C4H4O4: C 41.39%, H 3.47% − Found: C 41.21%, H 

3.44%. 

HRMS (ESI, +ve): (m/z) Calculated for [MNa]+ adduct: 139.00 – Found: 139.05. 

FTIR-ATR: 1880 cm-1 (C=O anhydride, stretch, sharp), 1783 cm-1 (C=O anhydride, 

stretch, sharp). 

 

7.3.2 Synthesis of 2-[2,2-dimethyl-5-oxo-1,3-dioxolan-4-yl]acetic acid, 

(2) 

To a mixture of L-malic acid (20 g, 0.15 mol) and 2,2-

dimethoxypropane (74 mL, 0.60 mol) in a Schlenk tube under nitrogen 

was added p-toluenesulfonic acid monohydrate (0.29 g, 1.5 mmol) and 

the solution was stirred at room temperature for 3.5 h. H2O (100 mL) 

containing NaHCO3 (0.13 g, 1.5 mmol) was added to the solution and 

the aqueous layer was separated and extracted with CH2Cl2 (5 x 100 mL). The 

combined organic layers were dried with NaSO4, filtered and the solvent removed 

under reduced pressure. The resulting solid was recrystallised from Et2O to yield a 
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white solid (16.89 g, 97 mmol, yield 65%). Characterisation data was in accordance 

with that previously reported.4 

1H NMR (CDCl3, 400 MHz): δ 11.02 (1H, s, -COOH), 4.71 (1H, dd, 3JH-H = 6.53 Hz, 

3JH-H = 3.76 Hz, -CHCO-), 3.00 (1H, dd, 2JH-H = 17.32 Hz, 3JH-H = 3.76 Hz, -

CH2COOH), 2.86 (1H, dd, 2JH-H = 17.31 Hz, 3JH-H = 6.53 Hz, -CH2COOH), 1.62 (3H, 

s, -CH3), 1.57 (3H, s, -CH3). 

 
13C NMR (CDCl3, 100 MHz): δ 175.1 (-COOH), 171.9 (-COO-), 111.4 (- C(CH3)2), 

70.4 (-CHCOO-), 36.0 (-CH2COOH), 26.8 (-CH3), 25.8 (-CH3). 

 

7.3.3 Synthesis of 2-[2,2-dimethyl-5-oxo-1,3-dioxolan-4-yl]acetic acid 

benzyl ester, (3) 

To a solution of 2 (10 g, 61 mmol) in dry acetone under nitrogen 

was added dry Et3N (10.2 mL, 73 mmol) followed by benzyl 

bromide (8.9 mL, 75 mmol). The solution was refluxed for 60 h at 

50 °C before being cooled to room temperature. The solids were 

removed by filtration and washed with acetone before the volatile 

organic solvents were removed under reduced pressure. The 

resulting residue was dissolved in EtOAc (300 mL) and H2O (150 mL). The aqueous 

layer was further extracted with EtOAc (2 × 100 mL) before the combined organic 

layers were dried with MgSO4, filtered and reduced in vacuo. The resultant solid was 

recrystallized from Et2O to yield white crystals (12.14 g, 46 mmol, yield 80%). 

Characterisation data was in accordance with that previously reported.4 

1H NMR (CDCl3, 400 MHz): δ 7.36 (5H, m, -CHaromatic), 5.18 (2H, d, 3JH-H = 2.01 Hz, 

-CH2Ar), 4.74 (1H, dd, 3JH-H = 6.53 Hz, 3JH-H = 3.77 Hz, -CHCOO-), 2.98 (1H, dd, 2JH-

H = 16.94 Hz, 3JH-H = 3.77 Hz, -CH2COOCH2Ar), 2.84 (1H, dd, 2JH-H = 16.81 Hz, 3JH-H 

= 6.52 Hz, -CH2COOCH2Ar), 1.58 (3H, s, -CH3), 1.56 (3H, s, -CH3). 
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13C NMR (CDCl3, 100 MHz): δ 169.1 (-COO-), 135.3 (-Cipso aromatic), 128.6 (-CHmeta-

aromatic), 128.5 (-CHpara-aromatic), 128.4 (-CHortho-aromatic), 111.2 (-C(CH3)2), 70.7 

(CHCOO-), 67.0 (-CH2Ar), 36.3 (-CH2COOCH2Ar), 26.7 (- CH3), 25.9 (-CH3). 

 

7.3.4 Synthesis of 2-hydroxy-succinic acid 4-benzyl ester, (4) 

A solution of 3 (20.47 g, 77 mmol) was dissolved in 

AcOH/THF/H2O (1:1:1) (300 mL) and heated for 24 h at 40 °C. 

The solvent was removed under reduced pressure and the resulting 

colourless oil was freeze-dried to yield a white solid (16.02 g, 72 

mmol, yield 92%). Characterisation data was in accordance with 

that previously reported.4 

1H NMR (CDCl3, 400.0 MHz): δ 7.35 (5H, m, -CHaromatic), 5.18 (2H, d, 3JH-H = 2.01 

Hz, -CH2Ar), 4.58 (1H, dd, 3JH-H = 4.52 Hz, 3JH-H = 3.14 Hz, -CHCOO-), 2.99 (1H, dd, 

2JH-H = 16.94 Hz, 3JH-H = 4.52 Hz, -CH2COOCH2Ar), 2.90 (1H, dd, 2JH-H = 16.69 Hz, 

3JH-H = 6.27 Hz, -CH2COOCH2Ar). 

 
13C NMR (CDCl3, 100.0 MHz): δ 176.8 (COOH), 171.0 (COO), 135.1 (Cipso aromatic), 

128.7 (CHmeta-aromatic), 128.5 (CHpara-aromatic), 128.4 (CHortho-aromatic), 67.0 (CH2Ar), 67.0 

(CHCOO), 38.2 (CH2COOCH2Ar). 

CHN Analysis: Calculated for C11H12O5: C 58.93%, H 5.39% − Found: C 58.63%, H 

5.37%. 

HRMS (ESI, +ve): (m/z) Calculated for [MNa]+ adduct: 247.06 – Found: 247.10. 

FTIR-ATR: 3297 cm-1 (O-H carboxylic acid, stretch, broad), 2837 cm-1 (O-H, 

alcohol, stretch, broad), 1789 cm-1 (C=O, carboxylic acid, stretch, sharp). 

 

 

 



280 

7.3.5 Synthesis of 5-(S)-[(benzyloxycarbonyl)methyl]-1,3-dioxolane-2,4-

dione, (L-malOCA) 

To a suspension of α-hydroxy acid, 4 (4.78 g, 0.021 mol, 1 equiv.) and 

activated charcoal in dry THF (100 mL), a THF solution of triphosgene 

was added dropwise (10.0 g, 0.017 mol, 0.8 equiv.) under a nitrogen 

atmosphere at 0 °C. The resulting mixture was then treated with 

activated carbon and left to stir at room temperature for 18 h. The 

solution was then filtered off the activated carbon and concentrated in 

vacuo. *** CAUTION: The latter solution was carefully neutralized at 0 °C with 

aqueous NH4OH solution (30% v/v) diluted in ethanol.*** The resulting residue was 

washed with pentanes (2 × 100 mL) and recrystallized 3 times from dry Et2O/dry 

petroleum ether (b.p. 40-60 °C) to yield L-malOCA as a white solid. (3.62 g, 14.3 

mmol, yield 68%). Characterisation data was in accordance with that previously 

reported.4 

1H NMR (CDCl3, 400 MHz): δ 7.42-7.33 (5H, m, -CHaromatic), 5.14 (2H, s, CH2Ar), 

5.09 (1H, dd, 2JH-H = 5.57 Hz, 3JH-H = 4.11 Hz, -CHCH2COOCH2Ar), 3.13 (2H, dd, 2JH-

H = 5.57 Hz, 3JH-H = = 4.11 Hz, -CH2COOCH2Ar). 

 

13C NMR (CDCl3, 100 MHz): δ 167.8 (CH2COOCH2Ar); 166.7 (OCOOCOCH), 

145.4 (OCOOCOCH); 134.4 (Cipso aromatic); 128.9 (Cmeta aromatic); 128.8 (Cpara aromatic); 

128.7 (Cortho aromatic); 75.0 (OCOOCOCH-); 68.2 (CH2Ar); 34.4 (CHCH2COOCH2Ar). 

CHN Analysis: Calculated for C10H10O6: C 57.61%, H 4.03% − Found: C 57.72%, H 

3.99%. 

HRMS (ESI, +ve): (m/z) Calculated for [MNa]+ adduct: 273.04 – Found: 273.07. 

FTIR-ATR: 1890 cm-1 (C=O anhydride, stretch, sharp), 1802 cm-1 (C=O anhydride, 

stretch, sharp), 1713 cm-1 (C=O ester, stretch, sharp). 
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7.3.6 Synthesis of pyridine adduct with L-lactic acid 

A modified reported procedure was followed.5 To a solution of 

L-lactic acid (2.0 g, 22.0 mmol) in dry diethyl ether (10 mL), 

anhydrous pyridine (1.8 mL, 22.0 mmol) was added drop-wise at 0 °C and the resulting 

mixture was stirred for 3 h. The solution was left in the freezer overnight. The solvent 

was removed under high vacuum, the resulting residue was triturated with dry pentane, 

and dried in vacuo. (3.55 g, 21.0 mmol, 95%). 

1H NMR (CDCl3, 400 MHz): δ 8.75 (d, J = 4.7 Hz, 2H, CHortho aromatic), 8.27 (s, 1H, 

OH-N), 8.03 (dd, J = 10.8, 4.6 Hz, 1H, CHpara aromatic), 7.61 (dd, J = 7.6, 6.1 Hz, 2H, 

CHmeta aromatic), 4.34 (d, J = 7.0 Hz, 1H, CH3CH), 1.46 (d, J = 7.0 Hz, 3H, CH3CH). 

13C NMR (CDCl3, 100 MHz): δ 179.61 (COOH), 145.63 (-Cpara-aromatic), 140.49 (Cortho-

aromatic), 125.37 (Cmeta-aromatic), 66.74 (CHOH), 20.24 (CH3OH). 

CHN Analysis: Calculated for C8H11NO3: C 56.8%, H 6.55%, N 8.28% − Found: C 

56.5%, H 6.74%, N 8.12%. 

 

7.3.7 Synthesis of pyridine adduct with (4) 

A modified reported procedure was followed.5 To a solution 

of (4) (1.39 g, 6.2 mmol) in dry diethyl ether (10.0 mL), 

anhydrous pyridine (0.5 mL, 6.2 mmol) was added drop-

wise at 0 °C and the resulting mixture was stirred for 3 hours. The solution was left at 

-4 °C overnight. The solvent was removed under high vacuum, the resulting residue 

was triturated with dry pentane, and dried in vacuo. (1.71 g, 5.64 mmol, 91%). 

1H NMR (CDCl3, 400 MHz): δ 8.72 – 8.65 (Pyridine-CHortho-aromatic, m, 2H), 7.80 

(Pyridine-CHpara-aromatic, m, 1H), 7.59 – 7.50 (Pyridine-CHmeta-aromatic, m, 2H), 7.33 (O-

H-N, s, 3H), 7.41 – 7.24 (benzyl L-malate-CHaromatics, m, 5H), 5.15 (ArCH2OC=O, d, 

J = 2.5 Hz, 2H), 4.56 (CH2CHOH, dd, J = 6.7, 4.3 Hz, 1H), 2.97 (CH2CHOH, dd, J = 

16.5, 4.3 Hz, 1H), 2.86 (CH2CHOH, dd, J = 16.5, 6.7 Hz, 1H). 
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13C NMR (CDCl3, 100 MHz): δ 176.55 (COOH-N), 170.96 (COCH2-Ar), 145.84 

(Cpara-aromatic), 140.12 (Cortho-aromatic), 135.50 (Cipso-aromatic), 125.21 (Cmeta-aromatic), 67.28 

(CH2-Ar), 66.81 (CHOH), 38.81 (CH2C=O). 

CHN Analysis: Calculated for C16H17NO5: C 63.41%, H 5.72%, N 4.62% − Found: C 

63.81%, H 5.57%, N 4.39%. 

 

7.3.8. Synthesis of 4-methoxypyridine adduct with L-lactic acid 

A modified reported procedure was followed.5 To a solution 

of L-lactic acid (2.0 g, 22.0 mmol) in dry diethyl ether (10 

mL), anhydrous 4-methoxypyridine (2.4 mL, 22.0 mmol) 

was added drop-wise at 0 °C and the resulting mixture was stirred for 3 hours. The 

solution was left in the freezer overnight. The solvent was removed under high 

vacuum, the resulting residue was triturated with dry pentane, and dried in vacuo. (3.42 

g, 21.0 mmol, 91%). 

1H NMR (CDCl3, 400 MHz): δ 9.82 (O-H-N, s, 1H), 8.61 – 8.54 (Pyridine-CHortho-

aromatic, m, 2H), 7.07 – 7.01 (Pyridine-CHortho-aromatic, m, 2H), 4.24 (CH3CHOH, q, J = 

6.9 Hz, 1H), 3.95 (Pyridine OCH3, s, 3H), 1.41 (CH3CHOH d, J = 6.9 Hz, 3H). 

13C NMR (CDCl3, 100 MHz): δ 179.49 (CHC=OO-), 168.81 (Pyridine-CHipso-aromatic), 

146.35 (Pyridine-CHortho-aromatic), 111.15 (Pyridine-CHmeta-aromatic), 67.05 (CH3CHOH), 

56.21 (Pyridine OCH3), 20.61 (CH3CHOH). 

CHN Analysis: Calculated for C8H11NO3: C 54.26%, H 6.55%, N 7.03% − Found: C 

54.85%, H 6.74%, N 7.23%. 

 

7.3.9 General procedure for the ring-opening polymerization of L-

malOCA ([M]o/[I]o = 250, [L-malOCA]o = 2.0 M) 

L-malOCA (250 mg, 0.001 mol) was dissolved in 490 μL CDCl3. L-lactic acid pyridine 

adduct (67.0 mg, 0.4 mmol) was dissolved in 1000 μL of CDCl3. From that stock 
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solution, 10.0 μL were transferred to the vial containing the L-malOCA whereby the 

reaction was initiated. Using a Pasteur pipette, the solution was transferred into a 

Young’s tapped NMR tube and was sealed and taken out of the glovebox. 1H NMR 

spectroscopy was used to determine the conversion. The polymerization was quenched 

by adding acidic Amberlyst® A15. The polymer solution was then precipitated three 

times from ice-cold n-hexane, centrifuged, and dried under high vacuum. 1H/13C NMR 

spectroscopy and SEC analysis were performed to determine the final characteristics 

of the polymer. (Yield: 89%). 

1H NMR (CDCl3, 400 MHz): δ = 7.45 – 7.06 (m, 5H, Ar-H), 5.52    (dd, 1H, -

CHCOO-), 5.14 (d, 1H, CH2-Ar), 4.54 (s, 1H, -CHCOOchain end-), 2.91 (ddd, 1H, -

CH2COO-), 1.46 (s, 1H, CH3COOend group). 

13C NMR (CDCl3, 100 MHz): δ = 168.21 (-COCHCO-), 166.94 (-COCH2CH-), 

135.32 (-CH2COO-), 128.58-128.42 (Caromatics), 68.98 (CH2-Ar), 67.09 (-

CHCH2COO), 35.65 (CH3COOH). 

SEC (THF + 0.5% w/w Et3N): Mn = 10825 Da, Mw = 12940 Da, ĐM = 1.19. 

 

 

7.4 Experimental protocols of Chapter 3 

7.4.1 Synthesis of 5-methyl-5-allyloxycarbonyl-1,3-dioxan-2-one (MAC) 

2,2-Bis(hydroxymethyl)propionic acid (5.00g, 37.3 mmol) and potassium 

hydroxide (2.40 g, 42.9 mmol) were dissolved in dimethylformamide (25 

mL). The mixture was stirred at 100 °C for 1 h. Allyl bromide (3.07 mL, 35.4 

mmol) was added at 45 °C and the mixture was stirred at that temperature for 

48 h before dimethylformamide was concentrated and the residue was 

dissolved in methylene chloride (100 mL) and washed with water (2  25 

mL). The organic phase was dried over MgSO4 and volatiles were removed in vacuo 

yielding a pale-yellow oil (1.98 g, 32% yield). Allyl-2,2-bis-

(hydroxymethyl)propionate (3.40 g, 19.5 mmol), ethyl chloroformate (5.60 mL, 58.8 
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mmol) were added to ice cold tetrahydrofuran (60 mL) and the mixture was stirred for 

30 minutes, before triethylamine (8.20 mL, 58.8 mmol) was added drop-wise over 30 

minutes at 0 °C. The mixture was stirred for another 2 h after addition of triethylamine, 

after which the NEt3·HCl salts were filtered off and volatiles were removed giving a 

yellow oil. The product was recrystallised twice from methylene chloride and toluene 

to give fine white crystals (2.74 g, 70% yield). Characterisation data was in accordance 

to that previously reported.6 The product was dried over CaH2 in dry THF at 50-60 °C 

before storage in a N2-filled glovebox and any further use. 

1H NMR (400 MHz, CDCl3): δ 5.95 – 5.85 (CH2CH=CH2, 1H, ddt, J = 16.5, 10.7, 6.1 

Hz), 5.37 – 5.32 (CH2CH=CH2, 1H, dd, J = 16.5, 1.3 Hz), 5.31 – 5.28 (CH2CH=CH2, 

1H, dd, J = 10.7, 1.3 Hz), 4.71 – 4.67 (OCH2CCH3, 4H, (d, J = 14.7 Hz), (d, J = 14.7 

Hz)), 4.22 – 4.19 (OCH2CH=CH2, 2H, d, J = 9.7 Hz), 1.34 (CCH3, 3H, s). 

13C NMR (100 MHz, CDCl3): δ 170.2 (C=O), 146.8 (C=O), 130.3 (CH=CH2), 118.8 

(CH=CH2), 72.3 (OCH2C(CH3)), 66.0 (OCH2CH=CH2), 39.6 (CCH3), 16.9 (CH3). 

CHN Analysis: Calculated for C9H12O5: C 54.00%, H 6.04% − Found: C 53.97%, H 

6.02%. 

HRMS (ESI, +ve): (m/z) Calculated for [MNa]+ adduct: 223.06 – Found: 223.21. 

 

7.4.2 Synthesis of 2-allyloxymethyl-2-ethyltrimethylene carbonate 

(AOMEC) 

Trimethylolpropane allyl ether diol (60 mL, 348 mmol) was dissolved in 

methylene chloride (1 L) in a 2 L round-bottomed flask, which was cooled 

to 0 °C. Ethyl chloroformate (99 mL, 1.038 mol) was then added and the 

solution stirred at 0 °C for 30 minutes. Triethylamine (145.2 mL, 1.038 mol) 

was added dropwise over a period of 1 h. The reaction was then allowed to 

warm to room temperature and stirred for 12 h, at which point the reaction 

mixture was filtered and concentrated under reduced pressure. The resulting oil was 

dissolved in ethyl acetate (200 mL) and washed with 1 M HCl (2 × 200 mL) followed 
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by water (2 × 200 mL). The organic fraction was dried with anhydrous magnesium 

sulfate, filtered and concentrated under reduced pressure to yield the crude product as 

a yellow oil. The crude product was purified by vacuum distillation twice to yield pure 

AOMEC as a colourless oil (yield = 50.9 g, 254 mmol, 73%). The product was dried 

over CaH2, recovered by vacuum distillation and stored in a glovebox for use as 

monomer. Characterisation data was in accordance to that previously reported.7 

 1H NMR (CDCl3, 400 MHz): δ = 5.92 – 5.78 (1H, ddt, J = 16.5, 10.7, 6.1 Hz, CH2-

CH=CH2), 5.28 – 5.17 (CH=CH2, 2H, (dd, J = 16.5, 1.3 Hz), (dd, J = 10.7, 1.3 Hz)), 

4.35 – 4.11 (4H, d, J = 14.4 Hz, d, J = 14.4 Hz, O-CH2-C-CH2-O), 4.11 – 3.96 (2H, d, 

J = 6.1 Hz, O-CH2-CH), 3.39 (s, 2H, C-CH2-O), 1.49 (2H, q, J = 10.1 Hz, C-CH2-

CH3), 0.93 – 0.88 (3H, t, J = 10.1 Hz,  -CH2-CH3).  

13C NMR (125MHz, CDCl3): δ 148.5 (O-C(O)-O), 134.0 (CH2-CH=CH2), 117.4 

(CH=CH2), 72.8 (O-CH2-C), 72.3 (O-CH2-CH), 68.2 (C-CH2- O), 35.4 (C(CH2)4), 

23.2 (CH3-CH2), 7.3 (CH3-CH2).  

CHN Analysis: Calculated for C10H16O4: C 59.98%, H 8.05% − Found: C 59.84%, H 

8.18%. 

HRMS (ESI, +ve): (m/z) Calculated for [MNa]+ adduct: 223.09 – Found: 223.18. 

 

7.4.3 Synthesis of 2-isoproxy-1,3,2-dioxophospholane 2-oxide (iPP) 

iPP was synthesized by esterification of 2-chloro-2-oxo-1,3,2-

dioxaphospholane (COP) with 2-propanol. Briefly, a mixture containing the 

alcohol and triethylamine in dry THF (50 mL) was cooled to 0 °C, and a 

mixture of 2-chloro-2-oxo-1,3,2-dioxaphospholane (25 g, 0.175 mol) in dry 

THF (50 mL) was added dropwise under stirring with COP/Et3N/alcohol ratio = 1/1/1. 

After complete addition, the resulting mixture was stirred at 0 °C for 5 h. The 

triethylamine hydrochloride salt was removed by filtration, and the filtrate was 

concentrated. The residue was then purified by vacuum distillation (65°C, 0.045 

mbar). Data was in accordance to that previously reported.8 
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1H NMR (400 MHz, CDCl3): δ 4.76 – 4.65 (sept, J = 6.5 Hz, -OCH(CH3)2), 4.44 – 

4.25 (4H, (ddd, J = 15.6, 9.7, 4.7 Hz), (ddd, J = 15.6, 4.8, 1.5 Hz), -OCH2CH2O), 1.33 

– 1.30 (d, 6H, J = 6.5 Hz, -CH(CH3)2). 

13C NMR (100 MHz, CDCl3): δ 74.14 (OCH2CH2O), 65.78 (OCH(CH3)2), 23.56 

(CH(CH3)2).  

31P NMR (121MHz, CDCl3): δ 16.6 (s). 

CHN Analysis: Calculated for C5H11O4P: C 36.15%, H 6.67% − Found: C 36.18%, H 

6.58%. 

HRMS (ESI, +ve): (m/z) Calculated for [MNa]+ adduct: 189.03 – Found: 189.13. 

 

7.4.4 General procedure for the synthesis of 1:1 acid/base salts. 

A previously reported protocol was followed.9 All salts were generally prepared from 

the addition of a stoichiometric amount of the corresponding acid to a round bottom 

flask containing a stirrer bar and the corresponding stoichiometric amount of base in 

20 mL of THF in room temperature. All reactions were left stirring for 1 h. The 

precipitated salts were filtered, washed, dried under high vacuum for 48 h and stored 

in a nitrogen glovebox prior to any manipulation. 

1) TFSA·DMAP (yield: 92%).   

1H NMR (400 MHz, CDCl3): δ 3.09 (6H, s, N(CH3)2), 6.59 (2H, d, DMAParomatics), 

8.20 (2H, d, DMAParomatics), 13.28 (1H, br, acidic proton).  

13C NMR (100 MHz, CDCl3): δ 156.3 (DMAParomatic),143.9 (DMAParomatic), 134.3 

(CF3), 107.4 (DMAParomatic), 41.3 (DMAPmethyl group).  

19F NMR (376MHz, CDCl3): δ −78.35 ppm. 

CHN Analysis: Calculated for C8H11F3N2O3S: C 35.30%, H 4.07%, N 10.29%, S 

11.78% − Found: C 35.25%, H 4.25%, N 10.45%, S11.98%. 

Characterisation data was in accordance with what previously reported.9 
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2) TFSA·DBU (yield: 95%).  

1H NMR (400 MHz, CDCl3): δ 9.53 (1H, br, acidic proton), 3.47-3.32 (6H m, 

N(CH2)3), 2.62-2.60 (2H, t, NCCH2), 2.00-1.94 (2H, m, NCH2CH2), 1.76-1.63 (6H, 

m, NCH2CH2CH2CH2).  

13C NMR (100 MHz, CDCl3): δ 165.09 (CF3), 54.16, 48.58, 39.61, 33.86, 29.10, 

27.06, 24.37, 20.14 (CH2 groups of DBU).  

19F NMR (376MHz, CDCl3): δ -78.51 ppm. 

CHN Analysis: Calculated for C10H17F3N2O3S: C 39.73%, H 5.67%, N 9.27%, S 

10.60% − Found: C 39.93%, H 5.57%, N 9.46%, S 10.35%. 

 

3) Benzoic acid·DMAP (yield: 90%).  

1H NMR (400 MHz, CDCl3): δ 8.38-8.36 (2H, d, DMAParomatics), 8.14-8.11 (2H, d, 

benzoic acidaromatics), 7.45-7.37 (3H, m, benzoic acidaromatics), 6.59-6.56 (2H, d, 

DMAParomatics).  

13C NMR (100 MHz, CDCl3): δ 171.65 (C=O), 156.02 (Cipso-aromatic (DMAP)), 143.82 

(DMAParomatics), 134.82 (Cipso-aromatic (benzoic acid)), 130.99 (Cortho-aromatic (benzoic acid)), 

129.73, 127.4 (Caromatics (benzoic acid), 106.84 (DMAParomatics), 39.60 (methyl groupsDMAP). 

CHN Analysis: Calculated for C14H16N2O2: C 68.83%, H 6.60%, N 11.47% − Found: 

C 68.91%, H 6.63%, N 11.01%. 

 

4) γ-RSA·DMAP (yield 93%).  

1H NMR (400 MHz, CDCl3): δ 13.29 (2H, br, OH groups), 8.27 (2H, d, 

DMAParomatics), 7.13 (1H, t, γ-RSAaromatics), 6.68 (2H, d, γ-RSAaromatics), 6.34 (2H, d, 

DMAParomatics), 3.15 (6H, s, methyl groupsDMAP).  

13C NMR (100 MHz, CDCl3): δ 172.1 (C=O), 161.5 (C-OH), 155.1 (Cipso-aromatic 

(DMAP)), 150.2 (DMAParomatics), 136.7 (γ-RSAaromatics), 110.2 (γ-RSAaromatics), 106.9 

DMAParomatics), 101.1 (γ-RSAaromatics), 41.3 (methyl groupsDMAP). 

CHN Analysis: Calculated for C14H16N2O4: C 60.86%, H 5.84%, N 10.14% − Found: 

C 60.81%, H 5.80%, N 9.94%. 
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7.4.5 General procedure for the co-ROP of L-lactide and MAC ([M]o/[I]o 

= 50, [L-lactide + MAC]0 = 3.0 M), fLA = 0.75, fMAC = 0.25). 

L-lactide (0.162 g, 0.001125 mol) and MAC (0.075g, 0.000375 mol) were dissolved 

into 450 μl of CDCl3. In a separate vial, a stock solution of benzyl alcohol and catalyst 

in CDCl3 was prepared as well. Upon the addition of the suitable amount of 

initiator/catalyst, the polymerization was initiated, and the polymerization solution 

was transferred into a Young’s tapped NMR tube and taken out of the glovebox. The 

conversion of both comonomers was measured with 1H NMR spectroscopy, and upon 

full conversion of L-lactide, the polymer was precipitated from ice cold hexanes and 

methanol and dried under high vacuum. 1H/13C NMR spectroscopy and SEC analysis 

were performed to determine the final characteristics of the polymer. (Yield: 90%). 

1H NMR (400 MHz, CDCl3): δ 7.35 (m, OBn-ArH), 5.89 (m, OCH2CH=CH2), 5.40-

5.07 (m, OCH2CH=CH2, CHLLA, OBn-CH2), 4.64 (m, OCH2CH=CH2), 4.43-4.23 (m, 

OC(O)OCH2), 1.53 (m, CH3-LLA), 1.27 (m, CH3).  

13C NMR (126 MHz, CDCl3): δ 171.8 (CC(O)O), 169.8, 169.6, 169.5 and 169.4 

(CC(O)O-LLA), 154.3 (OC(O)O), 131.7 (CHvinyl), 128.8, 128.7 and 128.4 (ArC), 

118.7 (CH2-vinyl), 69.6, 69.4 and 69.2 (CHCH3-LLA), 68.7 (OC(O)OCH2), 65.8 

(OCH2CHCH2), 46.6 (CCH3), 17.6 (CCH3), 16.8 (CHCH3-LLA).  

SEC (CHCl3, RI): Mn (ĐM) = 7600 g mol-1 (1.12). 

 

7.4.6 General procedure for the co-ROP of L-lactide and iPP ([M]o/[I]o = 

50, [L-lactide + iPP]0 = 3.0 M, fLA = 0.75, fiPP = 0.25). 

L-lactide (0.162 g, 0.001125 mol) and iPP (0.0625g, 0.000375 mol) were dissolved 

into 450 μl of CDCl3. In a separate vial, a stock solution of benzyl alcohol and catalyst 

in CDCl3 was prepared as well. Upon the addition of the suitable amount of 

initiator/catalyst, the polymerization was initiated, and the polymerization solution 

was transferred into a Young’s tapped NMR tube and taken out of the glovebox. The 

conversion of both comonomers was measured with 1H/31P NMR spectroscopy, and 
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upon full conversion of L-lactide, the polymer was precipitated repeatedly from ice 

cold diethyl ether and dried under high vacuum. 1H/13C NMR spectroscopy and SEC 

analysis were performed to determine the final characteristics of the polymer. (Yield: 

78%). 

1H NMR (400 MHz, CDCl3): δ 7.35 (m, OBn-ArH), 5.23-5.12 (m, CHCH3-LLA), 4.99-

4.64 (m, -POCH2CH2O-), 4.37-4.2 (m, -OCH(CH3)2), 1.63-1.5 (m, CHCH3-LLA), 1.35-

1.33 (-POCH(CH3)2). 

31P NMR (300 MHz, CDCl3): δ 3.03-2.94 (m, PiPPtransesterified), 2.17 (s, PiPP). 

SEC (CHCl3, RI): Mn (ĐM) = 11600 g mol-1 (1.41). 

 

7.4.7 General procedure for all the bulk polymerizations of L-lactide and 

MAC ([M]o/[I]o = 30). 

L-lactide (0.324 g, 0.00225 mol), MAC (0.150 g, 0.00075 mol), benzyl alcohol (0.0108 

g, 0.0001 mol) and the appropriate amount of catalyst for each experiment were 

weighed into a vial with an air-tight cap and a magnetic stirrer bar. The vial was sealed 

and taken out of the glovebox and placed into a pre-heated oil bath at a predetermined 

temperature and left reacting for the predetermined time. Upon the allotted time, the 

vial was immersed into an ice bath for 10 min and the polymerization was terminated. 

An aliquot from the crude reaction was retrieved for 1H/13C NMR spectroscopy (for 

conversion measurement) and SEC analysis. 

1H NMR (400 MHz, CDCl3): δ 7.35 (m, OBn-ArH), 5.89 (m, OCH2CH=CH2), 5.40-

5.07 (m, OCH2CH=CH2, CHLLA, OBn-CH2), 4.64 (m, OCH2CH=CH2), 4.43-4.23 (m, 

OC(O)OCH2), 1.53 (m, CH3-LLA), 1.27 (m, CH3).  

13C NMR (126 MHz, CDCl3): δ 171.8 (CC(O)O), 169.8, 169.6, 169.5 and 169.4 

(CC(O)O-LLA), 154.3 (OC(O)O), 131.7 (CHvinyl), 128.8, 128.7 and 128.4 (ArC), 

118.7 (CH2-vinyl), 69.6, 69.4 and 69.2 (CHCH3-LLA), 68.7 (OC(O)OCH2), 65.8 

(OCH2CHCH2), 46.6 (CCH3), 17.6 (CCH3), 16.8 (CHCH3-LLA).  
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SEC (CHCl3, RI): Mn (ĐM) = 2100 g mol-1 (1.86). 

 

 

7.5 Experimental protocols of Chapter 4 

7.5.1 Synthesis of allyl bis(2-hydroxyethyl)carbamate. 

A 1 L round-bottom flask was charged with a magnetic stir 

bar, diethanolamine (1.1 equiv., 0.11 mol, 11.6 g), potassium 

carbonate (2.1 equiv. 0.21 mol, 29 g), deionized H2O (280 mL), and THF (140 mL). 

The reaction mixture was stirred for 30 min in an ice bath. Afterwards, allyl 

chloroformate (1 equiv., 0.1 mol, 10.6 mL) was added in one-shot directly into the 

reaction mixture. The reaction was kept in the ice bath for two hours stirring, and then 

taken out to stir at room temperature overnight. The product was extracted from ethyl 

acetate (3 × 300 mL) and the organic fraction was dried over NaSO4 and later 

concentrated under vacuum. The product was a colourless viscous liquid (16.2 g, 89% 

yield). Characterisation data was in accordance with what previously reported.10 

 

1H NMR (400 MHz, CDCl3): δ 5.97 – 5.83 (CH2CH=CH2, 1H, ddt, J = 16.5, 10.7, 

9.7 Hz), 5.30 – 5.17 (CH=CH2, 2H, (dd, J = 16.5, 1.3 Hz), (dd, J = 10.7, 1.3 Hz)), 4.58 

– 4.56 (OCH2CH=CH2, d, J = 9.7 Hz, 2H), 4.13 (CH2OH, s, 2H), 3.77 (NCH2CH2OH, 

t, J = 6.1 Hz, 4H), 3.46 (NCH2CH2, t, J = 6.1 Hz, 4H). 

13C NMR (126 MHz, CDCl3): δ 157.01 (NC=O), 132.97 (CH2CH=CH2), 117.94 

(CH=CH2), 66.54(CH2CH=CH2), 61.96 (CH2CH2OH), 52.87 (CH2CH2OH).  

FTIR-ATR: 3376 cm-1 (O–H alcohol, stretch, broad), 1671 cm-1 (C=O carbamate, 

stretch, sharp), 1648 cm-1 (C=C alkene, stretch, short sharp). 

CHN Analysis: Calculated for C8H15NO4: C 50.78%, H 7.99%, N 7.40% − Found: C 

50.65%, H 7.89%, N 7.35%. 

HRMS (ESI, +ve): (m/z) Calculated for [MNa]+ adduct: 212.09 – Found: 212.19. 
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7.5.2 Synthesis of allyl 2-oxo-1,3,6-dioxazocane-6-carboxylate (A-8NC). 

A 1L round-bottom flask was charged with a stirrer bar, allyl bis(2-

hydroxyethyl)carbamate (1 equiv., 41.96 mmol, 7.94 g), triethylamine (2.6 

equiv. 108 mmol, 15 mL), and 300 mL of THF. An additional funnel was 

affixed to the round bottom flask and charged with a solution of 

triphosgene (0.42 equiv., 17.5 mmol, 5.19 g) in 50 mL of THF. The setup 

was then placed in a liquid nitrogen and acetone bath, and the triphosgene 

solution was added dropwise over 30 min. A white precipitate (triethylamine 

hydrochloride) was immediately formed upon the addition of the triphosgene. After 

the addition of triphosgene was completed, the reaction mixture was taken out of the 

liquid nitrogen-acetone bath and allowed to stir at room temperature for an additional 

two hours. The precipitated triethylamine hydrochloride salt was filtered away and the 

remaining solution was concentrated under vacuum to afford a dark viscous amber oil. 

This oil was then purified via flash chromatography over silica gel in an eluent 

consisting of methylene chloride: ethyl acetate (70 : 30 %v/v, Rf = 0.6) to give the pure 

product as a colourless oil which crystallised upon standing on the bench overnight. 

Repeated recrystallisations from hot hexane or a mixture of cold THF/warm Et2O 

afforded white needle-like crystals (3.76 g, 42% yield). Characterisation data was in 

accordance with what previously reported.10, 11 

1H NMR (400 MHz, CDCl3): δ 5.95 – 5.87 (CH2CH=CH2, 1H, ddt, J = 16.5, 10.7, 

9.7 Hz), 5.31 – 5.21 (CH=CH2, (dd, J = 16.5, 1.3 Hz), (dd, J = 10.7, 1.3 Hz)), 4.63 – 

4.61 (OCH2CH=CH2, d, J = 9.7 Hz, 2H), 4.40 – 4.36 (C=OOCH2, ddd, J = 14.5, 3.7, 

2.0 Hz, 4H), 3.65 – 3.60 (NCH2CH2OO=C, ddd, J = 14.9, 10.0, 2.0 Hz, 4H).  

13C NMR (126 MHz, CDCl3): δ 155.54 (NC=O), 155.01 (OC=OO), 133.04 

(CH2CH=CH2), 116.98 (CH=CH2), 68.50 (C=OOCH2, d, J = 98.9 Hz), 65.68 

(OCH2CH=CH2), 47.91 (NCH2CH2OO=C d, J = 20.6 Hz).  

FTIR-ATR: 3076 cm-1 (=C–H vinyl, stretch, sharp), 1752 cm-1 (C=O carbonate, 

stretch, sharp), 1695 cm-1 (C=O carbamate, stretch, sharp), 1648 cm-1 (C=C alkene, 

stretch, sharp). 
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CHN Analysis: Calculated for C9H13NO5: C 50.23%, H 6.09%, N 6.51% − Found: C 

50.04%, H 6.10%, N 6.54%. 

HRMS (ESI, +ve): (m/z) Calculated for [MNa]+ adduct: 238.07 m/z – Found: 238.08 

m/z. 

 

7.5.3 Synthesis of prop-2-yn-1-yl bis(2-hydroxyethyl)carbamate. 

A 1 L round-bottom flask was charged with a magnetic stir bar, 

diethanolamine (1.1 equiv., 0.11 mol, 11.6 g), potassium 

carbonate (2.1 equiv. 0.21 mol, 29 g), deionized H2O (280 

mL), and THF (140 mL). The reaction mixture was stirred for 30 min in an ice bath. 

Afterwards, propargyl chloroformate (1 equiv., 0.1 mol, 9.8 mL) was added in one-

shot directly into the reaction mixture. The reaction was kept in the ice bath for two 

hours stirring, and then taken out to stir at room temperature overnight. The product 

was extracted from ethyl acetate (3 × 300 mL) and the organic fraction was dried over 

NaSO4 and later concentrated under vacuum. The product was a colourless viscous oil 

(15.9 g, 87% yield).  

1H NMR (400 MHz, CDCl3): δ 4.69 (CH2C≡CH, d, J = 2.5 Hz, 2H), 4.11 

(CH2CH2OH, s, 2H), 3.81 – 3.76 (CH2CH2OH t, 4H, J = 6.17 Hz), 3.47 (CH2CH2OH, 

t, J = 6.2 Hz, 4H), 2.47 (CH2C≡CH , t, J = 4.69 Hz, 1H). 

13C NMR (126 MHz, CDCl3): δ 156.29(NC=O), 78.51 (CH2C≡CH), 77.61, 77.56, 

77.36, 77.11, 75.08, 62.54, 61.94, 61.57, 60.51, 53.39, 52.97, 52.30, 47.10, 45.99, 

30.63, 0.29. 

FTIR-ATR: 3279 cm-1 (O–H alcohol, stretch, broad), 2929 cm-1 (O–H alcohol, 

stretch, broad), 2121 cm-1 (C≡C alkyne, stretch, weak, sharp), 1671 cm-1 (C=O 

carbamate, stretch, sharp).  

CHN Analysis: Calculated C 60.86%, H 5.84%, N 10.14% − Found: C 60.81%, H 

5.80%, N 9.94%. 

HRMS (ESI, +ve): (m/z) Calculated for [MNa]+ adduct: 212.09 – Found: 212.19. 
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7.5.4 Synthesis of prop-2-yn-1-yl 2-oxo-1,3,6-dioxazocane-6-carboxylate 

(P-8NC). 

 A 1 L round-bottom flask was charged with a stir bar, prop-2-yn-1-yl 

bis(2-hydroxyethyl)carbamate (1 equiv., 43 mmol, 8.05 g), 

triethylamine (2.6 equiv. 108 mmol, 15 mL), and 300 mL of THF. An 

additional funnel was affixed to the round bottom flask and charged 

with a solution of triphosgene (0.42 equiv., 17.5 mmol, 5.19 g) in 50 

mL of THF. The setup was then placed in a liquid nitrogen and acetone 

bath, and the triphosgene solution was added dropwise over 30 min. A white 

precipitate (triethylamine hydrochloride) was immediately formed upon the addition 

of the triphosgene. After the addition of triphosgene was completed, the reaction 

mixture was taken out of the liquid nitrogen-acetone bath and allowed to stir at room 

temperature for an additional 2 h. The precipitated triethylamine hydrochloride salt 

was filtered away and the remaining solution was concentrated under vacuum to afford 

a tacky white solid. Repeated recrystallisations from hot hexane (or heptane) or from 

a mixture of warm THF/cold Et2O afforded white needle-like crystals (4.00 g, 43.6% 

yield).  

1H NMR (400 MHz, CDCl3): δ 4.73 – 4.72 (OCH2C≡CH, d, J = 2.5 Hz, 2H), 4.41 – 

4.37 (CH2OCOO, ddd, J = 14.5, 3.7, 2.0 Hz, 4H), 3.66 – 3.60 (NCH2CH2, ddd, J = 

17.5, 4.9 Hz, 4H), 2.48 (t, J = 2.4 Hz, 1H). 

13C NMR (126 MHz, CDCl3): δ 155.87 (NC=O), 155.04 (OC=OO), 78.09 (C≡CH), 

75.42 (C≡CH), 69.69 (CH2CH2NC=O), 69.32 (CH2CH2NC=O), 53.99 (OCH2C≡CH), 

50.33 (CH2NC=O), 49.65 (CH2NC=O). 

FTIR-ATR: 3076 cm-1 (≡C–H terminal alkyne, stretch, sharp), 2121 cm-1 (C=C 

alkyne, stretch, sharp), 1738 cm-1 (C=O carbonate, stretch, sharp), 1697 cm-1 (C=O 

carbamate, stretch, sharp). 

CHN Analysis: Calculated for C9H11NO5: C 50.71%, H 5.20%, N 6.57% − Found: C 

50.45%, H 5.29%, N 6.48%. 

HRMS (ESI, +ve): (m/z) Calculated for [MNa]+ adduct: 238.07 – Found: 238.08. 
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7.5.5 General procedure for the ROP of A-8NC, [A-8NC]0 = 1.0 M, [A-

8NC]0/[BnOH]0/[DBU]0 = 50/1/1, 25 °C. 

Inside a glovebox 0.108 g (0.5 mmol) A-8NC was charged into an oven-dried vial and 

dissolved in 0.45 mL dry CDCl3. From a prepared stock solution, benzyl alcohol (1.0 

mg, 0.01 mmol) and DBU (1.52 mg, 0.01 mmol) in 0.05 mL dry CDCl3 were added 

and the solution was stirred vigorously for 30 sec. Immediately afterwards, using an 

oven-dried Pasteur pipette, the polymerisation solution was transferred to a Young’s 

tapped NMR tube and taken out of the glovebox. After the desired time interval, the 

polymerisation was quenched with the addition of 1-2 drops of trifluoroacetic acid and 

the polymer was precipitated 2 times from cold hexanes. The polymer was dried in a 

vacuum oven at 60 °C overnight. 1H/13C NMR spectroscopy and SEC analysis were 

performed to determine the final characteristics of the polymer. (Yield: 92%). 

1H NMR (400 MHz, CDCl3): δ 7.31 (aromatics, d, J = 4.4 Hz), 5.85 (OCH2CH=CH2, 

ddt, J = 16.3, 10.8, 5.5 Hz), 5.23 (OCH2CH=CH2, d, J = 17.2 Hz), 5.15 

(OCH2CH=CH2, d, J = 10.4 Hz), 5.09 (benzyl protons, s), 4.52 (OCH2CH2N, d, J = 5.7 

Hz), 4.19 (OCH2CH2N, dt, J = 16.0, 5.6 Hz), 3.52 (OCH2CH=CH2, t, J = 5.8 Hz). 

13C NMR (126 MHz, CDCl3): δ 155.76 (NC=O), 154.87 (OC=OO), 132.72 

(OCH2CH=CH2), 128.70 – 128.44 (aromatics), 117.80 (OCH2CH=CH2), 69.83 

(benzyl carbon), 66.46 (OCH2CH2N), 66.12 (OCH2CH=CH2), 47.58 (OCH2CH2N). 

SEC (CHCl3, RI): Mn = 10,300 g mol-1 , Mw = 11,200 g mol-1, ĐM = 1.08. 

 

7.5.6 General procedure for the ROP of P-8NC, [P-8NC]0 = 1.0 M, [P-

8NC]0/[1,3-PDO]0/[DBU]0 = 50/1/1, 25 °C. 

Inside a glovebox 0.107 g (0.5 mmol) P-8NC were charged into an oven-dried vial and 

dissolved in 0.45 mL dry CDCl3. From a prepared stock solution, 1,3-propanediol  (0. 

76 mg, 0.01 mmol) and DBU (1.52 g, 0.01 mmol) in 0.05 mL dry CDCl3 were added 

and the solution was stirred vigorously for 30 sec. Immediately afterwards, using an 

oven-dried Pasteur pipette, the polymerisation solution was transferred to a Young’s 
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tapped NMR tube and taken out of the glovebox. After the desired time interval, the 

polymerisation was quenched with the addition of 1-2 drops of trifluoroacetic acid and 

the polymer was precipitated 2 times from cold hexanes. The polymer was dried in a 

vacuum oven at 60 °C overnight. 1H/13C NMR spectroscopy and SEC analysis were 

performed to determine the final characteristics of the polymer. (Yield: 91%). 

1H NMR (400 MHz, CDCl3): δ 4.67 (OCH2C≡CH, d, J = 2.4 Hz), 4.22 (OCH2CH2N, 

p, J = 7.0, 6.3 Hz), 3.78 – 3.36 (OCH2CH2N, m), 2.52 (OCH2C≡CH, q, J = 2.5 Hz), 

2.01 (OCH2CH2CH2O – initiator, t, J = 6.2 Hz). 

13C NMR (126 MHz, CDCl3): δ 155.40 (NC=O), 155.04 (OC=OO), 78.35 

(OCH2C≡CH), 75.38 (OCH2C≡CH), 66.41 (OCH2CH2N),  53.65 (OCH2C≡CH), 47.97 

(OCH2CH2N). 

SEC (CHCl3, RI): Mn = 10,200 g mol-1 , Mw = 10,800 g mol-1, ĐM = 1.06. 

 

7.5.7 General procedure for the ROCOP of A-8NC with L-lactide, [A-8NC 

+ L-LA]0 = 3.0 M, [A-8NC + L-LA]0/[BnOH]0/[DPP]0/[DMAP]0 = 

25+25/1/5/10, 25 °C. 

Inside a glovebox 0.322 g (1.5 mmol) A-8NC and 0.216 g (1.5 mmol) L-LA were 

charged into an oven-dried vial containing a stir bar. In a second vial 0.075g (0.3 

mmol) DPP and 0.073 g (0.6 mmol) DMAP were charged and dissolved in 0.9 mL dry 

CDCl3. This solution was transferred with a pipette into the monomer containing vial 

and it was stirred vigorously until the dissolution of the monomers. From a prepared 

stock solution, benzyl alcohol (6.5 mg, 0.06 mmol) in 0.1 mL dry CDCl3 was added 

and the polymerisation solution was stirred vigorously for 30 s. At predetermined time 

intervals, aliquots of the polymerisation solution (20 l) were withdrawn for 1H NMR 

spectroscopy (for conversion measurement) and SEC analysis after being quenched 

with one drop of trifluoroacetic acid. At the desired time interval, the polymerisation 

was quenched with the addition of 1-2 drops of trifluoroacetic acid and the polymer 

was precipitated 3 times from cold hexanes and once from cold MeOH. (An alternative 
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method to multiple precipitations in order to remove the unreacted monomers and 

catalysts is to quench the polymerisation with 1.0 mL of acidified acetone and pass it 

through a small plug of silica using 100% acetone as eluent followed by removal of 

the solvent under vacuum. Then the polymer is dissolved in the minimum amount of 

methylene chloride and precipitated once from ice-cold n-hexane). The polymer was 

dried in a vacuum oven at 60 °C overnight. 1H/13C NMR spectroscopy and SEC 

analysis were performed to determine the final characteristics of the polymer. (Yield: 

89%). 

1H NMR (400 MHz, CDCl3): δ 7.38 – 7.28 (aromatics, m), 5.96 – 5.84 

(OCH2CH=CH2, ddt, J = 16.3, 10.7, 5.5 Hz), 5.31 – 5.24 (OCH2CH=CH2, d, J = 17.3 

Hz), 5.23 – 5.11 (PLA methine, m), 5.05 – 4.97 (PLA methine, q, J = 7.1 Hz), 4.63 – 

4.52 (OCH2CH=CH2, d, J = 5.6 Hz), 4.37 – 4.17 (OCH2CH2N, dd, J = 17.4, 7.6 Hz), 

3.66 – 3.51 (OCH2CH2N, dq, J = 13.8, 7.4, 6.2 Hz), 1.60 – 1.54 (PLA methyl, dd, J = 

7.3, 3.6 Hz), 1.53 – 1.46 (PLA methyl, m). 

13C NMR (126 MHz, CDCl3): δ 169.89 (PLA carbonyl), 155.94(NC=O), 155.07-

154.58 (P-8NC carbonyl), 132.86 (OCH2CH=CH2), 128.92-128.54 (aromatics), 

118.12 (OCH2CH=CH2), 71.74 (benzyl), 69.30 (C=OCHO), 66.73 (OCH2CH=CH2), 

63.76-63.45 (OCH2CH2O), 47.64-46.92 (OCH2CH2O), 16.95 (OCHCH3). 

SEC (CHCl3, RI): Mn = 11,300 g mol-1 , Mw = 11,900 g mol-1, ĐM = 1.05. 

 

7.5.8 General procedure for the ROCOP of P-8NC with L-lactide, [P-8NC 

+ L-LA]0 = 3.0 M, [P-8NC + L-LA]0/[BnOH]0/[DPP]0/[DMAP]0 = 

25+25/1/5/10, 25 °C. 

Inside a glovebox 0.320 g (1.5 mmol) P-8NC and 0.218 g (1.5 mmol) L-LA were 

charged into an oven-dried vial containing a stir bar. In a second vial 0.075g (0.3 

mmol) DPP and 0.073 g (0.6 mmol) DMAP were charged and dissolved in 0.9 mL dry 

CDCl3. This solution was transferred with a Pasteur pipette into the monomer 

containing vial and the vial was stirred vigorously until the dissolution of the 
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monomers. From a prepared stock solution, benzyl alcohol (6.5 mg, 0.06 mmol) in 0.1 

mL dry CDCl3 was added and the polymerisation solution was stirred vigorously for 

30 sec. At predetermined time intervals, aliquots of the polymerisation solution (20 

L) were withdrawn for 1H NMR spectroscopy (for conversion measurement) and 

SEC analysis (for the determination of Mn and ĐM) after being quenched with one drop 

of trifluoroacetic acid. At 48 h of reaction time, the polymerisation was quenched with 

the addition of 1-2 drops of trifluoroacetic acid and the polymer was precipitated 3 

times from cold hexanes and once from cold MeOH. (An alternative method to 

multiple precipitations in order to remove the unreacted monomers and catalysts is to 

quench the polymerisation with 1.0 mL of acidified acetone and pass it through a small 

plug of silica using 100% acetone as eluent followed by removal of the solvent under 

vacuum. Then the polymer is dissolved in the minimum amount of methylene chloride 

and precipitated once from ice-cold n-hexane). The polymer was dried in a vacuum 

oven at 60 °C overnight. 1H/13C NMR spectroscopy and SEC analysis were performed 

to determine the final characteristics of the polymer. (Yield: 88%). 

1H NMR (400 MHz, CDCl3): δ 7.46 – 7.28 (aromatics, m), 5.30 (benzyl, s), 5.23 – 

5.11 (PLA methine, dq, J = 10.9, 7.1 Hz), 5.07 – 4.97 (PLA methine, q, J = 7.0 Hz), 

4.79 – 4.63 (PLA methine, d, J = 2.4 Hz), 4.35 – 4.19 (OCH2CH2O, d, J = 8.3 Hz), 

3.72 – 3.46 (OCH2CH2O, q, J = 7.3 Hz), 2.58 – 2.34 (C≡CH, s, 1H), 1.67 – 1.52 (PLA 

methyl, m, 34H), 1.53 – 1.38 (PLA methyl, m, 7H). 

13C NMR (126 MHz, CDCl3): δ 169.94 (PLA carbonyl), 155.37 (P8NC carbamate), 

154.59 (P8NC carbonate), 128.96-128.58 (aromatics), 78.34 (C≡CH), 75.25 (C≡CH), 

71.85 (benzyl), 69.34 (PLA methine), 66.80-63.70 (CH2CH2N), 53.63 (CH2C≡CH), 

47.81-46.93 (CH2CH2N), 16.99 (PLA methyl). 

SEC (CHCl3, RI): Mn = 9,000 g mol-1 , Mw = 10,000 g mol-1, ĐM = 1.11. 
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7.6 Experimental protocols of Chapter 5 

7.6.1 General procedure for all the stereocomplexation experiments 

Symmetrical or asymmetrical molar quantities (20-100 mg) of enantiomerically 

opposite polymers were charged into separate vials. The polymers were dissolved in 

CHCl3 (ca. 100 mg mL-1), blended into a single vial and stirred for 10 min. 

Subsequently, the stereocomplexed polymers were precipitated from ice-cold n-

hexane via dropwise addition. After careful decantation of the supernatant, the 

stereocomplex was dried in  a vacuum oven at 60 °C overnight.  

**Annealing of the stereocomplexes was done in a vacuum oven at the desired 

temperature. The polymers were either annealed in the DSC pan or in glass vials. The 

DSC or TGA analysis was done directly after the annealing.** 

 

7.6.2 General procedure for the post-ROP photo-initiated thiol-ene 

modifications of P(LLA-co-A8NC) or P(DLA-co-A8NC) copolymers with 

monofunctional thiols 

P(LA-co-A8NC) (100 mg, Mn, NMR = 8700 g mol-1,   11.5 mol) and 1-dodecanethiol 

(10 equivalents per alkene group in the copolymer), (116 mg, 0.575 mmol) were 

dissolved in 1,4-dioxane (2.4 mL). The radical photo initiator, 2-benzyl-2-

(dimethylamino)-4′-morpholinobutyrophenone (Irgacure 369, 0.84 mg, 2.3 mol, 20 

mol% relative to the polymer’s concentration) was dissolved separately in the same 

solvent (0.1 ml) and added to the polymer/thiol solution. The solution was then 

transferred to a screw-top 8 mL vial, sealed, placed in a UV light box and irradiated 

with light (λ = 365 nm) while stirring for 1 h. The functionalised polymer was purified 

by two precipitations into cold hexane to yield the purified product. 

**The exact same procedure was followed for all the photo-initiated thiol-ene 

reactions, with the only variable being the number of thiol equivalents per alkene 

group of the copolymers. For exact reaction details see Table 5.3).** 
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1H NMR (400 MHz, CDCl3): δ 7.39 – 7.29 (aromatics, m), 5.26 – 5.08 (PLA methine, 

q, J = 7.0 Hz), 5.07 – 4.98 (PLA methine, q, J = 7.2 Hz), 4.33 – 4.20 (OCH2CH2N, 

ddd, J = 25.9, 10.6, 4.9 Hz), 4.20 – 4.14 (OCH2CH2S, t, J = 6.4 Hz, 1H), 3.66 – 3.47 

(NCH2CH2O, m, 4H), 2.62 – 2.35 (CH2SCH2, m, 3H), 1.96 – 1.87 (OCH2CH2CH2S, t, 

J = 6.9 Hz), 1.64 – 1.48 (PLA methyl, d, J = 7.1 Hz), 1.41 – 1.33 (SCH2CH2CH2, t, J 

= 7.4 Hz, 1H), 1.31 – 1.18 (thiol alkyl chain, s), 0.96 – 0.78 (thiol terminal CH2, t, J = 

7.0 Hz, 3H). 

13C NMR (125 MHz, CDCl3): δ 169.94 (PLA carbonyl), 156.14 (NC=O), 154.61 

(OC=OO), 129.49-128.58 (aromatics), 71.79 (benzyl), 69.33 (PLA methine), 67.56-

66.38 (OCH2CH2N), 64.97 (OCH2CH2S), 47.73-46.98 (OCH2CH2S), 32.51 

(CH2SCH2), 32.25(CH2SCH2), 30.00 (SCH2), 29.97-28.85 (thiol alkyl chain), 23.03 

(thiol penultimate CH2 unit), 17.18-16.91 (PLA methyl), 14.47 (thiol terminal CH2 

unit). 

SEC (CHCl3, RI): Mn = 11,600 g mol-1 , Mw = 13,000 g mol-1, ĐM = 1.12. 
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Appendix 

 

A.  1. DSC thermogram of a P(A-8NC)50 polymer realised by the ROP of A-8NC initiated by BnOH 

and catalysed by DBU; (N2 atmosphere, heating rate 10 °C min-1). 

 

 

A.  2. DSC thermogram (not annealed) of a 1:1 PLLA/PDLA mixture obtained by precipitation of a 

CH2Cl2 solution in hexanes and dried at 60 °C; (depicted here are the 1st heating run, the cooling run 

and the 2nd heating cycle) ; (N2 atmosphere, heating/cooling rate 10 °C min-1). 

Cooling
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A.  3. ROCOP of A-8NC & D-lactide catalysed by DPP/DMAP. 

Entry FDLA 

A-8NC 

conv. 

(%)a 

DLA 

conv. 

(%)a 

FA-8NC
a ŁLA

a ŁA-8NC
d 

Mn, NMR 

(kDa)a 

Mn, SEC 

(kDa)c 
ĐM

c 

1 0.75 93 95 0.245 10.9 1.8 14.2 13.1 1.11 

2 0.80 95 98 0.218 12.6 1.5 14.2 13.5 1.1 

3 0.85 91 96 0.156 14.7 1.4 14.8 13.8 1.1 

4 0.90 95 98 0.102 15.9 1.3 13.6 15.0 1.09 
 

aDetermined by 1H NMR spectroscopy; fLLA is the molar ratio of L-LA in the feed; FA-8NC is the 

experimental molar incorporation of the carbonate into the final copolymer; bFLLA = 1-FA-8NC; 

cDetermined by SEC in CHCl3, calibrated against PS standards; dDetermined by 13C NMR spectroscopy; 

Reaction conditions: [M]tot = 3.0 M, [M]0/[I]0/[DPP]0/[DMAP]0 = 50/1/5/10, 25 °C, time = 48 h.  

 

A.  4. Thermal properties of the P(DLA-co-A8NC) copolymers. 

Entry FDLA 
A-8NC 

conv. (%)a 

DLA conv. 

(%)a 
FA-8NC

a ŁLA
a 

Tg
b 

(°C) 

Tm
b 

(°C) 
ĐM

c 

1 0.75 93 95 0.245 10.9 30.41 91.2 1.11 

2 0.80 95 98 0.218 12.6 36.64 100.3 1.1 

3 0.85 91 96 0.156 14.7 40.97 116.7 1.1 

4 0.90 95 98 0.102 15.9 44.88 131.4 1.09 
 

aDetermined by 1H NMR spectroscopy; fLLA is the molar ratio of L-LA in the feed; FA-8NC is the 

experimental molar incorporation of the carbonate into the final copolymer; bDetermined via DSC (N2 

atmosphere, heating/cooling rate 10 °C min-1; cDetermined by SEC in CHCl3, calibrated against PS 

standards; dDetermined by 13C NMR spectroscopy; Reaction conditions: [M]tot = 3.0 M, 

[M]0/[I]0/[DPP]0/[DMAP]0 = 50/1/5/10, 25 °C, time = 48 h.  
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A.  5. Stacked DSC thermograms of equimolar stereocomplexes of P(LLA-co-A8NC) copolymers 

with PDLA (Table 5.1, entries 1-4, pre-annealing 1st heating scans); (N2 atmosphere, heating rate of 

10 °C min-1). 

 

A.  6. Stacked DSC thermograms of equimolar stereocomplexes of P(LLA-co-A8NC) copolymers 

with PDLA (Table 5.1, entries 1-4, pre-annealing 2nd heating scans); (N2 atmosphere, heating rate of 

10 °C min-1). 

P(LLA-co-A8NC9.4%) + PDLA

P(LLA-co-A8NC14.1%) + PDLA

P(LLA-co-A8NC20.2%) + PDLA

P(LLA-co-A8NC24.7%) + PDLA

P(LLA-co-A8NC9.4%) + PDLA

P(LLA-co-A8NC14.1%) + PDLA

P(LLA-co-A8NC20.2%) + PDLA

P(LLA-co-A8NC24.7%) + PDLA
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A.  7. DTG thermograms of the equimolar stereocomplexes of [P(LLA-co-A8NC) + PDLA] blends 

(Table 5.1, entries 1-4) compared to a pure PLA-SC; (N2 atmosphere, heating rate of 10 °C min-1). 

 

A.  8. DTG thermograms of the equimolar stereocomplexes of [P(LLA-co-A8NC) + P(DLA-co-

A8NC)] blends (Table 5.1, entries 5-8) compared to a pure PLA-SC; (N2 atmosphere, heating rate of 

10 °C min-1). 

P(LLA-co-A8NC9.4%) + PDLA

P(LLA-co-A8NC20.2%) + PDLA

P(LLA-co-A8NC14.1%) + PDLA

PLLA+PDLA 

P(LLA-co-A8NC24.7%) + PDLA

P(LLA-co-A8NC9.4%) + P(DLA-co-A8NC9.4%) 

P(LLA-co-A8NC20.2%) + P(DLA-co-A8NC20.2%) 

P(LLA-co-A8NC14.1%) + P(DLA-co-A8NC14.1%) 

PLLA+PDLA P(LLA-co-A8NC24.7%) + 

P(DLA-co-A8NC24.7%) 
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A.  9. DSC thermogram (full run) of a blend between a P(LLA-co-A8NC9.4%) and a P(DLA-co-

A8NC20.2%); (N2 atmosphere, heating rate of 10 °C min-1). 

 

A.  10. ROCOP of P-8NC & D-lactide catalysed by DPP/DMAP. 

Entry FDLA 

P-8NC 

conv. 

(%)a 

DLA 

conv. 

(%)a 

FP-8NC
a 

Mn, NMR 

(kDa)a 

Mn, SEC 

(kDa)c 
ĐM

c 

1 0.80 95 92 0.197 7.5 10.5 1.07 

2 0.85 94 91 0.143 7.9 11.2 1.07 

3 0.90 96 93 0.103 9.5 11.2 1.15 
 

aDetermined by 1H NMR spectroscopy; fLLA is the molar ratio of L-LA in the feed; FP-8NC is the 

experimental molar incorporation of the carbonate into the final copolymer; bFLLA = 1-FP-8NC; 

cDetermined by SEC in CHCl3, calibrated against PS standards; dDetermined by 13C NMR spectroscopy; 

Reaction conditions: [M]tot = 3.0 M, [M]0/[I]0/[DPP]0/[DMAP]0 = 50/1/5/10, 25 °C, time = 48 h.  
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A.  11. Thermal properties of the P(DLA-co-P8NC) copolymers. 

Entry FP-8NC
a Tg

b (°C) Tm
b (°C) Hm1

b
 (J/g) ĐM

c 

1 0.197 29.8 104.7 9.9 1.07 

2 0.143 40.8 115.3 15.3 1.07 

3 0.103 45 125.5 25.1 1.15 

 
aDetermined by 1H NMR spectroscopy; fLLA is the molar ratio of L-LA in the feed; FA-8NC is the 

experimental molar incorporation of the carbonate into the final copolymer; bDetermined via DSC (N2 

atmosphere, 10 °C min-1; cDetermined by SEC in CHCl3, calibrated against PS standards; dDetermined 

by 13C NMR spectroscopy; Reaction conditions: [M]tot = 3.0 M, [M]0/[I]0/[DPP]0/[DMAP]0 = 50/1/5/10, 

25 °C, time = 48 h. 
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A.  12. Stacked 1H NMR spectra of a P(LA-co-A8NC) copolymers after photo-initiated radical 

addition of monofunctional thiols; A) Table 5.3 entry 4, B) Table 5.3 entry 5, C) Table 5.3 entry 3, D) 

Table 5.3 entry 2, E) Table 5.3 entry 1; (400MHz, CDCl3); (*CHCl3, **ester-carbonate sequence PLA 

protons (methine & methyl region), *** residual hexane, **** residual DMAP). 
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A.  13. DTG thermograms of a A) 1-dodecanethiol functionalised P(LLA-co-A8NC10.4%) copolymer 

vs a B) non-functionalised copolymer (N2 atmosphere, heating rate of 10 °C min-1). 

 

 

 

A.  14. DSC thermogram of  a stereocomplex between two 1-dodecanethiol thiol-functional 

copolymers of similar carbonate loading, P(LLA-co-A8NC14.1%) and P(DLA-co-A8NC14.1%), Table 

5.5 entry VI; (N2 atmosphere, heating rate of 10 °C min-1). 
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A) Entry I (Table 5.5)

B)
Entry V (Table 5.5)
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A.  15. Comparative TGA thermograms of equimolar stereocomplexes (complementary to Figure 

5.25); (N2 atmosphere, heating rate of 10 °C min-1); A) Table 5.5 entry I, B) Table 5.5 entry V, C) 

[PDLA+PLLA] and PDLA+P(LLA-co-A8NC10.4%). 

 

 

PDLA+PLLA

PDLA+P(LLA-co-A8NC10.4%)

C)


