University of Warwick institutional repository: http://go.warwick.ac.uk/wrap
A Thesis Submitted for the Degree of PhD at the University of Warwick
http://go.warwick.ac.uk/wrap/4462
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.

Surface Modification with Polymers
using Living Radical Polymerisation
and Click Chemistry
by
CHEN, Gaojian

A thesis submitted in partial fulfilment of the
requirements for the degree of
Doctor of Philosophy in Chemistry
Department of Chemistry
University of Warwick
September 2007

Table of Contents
SURFACE MODIFICATION WITH POLYMERS USING LIVING RADICAL
POLYMERISATION AND CLICK CHEMISTRY ................................................. 1

TABLE OF CONTENTS ............................................................................................ 2

LIST OF FIGURES ..................................................................................................... 7

LIST OF TABLES ..................................................................................................... 16

ACKNOWLEDGEMENTS ...................................................................................... 17

DECLARATION........................................................................................................ 19

ABSTRACT ................................................................................................................ 20

ABBREVIATIONS .................................................................................................... 23

CHAPTER 1. POLYMERS AT SOLID SURFACES ........................................... 28
1.1 INTRODUCTION.................................................................................................... 28
1.2 SELF-ASSEMBLED MONOLAYERS (SAMS) ........................................................... 28
1.3 SURFACE MODIFICATION WITH POLYMERS .......................................................... 30
1.4 TYPICAL SURFACE MODIFICATION USING "GRAFTING FROM" METHOD ................ 32
1.4.1 Ring opening polymerisation ...................................................................... 32
1.4.2 Ring opening metathesis polymerisation (ROMP) ..................................... 35
1.4.3 Living ionic (anionic/cationic) polymerisation ........................................... 36
1.4.4 Nitroxide-mediated polymerisation (NMP) ................................................ 38
1.4.5 Reversible addition–fragmentation chain transfer (RAFT) polymerisation
.............................................................................................................................. 40
2

1.4.6 Transition metal medicated living radical polymerisation (TMM-LRP) .... 43
1.5 TYPICAL SURFACE MODIFICATION USING "GRAFTING TO" METHOD ..................... 47
1.5.1 Highly polar groups .................................................................................... 48
1.5.2 Charged groups and Blocks of segmentally adsorbing polymer different
from the rest of the chain ..................................................................................... 50
1.5.3 Chemically reactive groups ........................................................................ 52
1.6 “GRAFTING TO” VERSUS “GRAFTING FROM” AND AIM OF THIS PROJECT ................ 53
CHAPTER 2. CELLULOSE SURFACE MODIFICATION THROUGH CLICK
CHEMISTRY AND LIVING RADICAL POLYMERISATION ......................... 56
2.1 INTRODUCTION.................................................................................................... 56
2.1.1 Click chemistry and Huisgen 1,3-dipolar cycloaddition ............................ 56
2.1.2 Proposed mechanism of Cu(I)-catalysed Huisgen 1,3-dipolar cycloaddition
.............................................................................................................................. 57
2.1.3 TMM-LRP and click chemistry ................................................................... 58
2.2. SYNTHESIS OF -FUNCTIONAL POLYMERS THROUGH TMM-LRP....................... 61
2.2.1 Synthesis of initiators for TMM-LRP .......................................................... 61
2.2.2 TMM-LRP of DMAEMA with N-hydroxy succinimide 2-bromopropionate
(1) ......................................................................................................................... 63
2.2.3 TMM-LRP of MMA with N-hydroxy succinimide 2-bromopropionate (1) . 66
2.2.4 TMM-LRP of MMA with 2-bromo-2-methyl propionic acid 6acetylsulfanyl-hexyl ester (2) ............................................................................... 69
2.2.3 TMM-LRP of MMA and hostasol monomer (HMA) with 2-bromo-2-methylpropionic acid 3-azido-propyl ester (3) ............................................................... 72
2.2.4 TMM-LRP of PEG-MA with 2-bromo-2-methyl-hept-6-yn-3-one (4) ........ 76
2.3 CELLULOSE SURFACE MODIFICATION USING CLICK CHEMISTRY AND LRP .......... 79
2.3.1 Synthesis of Monomethoxy-PEG5000-N3 (6). ............................................... 79
2.3.2 Synthesis of 5-[1,3-dioxo-1H-benzo[3,4]isothiochromeno[7,8,1def]isoquinolin-2(3H)-yl]pentyl, (Hostasol-azide), (7) ....................................... 80
2.3.3 Click reaction to cotton surfaces ................................................................ 81
2.3.3 Conclusions ................................................................................................. 85
2.4 POLYMERISATION OF METRONIDAZOLE MONOMER (MTD-MA) ONTO CELLULOSE
SURFACE ................................................................................................................... 85

3

2.4.1 Polymerisation of metronidazole-containing monomer (MTD-MA) and
poly(ethylene glycol) methacrylate (PEG-MA). .................................................. 87
2.4.2 Graft of metronidazole-containing monomer from cellulose surface ......... 92
2.4.3 Conclusion .................................................................................................. 95
CHAPTER 3 RESIN SURFACE MODIFICATION AND ITS POTENTIAL
APPLICATION IN CHROMATOGRAPHY ......................................................... 96
3.1 INTRODUCTION.................................................................................................... 96
3.2 CLICK REACTIONS TO THE SURFACES OF WANG AND MERRIFIELD RESINS WITH
FLUORESCENT POLYMERS

......................................................................................... 98

3.2.1 Copolymerisation of MMA and hostasol methacrylate (HMA). ................. 98
3.2.2 Wang and Merrifield resins: surface modification. .................................. 101
3.3 “CLICK” MODULAR APPROACH TO GLYCOSYLATED RESINS ............................ 105
3.3.1 Synthesis of the sugar supports ................................................................. 107
3.3.2 Characterization of the sugar hybrid supports ......................................... 109
3.3.3 Preliminary lectin recognition experiments.............................................. 113
3.3.4 Conclusion ................................................................................................ 118
3.4 TMM-LRP OF GLYCEROL METHACRYLATE (GMA) ONTO RESIN SURFACE AND
THEIR MODIFICATION FOR CHIRAL SEPARATION ...................................................... 119

3.4.1 Synthesis of chiral polymer based CSP .................................................... 121
3.4.2 Characterisation of the hybrid supports ................................................... 122
3.4.3 Conclusion ................................................................................................ 125
CHAPTER 4 MULTIWALL CARBON NANOTUBE (MWCNT) SURFACE
MODIFICATION .................................................................................................... 126
4.1 INTRODUCTION.................................................................................................. 126
4.1.1 CNT surface modification by non-covalent attachment............................ 127
4.1.2 CNT surface modification by covalent attachment ................................... 128
4.1.3 Summary of CNT surface modification in this project.............................. 132
4.2 SYNTHESIS OF PST MODIFIED CNT AND THE FORMATION OF ISOPOROUS
MEMBRANES

........................................................................................................... 133

4.2.1 Synthesis of CNT-g-PSt through surface-initiated LRP............................ 135
4.2.2 Isoporous Membranes ............................................................................... 139

4

4.3 SYNTHESIS OF POLY(AMIDOAMINE) (PAMAM) DENDRON MODIFIED CNT AND
ITS METAL TEMPLATING

355

...................................................................................... 142

4.3.1 Synthesis of hydroxyl terminal PAMAM G3.5 dendron ............................ 143
4.3.2 Modification of MWCNT surface with PAMAM dendron and metal
templating .......................................................................................................... 144
4.4 THERMO-RESPONSIVE WATER-DISPERSIBLE CNTS. ........................................... 150
4.4.1 Synthesis of pyrene-terminal copolymer by SET-LRP. ............................. 152
4.4.2 Non-covalent modification of CNTs with pyrene-terminal polymers ....... 157
CHAPTER 5 CONCLUSION AND OUTLOOK.................................................. 161

CHAPTER 6 EXPERIMENTAL SECTION ........................................................ 164
6.1 REAGENTS AND MATERIALS .............................................................................. 164
6.2 ANALYSIS AND CHARACTERISATION ................................................................. 164
6.3 SYNTHESIS OF LIGANDS: N-(N-PROPYL)-2-PYRIDYLMETHANIMINE ................... 166
6.4 SYNTHESIS OF INITIATORS FOR TMM-LRP ....................................................... 167
6.4.1 N-Hydroxy succinimide 2-bromo-2-methyl propionate (1) ...................... 167
6.4.2 2-Bromo-2-methyl propionic acid 6-acetylsulfanyl-hexyl ester (2) .......... 168
6.4.3 2-Bromo-2-methyl-propionic acid 3-azido-propyl ester (3) ..................... 169
6.4.4 2-Bromo-2-methyl-hept-6-yn-3-one (4) .................................................... 170
6.4.5 2-Bromo-2-methyl-propionic acid pyren-1-ylmethyl ester ....................... 171
6.5 SYNTHESIS OF -FUNCTIONAL MATERIALS........................................................ 172
6.5.1 Synthesis of azido-terminal materials ....................................................... 172
6.5.2 Synthesis of alkyne-terminal materials ..................................................... 177
6.5.3 Synthesis of hydroxyl-terminal PAMAM dendron .................................... 179
6.5.4 Synthesis of pyrene-terminal polymers ..................................................... 184
6.6 CELLULOSE SURFACE MODIFICATION ................................................................ 185
6.6.1 cotton surface modification through click chemistry ................................ 185
6.6.2 Synthesis of Metronidazole modified cotton ............................................. 186
6.7 RESIN SURFACE MODIFICATION ......................................................................... 188
6.7.1 Wang resin surface modification through click chemistry ....................... 188
6.7.2 Merrifield resin surface modification through click chemistry ................ 189
6.7.3 Synthesis of Glycosylated Resins .............................................................. 190

5

6.7.4 Aquagel resin surface modification through surface-initiated LRP. ........ 193
6.8 CARBON NANOTUBE (CNT) SURFACE MODIFICATION ....................................... 194
6.8.1 Polystyrene modified MWCNT ................................................................. 194
6.8.2 Modification of MWCNT with PAMAM dendron ..................................... 196
6.8.3 Thermo-responsive water-dispersible MWCNTs ...................................... 197
CHAPTER 7 REFERENCES ................................................................................. 199

6

List of Figures
Figure 1. Schematic representation of a self-assembled monolayer (SAM). .............. 29
Figure 2. Schematic representation of different types of SAMs. ................................. 30
Figure 3. Approaches for modifying surfaces with organic polymers......................... 31
Figure 4. Scheme of ring opening polymerisation (ROP) and typical example of
polymer brushes grown by ROP. (a) Poly(N-propionylethyleneimine), (b) poly(εcaprolactone), (c) poly(lactic acid), (d) poly(glutamate), (e) poly(ε-carprolactam).
.............................................................................................................................. 33
Figure 5. Scheme of ROMP and example of polymer brushes grown by ring opening
metathesis polymerization (ROMP) of norbornene-derived monomers. ............. 36
Figure 6. Scheme of living anionic/cationic polymerisation and typical examples of
polymer brushes grown by [(a) polystyrene,(b) polystyrene-b-polyisoprene]
living anionic polymerisation and [(c) polystyrene] living cationic
polymerisation...................................................................................................... 37
Figure 7. Schematic representation of nitroxide-mediated polymerisation (NMP) and
polymer brushes grown by NMP. ........................................................................ 39
Figure 8. Scheme of Reversible Addition Fragmentation chain Transfer
polymerisation (RAFT) and typical example of polymer brushes grown by RAFT.
(a) Poly(methyl methacrylate), (b) polystyrene. .................................................. 41
Figure 9. Inner-sphere electron-transfer mechanism of Copper Mediated Living
Radical Polymerisation. ....................................................................................... 43
Figure 10. Out-sphere electron-transfer mechanism of Copper Mediated Living
Radical Polymerisation according to Percec........................................................ 44
Figure 11. Typical examples of polymer brushes grown by ATRP. ........................... 45
Figure 12. Examples of polyelectrolyte brushes grown by ATRP. ............................. 46

7

Figure 13. Chemical structures of the protective polymers poly(acrylonitrile) (PAN),
poly(mercaptomethylstyrene-co-N-vinyl-2-pyrrolidone) (MMS-NVP) and
poly(2-(methylthio)ethyl methacrylate-co-methyl methacrylate) (MTEMAMMA). ................................................................................................................. 48
Figure 14. Chemical structures of the functional polymers with dithiobenzoic ester as
end group synthesised by RAFT, poly(sodium 4-styrenesulfonate) (NaPSS),
poly((ar-vinylbenzyl) trimethylammonium chloride) (PVBTAC), poly(N,Ndimethylacrylamide) (PDMA), and poly(3-[2-(N-methylacrylamido)ethyldimethyl ammonio]propane sulfonate-b-N,N-dimethylacrylamide)
(MAEDAPS-DMA). ............................................................................................ 50
Figure 15. Schematic representation of polymers capable of terminal attachment to a
substrate. .............................................................................................................. 51
Figure 16. Cu(I)-catalysed Huisgen 1,3-dipolar cycloaddition. .................................. 57
Figure 17. Proposed catalytic cycle for the Cu(I)-catalysed ligation by Fokin and
Sharpless. ............................................................................................................. 58
Figure 18. Click chemistry (Huisgen 1,3-dipolar cycloaddition) on surface
modification. ........................................................................................................ 60
Figure 19. Synthesis of initiators bearing different functional groups. ....................... 61
Figure 20. Synthesis of succinimide-terminal PDMAEMA. ....................................... 63
Figure 21. a) Conversion vs. time and semilogarithmic kinetic curves and b) Mn,
Mw/Mn vs. conversion curves for the TMM-LRP of DMAEMA with 1.
[M]0/[I]0/[CuBr]0/[L]0 = 50: 1: 1: 2...................................................................... 64
Figure 22. 1H NMR of PDMAEMA with succinimide ester as alpha terminal group.65
Figure 23. Synthesis of succinimide-terminal PMMA. ............................................... 66
Figure 24. a) Conversion vs. time and semilogarithmic kinetic curves and b) Mn,
Mw/Mn vs. conversion curves for the TMM-LRP of MMA with 1. ................... 67

8

Figure 25. 1H NMR of PMMA with succinimide ester as alpha terminal group......... 69
Figure 26. Synthesis of acetylsulfanyl-terminal PMMA. ............................................ 69
Figure 27. a) Conversion vs. time and semilogarithmic kinetic curves and b) Mn,
Mw/Mn vs. conversion curves for the TMM-LRP of MMA with 2. ................... 70
Figure 28. 1H NMR of PMMA with acetylsulfanylhexyl ester as alpha terminal group.
.............................................................................................................................. 71
Figure 29. Synthesis of azido-terminal Poly(MMA-co-HMA). .................................. 72
Figure 30. a) Conversion vs. time and semilogarithmic kinetic curves and b) Mn,
Mw/Mn vs. conversion curves for the TMM-LRP of MMA and HMA with 3... 73
Figure 31. 1H NMR of Poly(MMA-co-HMA) with azido-propyl ester as alpha
terminal group. ..................................................................................................... 75
Figure 32. Synthesis of alkyne-terminal PEG-MA. ..................................................... 76
Figure 33. a) Conversion vs. time and semilogarithmic kinetic curves and b) Mn,
Mw/Mn vs. conversion curves for the TMM-LRP of PEG-MA in toluene......... 77
Figure 34. 1H NMR of Poly(PEG-MA) with alkyne terminal group........................... 78
Figure 35. Materials employed for cotton functionalization. ...................................... 79
Figure 36. Synthesis of azide-terminal Monomethoxy-PEG5000.................................. 80
Figure 37. Synthesis of Hostasol-azide. ....................................................................... 80
Figure 38. Reagents and conditions for cotton modification: a) anhydrous pyridine,
DMAP, b) N-(n-propyl)-2-pyridyl methanimine/Cu(I)Br, R-N3, 70˚C, (R =
Poly(MMA-co-HMA), methoxy-PEG, Hostasol)................................................ 81
Figure 39. FTIR spectra of cotton fibre before and after modification. A: cotton; B:
cotton-alkyne; C: cotton-(7). ................................................................................ 82
Figure 40. Microbalance curves of the cotton before and after modification. ............. 83
9

Figure 41. FE-SEM images of cotton before and after modification. A: Native cotton;
B: Cotton-(7); C: Cotton-(5); D: Cotton-(6). ....................................................... 84
Figure 42. Confocal images of fluorescently modified cotton. A: Cotton-control, B:
Cotton-(7), C: Cotton-(5). .................................................................................... 85
Figure 43. Structure of metronidazole and metronidazole monomer (MTD-MA). ..... 86
Figure 44. Polymerisation of metronidazole-containing monomer (MTD-MA) and
PEG-MA. a) CuBr/bpy, 25 ˚C. ............................................................................ 88
Figure 45. a) Semilogarithmic kinetic curves and b) Mn, Mw/Mn vs. conversion
curves for the polymerisation of MTD-MA and PEG-MA in toluene................. 89
Figure 46. 1H NMR of Poly(MTD-MA-co-PEG-MA). ............................................... 91
Figure 47. Reagents and conditions for cotton modification: a) anhydrous pyridine,
DMAP, 2-bromo-2-methyl-propionyl bromide, b) Cu(I)Br/bpy, MTD-MA, PEGMA, RT, anisole). ................................................................................................ 92
Figure 48. FTIR spectra of Polymer (9), the cotton fiber and the cotton fibers after
modification. ........................................................................................................ 93
Figure 49. Microbalance curves of the cotton fibers before and after modification.... 93
Figure 50. FE-SEM images of cotton before and after modification. A: Native cotton;
B: Cotton-Br; C &D: Cotton-(10). ....................................................................... 94
Figure 51. Copolymerisation of MMA and HMA. Reagents and conditions: a) CuBr,
N-(n-propyl)-2-pyridyl methanimine, 90˚C. ........................................................ 99
Figure 52. a) Semilogarithmic kinetic curve and b) Mn, PDi vs. conversion curves for
the copolymerisation of MMA and HMA. Reaction
conditions:[MMA]0/[HMA]0/[I]0/[CuBr]0/[L]0 = 100: 0.2 : 1: 1: 2, 90˚C, I = (4).
............................................................................................................................ 100
Figure 53. 1H NMR spectra of polymer (11) and initiator (4). .................................. 101

10

Figure 54. Reagents and conditions for resin modification: a1) Anhydrous pyridine,
(7), DMAP; b1) (PPh3)3Cu(I)Br, R-N3 , 70˚C, (R = (5)); a2) NaN3, DMSO/H2O,
b2) (PPh3)3Cu(I)Br, R-C≡CH, 70 ˚C, (R = (11)). ............................................ 102
Figure 55. FTIR spectra of Wang and Merrifield resins before and after modification.
A: Wang Resin; B: Wang Resin-(5); C: Merrifield Resin; D: Merrifield Resin(11). .................................................................................................................... 102
Figure 56. Images of modified Merrifield and Wang resins obtained by confocal
microscopy. A: Merrifield resin-(11), B: Wang resin-(5)................................ 103
Figure 57. FE-SEM images of Wang resin before and after modification. A1, A2:
native Wang resin; B1, B2: Wang resin-(5)....................................................... 104
Figure 58. Immobilized sugar supports: two general approaches employed in this
work. .................................................................................................................. 107
Figure 59. Synthesis of mannose modified Wang Resins by ‘click’ reaction. Reagents
and conditions: a) 4-Chlorocarbonyl-butyric acid prop-2-ynyl ester, DMAP,
pyridine, 60˚C; b) (PPh3)3Cu(I)Br, -2-azidoethyl mannopyranoside, DMSO,
60˚C; c) 2-bromoisobutyryl bromide, triethylamine, DMAP, dichloromethane; d)
trimethylsilyl-propargyl methacrylate, N-(ethyl)-2-pyridylmethanimine/Cu(I)Br,
toluene, 70˚C; e) TBAF·3H2O, acetic acid, THF; f) (PPh3)3Cu(I)Br, a-2azidoethyl mannopyranoside, DIPEA, DMSO, 60˚C. ....................................... 108
Figure 60. FTIR spectra of Wang resin, Wang-initiator and Wang-mannose. .......... 109
Figure 61. Gel-phase 1H NMR spectra of “rasta” polymers presented in this study.
Beads were suspended either in CDCl3 ((4) and (5)) or DMSO-d6.((6)). ......... 111
Figure 62. FE-SEM images of Wang resin (a&c) and Resin (15) (b&d). ................. 113
Figure 63. SEC-HPLC analysis of the FITC-Con A solution before (A, greed solid
line) and after (B, blue solid line) elution through the immobilized
monosaccharide (13) cartridge: a) UV detection,  = 280 nm, b) fluorescence
detection (ex = 495 nm, em = 525 nm). ............................................................ 114

11

Figure 64. SEC-HPLC analysis (UV detection, l = 280 nm) of the FITC-Con A
solution before (A, red dot line line) and after (B, blue solid line) elution through
the immobilized “rasta” neoglycopolymer resin (17) cartridge. Analogous minicolumns packed with non-sugar-functionalized supports (16) and Wang resin
were used as controls and the solutions eluted from them were analyzed by SECHPLC under the same conditions employed for (17). The resin cartridges were
then washed with 1 mL of 50 mM pH 7.4 PBS and the eluted solution was
analyzed by SEC HPLC (C, green solid line). ................................................... 116
Figure 65. Confocal microscopy images of the (17) (a), (16) (b) and Wang resin (c)
beads obtained after passing 1 mL of a 1 mg mL-1 FTIC-Con A solution in 50
mM pH 7.4 PBS through micro-colum cartridges packed with the
aforementioned resins. The resins were rinsed with 50 mM pH 7.4 PBS before
confocal microscopy analysis. ........................................................................... 117
Figure 66. Confocal microscopy images of the resin (17)-FITC Con A cluster beads
before (a) and after washing with a 4.0 M solution of -methyl-Dmannopyranoside, a competitive monovalent ligand for Con A, in 50 mM pH 7.4
PBS. ................................................................................................................... 118
Figure 67. Synthesis of enantiomer-immobilised resins by surface-initiated
polymerisation. Reagents and conditions: A) 2-bromoisobutyryl bromide,
anhydrous pyridine, ambient temperature; B) GMA, Cu(I)Br/bpy, methanol,
25˚C; C) EtPhNCO, anhydrous pyridine, 50 ˚C. ............................................... 121
Figure 68. FTIR spectra of Aquagel resins before and after modification. ............... 122
Figure 69. Gel-phase 1H NMR spectra of EtPhNCO modified Aquagel resin (20)
suspended in CDCl3 . ......................................................................................... 123
Figure 70. FE-SEM images of Aquagel (a), resin (19) (b) and resin (20) (c). .......... 125
Figure 71. Chemical modification of CNTs through thermal oxidation, and the
subsequent esterification or amidization reactions. ........................................... 129

12

Figure 72. Overview of possible addition reactions for the functionalization of the
CNTs. (copied from Balasubramanian, K.; Burghard, M. Small 2005, 1, 180192). ................................................................................................................... 131
Figure 73. Proposed mechanism (Stenzel, M. H.; Barner-Kowollik, C.; Davis, T. P. J.
Polym. Sci., Polym. Chem. 2006, 44, 2363-2375.) for the formation of
honeycomb-structured porous films: (A) evaporation of the solvent of the
polymer solution, (B) condensation of water droplets cause by the cold surface
temperature of the solution, (C) formation of a hexagonal closest packing of
water droplets on the solution surface, (D) precipitation of the polymer on the
interface and prevention of coagulation. ............................................................ 134
Figure 74. Synthesis of PSt modified CNTs. (a) SOCl2; (b) 2-bromo-2-methylpropionic acid 6-hydroxy-hexyl ester, toluene; (c) Styrene, Cu(I)Br/ Bipy,
110 °C. ............................................................................................................... 135
Figure 75. IR spectra of CNTs before and after modification. .................................. 136
Figure 76. TGA traces of native and functionalised CNTs. ...................................... 137
Figure 77. TEM of MWCNTs before and after modification. A: CNT-COOH, (21); B:
PSt-g-CNT, (24)................................................................................................. 138
Figure 78. SEC trace of the PSt chains cleaved from the CNTs................................ 139
Figure 79. Image from optical microscope of hybrid nanoparticle membrane of PSt-gCNT.................................................................................................................... 140
Figure 80. FE-SEM images of the hybrid nanoparticle membrane of PSt-g-CNT. ... 140
Figure 81. AFM image of the hybrid nanoparticle membrane of CNT-g-PSt. .......... 141
Figure 82. Scheme (copied from http://en.wikipedia.org/wiki/Dendrimer) of
dendrimer and dendron. ..................................................................................... 142
Figure 83. Synthesis of α-functional PAMAM dendron............................................ 143
Figure 84. 1H NMR spectrum of hydroxyl terminal PAMAM G 3.5 dendron. ......... 144

13

Figure 85. Synthesis of PAMAM dendron modified MWCNT and dendron-MWCNTAg(0) hybrid materials. Reagents and conditions: a) thionyl chloride, toluene; b)
(25), toluene; c) AgNO3 aqueous solution; d) formaldehyde solution. ............. 145
Figure 86. TGA curves of native and functionalised MWCNT................................. 147
Figure 87. FTIR of native and functionalised MWCNTs. ......................................... 147
Figure 88. FE-SEM images of native and functionalised MWCNTs. A. native
MWCNTs; B. MWCNT-dendron (26); C. MWCNT-dendron-Ag (28). ........... 148
Figure 89. TEM of MWCNTs and EDS dates: A) native MWCNTs; B) MWCNTdendron (26); C) Control: MWCNT-COOH (21) + AgNO3 + CH2O; D)
MWCNT-dendron-Ag (28); E) the EDS spectrum of (28). ............................... 149
Figure 90. Synthesis of pyrene-terminal copolymer by SET-LRP and preparation of
thermo-sensitive water-soluble CNTs................................................................ 152
Figure 91. Synthesis of the pyrene initiator. .............................................................. 153
Figure 92. Semilogarithmic kinetic curves and Mn, PDi vs. conversion curves for the
SET-LRP of DEGMA. Reaction conditions: [DEGMA]0 : [I]0 : [Cu(0)]0 : [L]0 =
100: 1: 1: 1, 25˚C. .............................................................................................. 154
Figure 93. Semilogarithmic kinetic curves and Mn, PDi vs. conversion curves for the
SET-LRP of PEGMA. Reaction conditions: [PEGMA]0 : [I]0 : [Cu(0)]0 : [L]0 =
100: 1: 1: 2, 25˚C. .............................................................................................. 154
Figure 94. Semilogarithmic kinetic curves and Mn, PDi vs. conversion curves for the
SET-LRP of PEGMAand DEGMA. Reaction conditions: [PEGMA]0 :
[DEGMA]0 : [I]0 : [Cu(0)]0 : [L]0 = 10 : 90 : 1 : 1 : 2, 25˚C. ............................. 155
Figure 95. 1H NMR spectrum of pyrene-containing PEG copolymer (Polymer 31). 156
Figure 96. Plots of absorbance as a function of temperature measured for aqueous
solutions (3mg/mL) (A) of polymer 31 and polymer 31 modified MWCNTs;
Polymer 31 modified MWCNTs dispersed in water at ambient temperature (B)
and after heated to 60°C (C); TEM of polymer 31 (D). .................................... 158

14

Figure 97. The control experiments of dispersing MWCNTs in aqueous solution after
5 days: A) polymer 31; B) non-pyrene polymer 33; C) 1-pyrenebutyric acid +
NaOH. ................................................................................................................ 159
Figure 98. TGA traces for (A) MWCNT (black line); (B) Polymer 31 modified
MWCNT (blue line) and (C) pure Polymer 31 (red line). ................................. 160

15

List of Tables
Table 1. Comparison of the two surface modification approaches of “grafting to” and
“grafting from”. ................................................................................................... 55
Table 2 Results and conditions of TMMLRP for DMAEMA by initiator 1. .............. 65
Table 3 Results and conditions of TMMLRP for MMA by initiator 1........................ 68
Table 4 Results and conditions of TMMLRP for MMA by initiator 2........................ 71
Table 5 Results and conditions for TMMLRP of MMA and HMA by initiator 3....... 74
Table 6 Results and conditions for TMMLRP of PEG-MA by initiator 4. ................. 76
Table 7 Results and conditions of TMMLRP for MTD-MA and PEG-MA................ 90
Table 8 Elemental analysis of some of the functionalized Wang resins prepared in this
work. .................................................................................................................. 112
Table 9. Elemental analysis of some of the functionalized Aquagel resins prepared in
this work. ........................................................................................................... 124
Table 10. Summary of molecular characteristics of the SET-LRP synthesized
(co)polymers employed as stabilizing species. .................................................. 153

16

Acknowledgements
I would like to thank all the people who contributed in some way to the work
described in this thesis. First and foremost, I thank my supervisor, Professor David M.
Haddleton, for the support and guidance that was necessary for the completion of this
work. I have been fortunate to have you as my supervisor and I consider it an honour
to be your student.

Dr Giussepe Mantovani, thank you for your continuous help during these three years.
Although my Ping Pong may be slightly better than you, I greatly benefited from your
keen scientific insight, without your effort my job would have undoubtedly been more
difficult.

I would also like to express the pleasure of working with a great group of individuals
in the polymer lab. I will not forget the warm smile from Emma Melia when she
brought me to her house from Pool Meadow 1 a.m. in the morning the first day I
arrived England. Benjamin MacCreath generously gave me any help I need, not to
mention the wonderful organisations of basketball, badminton and beers. And without
the help and support of fellow lab-mates and collaborators, many results described in
this thesis would not be accomplished. Lei Tao and I worked together on dendron
modified carbon nanotubes. Jin Geng helped me for sugar related synthesis. Daniel
Nystrom taught me how to cast isoporous films when we synthesised the polystyrene
modified carbon nanotubes. Helen Middleton and I made an antibiotic metronidazolecontaining polymer onto cotton surface. Peter Wright showed me his expertise in
dispersant and we made thermo-responsive water dispersible carbon nanotubes.

17

Claire Sayers helped me for HPLC characterisation. Solene Cauet often gave me
helpful comments on my work. And Dr Josefina Lindqvist helped reviewing my
thesis. I would like to thank all the members of the polymer group past and present.
You provided a friendly and cooperative atmosphere at work. All the happy things
happened during my PhD study in Warwick with you guys are my treasures.

Further special thanks should go to Dr Julie Macpherson and Dr Paul Taylor for
evaluating the progress of my PhD study, Dr. Adam Clarke for assistance with NMR
experiments, Dr Steve York for SEM and TEM characterisation, Miss Sara Dale for
assistance with Confocal Microscopy.

I am grateful for the funding sources that allowed me to pursue my PhD studies: the
Overseas Research Students Award Scheme (ORSAS) and Warwick Postgraduate
Research Fellowship Scheme (WPRFS).

Finally, I would like to thank my parents for their encouragements and support, and
especially my wife Yan, your love and support drive me to do my best. Everything I
do I only hope brings you and our daughter joy and happiness for the rest of our lives.

18

Declaration
Experimental work contained in this thesis is original research carried out by the
author, unless otherwise stated, in the Department of Chemistry at the University of
Warwick, between October 2004 and September 2007. No material contained herein
has been submitted for any other degree, or at any other institution.

Results from other authors are referenced in the usual manner throughout the text.

______________________________________

Date: _____________________

Gaojian CHEN

19

Abstract
Thin organic and polymer layers on solid substrates play a key role in many processes
aimed at modifying surface properties.

Both "grafting to" and "grafting from"

methods have been used in this project to modify a variety of surfaces including
cellulose, resins and carbon nanotubes (CNT) with functional polymers.

Living

radical polymerisation and Huisgen [2+3] cycloaddition (often termed “click”
reaction) were used to carry out these modifications.
Living radical polymerisation was first used to synthesize different α-functional
polymers and used for surface modification. For example, Living radical
polymerisations of methyl methacrylate and a fluorescent comonomer with 2-bromo2-methyl-propionic acid 3-azido-propyl ester and 2-bromo-2-methyl-hept-6-yn-3-one
as initiators have been successfully employed for the synthesis of fluorescently tagged
azide and alkyne terminated PMMA with molecular weight (Mn) close to that
predicted and polydispersity index (PDi) less than 1.20 and good first order kinetics
that would be expected for living radical polymerisation. Cotton and organic resin
surfaces have been functionalised with alkyne groups using simple condensation with
4-chlorocarbonyl-butyric acid prop-2-ynyl ester. The surfaces have been further
modifies using a Huisgen [2+3] cycloaddition (click) reaction of both polymeric and
small molecule azides. Different functional azides, namely mono azido-PEG and a
new fluorescent hostasol derivative have also been prepared and tested as model
substrates for cotton surface modification. This approach is shown to be very general
allowing soft and hard surfaces with different geometries to be modified. In particular
it is an excellent method to alter the nature of organic resins allowing the
incorporation of many different functionalities.
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The covalent immobilization of a range of carbohydrate derivatives onto resin beads
was then carried out. Copper-catalysed Huisgen [2+3] cycloaddition was used to graft
mannose-containing azides to complementarily functionalised alkyne surfaces,
namely: a) Wang resin or b) “Rasta” particles consisting of a “clickable” alkyne
polymer loose outer shell and a Wang resin inner core. For the second approach,
Wang resin beads were first converted into immobilized ATRP initiators, and then
polymerisation of trimethylsilanyl-protected propargyl methacrylate followed by
deprotection with TBAF·3H2O afforded the desired polyalkyne clickable scaffold. An
appropriated -mannopyranoside azide was then clicked onto it, to give a mannose
functionalized “Rasta” resin. The binding abilities of these D-mannose-modified
particles were then tested using fluorescein labelled Concanavalin A (Con A), a lectin
known for its ability of binding certain mannose-containing molecules. Our
preliminary results indicated that the novel glycohybrid materials presented in this
work are able to efficiently recognize mannose-binding model lectins such as Con A,
opening the way for their potential application in affinity chromatography, sensors
and other protein recognition/separation fields.
Other functional polymers with antibiotic or chiral properties were also grafted from
surfaces. Living radical polymerisation of poly(ethylene glycol) methyl ether
methacrylate (PEGMA) and a metronidazole monomer (MTD-MA) has been
successfully employed for the synthesis of antibiotic metronidazole containing
polymers with Mn close to that predicted, narrow polydispersity and good first order
kinetics that would be expected for living radical polymerisation. Using the
monomers PEGMA and MTD-MA, with preformed immobilized initiator on cotton,
surface initiated LRP was carried out to give cotton bearing antibiotic polymers.
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Surface initiated living radical polymerisation of GMA was then successfully carried
out for the synthesis of PGMA containing bead base on Aquagel resin. The hydroxyl
groups of the PGMA moiety were then reacted with a single enantiomer (R)-(+)-1phenylethyl isocyanate (EtPhNCO). This demonstrates a convenient way of
immobilise enantiomer moiety onto resin surface and the resulting solid support may
be used as chiral stationary phases (CSP) for HPLC chromatography.
To modify CNTs with functional polymers not only increase the dispersability of the
CNTs, it has also enlarged the application areas of CNT’s due to the polymers' own
functional properties. MWCNTs were first converted to a solid support LRP initiator
by an esterification reaction and styrene was grafted from MWCNTs through surfaceinitiated LRP, the PSt modified CNTs were then used to form isoporous membranes.
Similarly, Poly(amidoamine) (PAMAM) dendrons were covalently attached to
MWCNTs and dendron-MWCNT-Ag(0) hybrid materials were made afterwards
which occurred via Ag(I) coordination to the PAMAM dendron nitrogen donors,
followed by reduction with formaldehyde. Finally, noncovalent method was used to
make a thermo-sensitive water soluble CNTs. The homopolymerisations and
copolymerisation of poly(ethylene glycol) methyl ether methacrylate (PEGMA) and
di(ethylene glycol) methyl ether methacrylate (DEGMA) using a pyrene-containing
initiator and a Cu(0)/Me6-Tren catalyst system was investigated. The pyrenefunctionalised polymers synthesised were then used to modify CNTs and thus thermosensitive water-dispersible CNTs were made.
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Abbreviations
AFM

atomic force microscopy

AGET

activators generated by electron transfer

APS

(γ-aminopropyl) triethoxysilane

ARGET

activator regenerated by electron transfer

ATRP

atom transfer radical polymerisation

Au-NPs

gold nanoparticles

CCl4

carbon tetrachloride

CL

caprolactone

CNTs

carbon nanotubes

COD

cyclooctadiene

Con A

Concanavalin A

Conv.

conversion

CuBr

copper(I)bromide

DCC

N, N’-dicyclohexylcarbodiimide

DCM

dichloromethane

DEGMA

di(ethylene glycol) methyl ether methacrylate

DIAD

di-isopropyl azodicarboxylate

DIPEA

diisopropylethylamine

DMAEMA

2-(dimethylamino)ethyl methacrylate

DMAP

4-dimethylamino pyridine

DMF

dimethyl formamide

DMSO

dimethyl sulfoxide

DNA

deoxyribose nucleic acid
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DP

degree of polymerisation/kinetic chain length

d-PDMS

deuterated poly(dimethylsiloxane)

DPE

diphenylethylene

DVB

divinylbenzene

EDS

energy-dispersive spectroscopy

EGDMA

ethylene glycol dimethacrylate

EtPhNCO

(R)-(+)-1-phenylethyl isocyanate

f

initiator efficiency

FE-SEM

field-emission scanning electron microscopy

FITC-Con A

fluorescein isothiocyanate-labelled Concanavalin-A

GMA

Glycerol methacrylate

GPC

gel permeation chromatography

GR

grafting ratio

HEA

2-hydroxyethyl acrylate

HEMA

2-hydroxyethyl methacrylate

HMA

hostasol monomer

Hostasol-azide

5-[1,3-dioxo-1H-benzo[3,4]isothiochromeno[7,8,1-def]
isoquinolin-2(3H)-yl]pentyl

HPMA

N-(2-hydroxy-propyl)-2-methyl-acrylamide

I

initiator

IR

infrared

kd

rate constant of deactivation

kp

rate constant of polymerisation

kt

rate constant of termination

ktc

rate constant of termination by combination
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ktd

rate constant of termination by disproportionation

ktr

rate constant of chain transfer

L-LA

L-lactide

LRP

living radical polymerisation

M

monomer

MA

methyl acrylate

MADIX

macromolecular design via interchange of xanthates

MAEDAPS-DMA

poly(3-[2-(N-methylacrylamido)-ethyldimethyl
ammonio]propane sulfonate-b-N,N-dimethylacrylamide)

METAC

2-(methacryloyloxy)ethyl trimethylammonium chloride

MMA

methyl methacrylate

Mn

number average molecular weight

Mn,NMR

Mn by nuclear magnetic resonance

Mn,SEC

Mn by size exclusion chromatography

Mn,th

Theoretical number average molecular weight

MTD-MA

metronidazole monomer

Mw

weight average molecular weight

MWCNT

multiwalled carbon nanotube

MWD

molecular weight distribution

NaPSS

poly(sodium 4-styrenesulfonate)

NCA

N-carboxyanhydrides

NHS

N-hydroxy succinimide

NIPAAm

N-isopropyl-2-methyl-acrylamide

NMP

nitroxide-mediated polymerisation

NMR

nuclear magnetic resonance
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PAMAM

poly(amidoamine)

PAmPV

poly{(5-alkoxy-m-phenylenevinylene)-co-[(2,5-dioctyloxy-pphenylene)-vinylene]}

PB

poly(butadiene)

PBLG

poly-γ- benzyl-L-glutamate

PCL

poly(-caprolactone)

PDi

polydispersity index

PDMA

poly(N,N-dimethylacrylamide)

PDMAEMA

poly(dimethylamino)ethyl methacrylate

PDMS

polydimethylsiloxane

PEG

poly(ethylene glycol)

PEGMA

poly(ethylene glycol) methyl ether methacrylate

PEO

poly(ethylene oxide)

PGMA

poly(glycerol methacrylate)

PMEMA

poly(2-(N-morpholino)-ethyl methacrylate)

PMMA

poly(methyl methacrylate)

PmPv

poly(m-phenylenevinylene)

PNIPAM

poly(N-isopropylacrylamide)

POEGMA

poly(oligo(ethylene glycol) methacrylate)

PPEI

poly(N-propionyl ethyleneimine)

ppm

parts per million

PSt

polystyrene

PVA

poly(vinyl alcohol)

PVBTAC

poly((ar-vinylbenzyl) trimethylammonium chloride)

PVP

poly(vinyl pyridine)
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RAFT

reversible addition fragmentation chain transfer

RH

hydrodynamic radius

ROMP

ring opening metathesis polymerisation

ROP

ring-opening polymerisation

Rp

rate of polymerisation

Rt

rate of termination

SAM

self-assembled monolayer

SEC

size exclusion chromatography

SEM

scanning electron microscopy

SET

single-electron transfer

SI-VDP

surface-initiated vapour deposition polymerisation

SKMA

solketal methacrylate

St

styrene

SWCNTs

single-walled carbon nanotubes

TEM

transmission electron microscopy

TGA

thermal gravimetric analysis

THF

tetrahydrofuran

TMM-LRP

transition metal mediated living radical polymerisation

UV

ultra violet

λ

wave length (nm)

ν

frequency (Hz)
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Chapter 1. Polymers at Solid Surfaces
1.1 Introduction
Thin organic and polymer layers on solid substrates play a key role in many processes
aimed at modifying surface properties. These organic/polymer modified surfaces can
be applied in many fields, including adhesion and wetting,
microfabrication,

3,5,6

chemical sensing 5 and organic synthesis.

1-3
6-8

microfluidics,

4

In addition, many

examples of bio-related applications, such as tissue engineering, 9 drug delivery,

10-12

implants and cell adhesion 13,14 and protein recognition 1 have also been reported.
With the development of polymer and surface science, new grafting technologies
promise to offer unprecedented control of the polymer architecture with micrometer
and nanometer resolutions. A brief introduction of current technologies used in
(polymer) surface modification will be given below.

1.2 Self-assembled monolayers (SAMs)
A very fashionable method for the preparation of well-controlled surface layers is the
use of molecules with a reactive head-groups to form a covalent bond with a
complementary chemical site on the surface of a target substrate to be modified. This
can lead to the formation of a so-called self-assembled monolayer (SAM).15 This
technology has been extended and widely used in the area of surface modification
with polymers, especially for the attachment of initiators or chain transfer agents onto
a surface for subsequent polymerisation. In general, SAMs are surfaces consisting of a
single layer of molecules on a substrate. Rather than having to use a technique such as
chemical vapor deposition16 or molecular beam epitaxy17 to add molecules to a
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surface (often with poor control over the thickness of the molecular layer), self
assembled monolayers can be prepared simply by adding a solution of the desired
molecule onto the substrate surface and washing off the excess, Figure 1.

Figure 1. Schematic representation of a self-assembled monolayer (SAM).

The most common example is probably an alkane thiol assembled on a gold surface.
Sulfur has a high affinity for gold, with a binding energy in the range of 20–35
kcal/mol (85–145 kJ/mol). An alkane with a thiol head group will stick to the gold
surface and form an ordered assembly with the alkyl chains packing together due to
van der Waals forces. Although the majority of papers describing SAMs in recent
years have described thiols on gold

18,19

, this is by no means the only system to

consider. As shown in Figure 2, there are in general three types of SAMs: (1)
monolayers of fatty acids: the spontaneous adsorption of n-alkanoic acids
(CnH2n+1COOH) onto aluminium oxide or silver is a good example.20-22 This is an
acid-base reaction, and the driving force is the formation of a surface metal cation. (2)
Monolayers

of

organosilicon

derivatives:

SAMs

of

alkylchlorosilanes,

alkylalkoxysilanes, and alkylaminosilanes can be formed on hydroxylated surfaces.
The driving force for this self-assembly is the in situ formation of a polysiloxane,
which is connected to surface silanol groups (-SiOH) via Si-O-Si bonds. Substrates on
which these monolayers have been successfully prepared include silicon oxide,
aluminium oxide,

27,28

quartz,

29-31

glass,

26

mica,

32,33

zinc elenide,

26,27

23-26

germanium
29

oxide,

26

and gold.

18,19

(3) Organosulfur adsorbates on metal and semiconductor

surfaces: Sulfur and selenium compounds have a strong affinity to transition metal
surfaces.

34,35

This is probably due to the possibility of forming multiple bonds with

surface metal clusters. Until now, the most studied, and probably most understood
SAM is that of alkane thiolates on Au surfaces.

36-39

Organosulfur compounds

coordinate very strongly also to silver, 40,41 copper, 41,42 platinum, 43 mercury, 44 iron,
45

nanosized γ-Fe2O3 particles, 46 GaAs, 47 and InP surfaces. 48

Figure 2. Schematic representation of different types of SAMs.

1.3 Surface modification with polymers
For the modification of planar surfaces with polymer or organic materials, there are in
general three methods, Figure 3. The simplest method is spin casting or dip coating
techniques, in this way, the “physisorbed” material is formed on the surface. A typical
method for spin casting is the following. A solution of the substrate material is
prepared with a volatile solvent. Cleaned glass microscope slides are mounted on a
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centrifuge rotor head, which holds the slides in a horizontal position during
centrifugation. A drop of solution is deposited on the slide. The centrifuge is then
operated at moderate speed and under slightly evacuated conditions until all the
solvent has evaporated, leaving a thin smooth film on the glass slide. Although easy
and simple, the polymers coated onto the surface using these techniques may become
detached under certain conditions. Therefore other approaches have been researched
and investigated. One strategy commonly employed for solving this problem is to
form a covalent chemical bond between the substrate and the polymer molecules.

Figure 3. Approaches for modifying surfaces with organic polymers.

There may be two different types, according to where the functionality of the polymer
is used to form a bond with the surface, either on the side chain or end group.
Surfaces modified with functional polymers with reactive end-groups are known as
polymer brushes. 49-52 There are two general techniques for obtaining polymer brushes:
firstly the “grafting to” method 53-55, where polymers carrying an “anchor” end-group
are used to react with appropriate sites at the substrate surface. Another approach
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widely employed to make polymer brushes is to generate polymers directly at the
surface of the substrate using surface-attached initiators, (“grafting from” method or
sometimes called surface-initiated polymerisation52). Examples of these two
techniques for surface modification are given below.

1.4 Typical surface modification using "grafting from"
method
The "grafting from" method is by far the most widely employed synthetic strategy for
the production of high density polymer brushes since the emergence of living radical
polymerization
cationic,

50,56

. Many examples of the “grafting from” method using anionic,

ring-opening,

nitroxide-mediated

polymerisation

(NMP),

reversible

addition–fragmentation chain transfer (RAFT) polymerisation and in particular
transition metal mediated living radical polymerisation (TMM-LRP) have been
reported.
(ATRP),

57-60

The latter technique, often termed atom transfer radical polymerisation

provides

polymers

with

controlled

molecular

weight

polydispersities and gives better control of the properties of the surface

and

low

56,61-63

. Here

some example of the methods used in surface modification through "grafting from"
approach will be given:

1.4.1 Ring opening polymerisation
In ring-opening polymerisation (ROP), the monomer is a cyclic compound. The chain
typically propagates through cationic or anionic propagation. The simplified
schematic representation of ROP is shown in Figure 4, where Z is normally a non-
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carbon atom, such as O and N atoms. Typical examples of surface-initiated ROP are
given below.

Figure 4. Scheme of ring opening polymerisation (ROP) and typical example of polymer brushes
grown by ROP. (a) Poly(N-propionylethyleneimine), (b) poly(ε-caprolactone), (c) poly(lactic acid),
(d) poly(glutamate), (e) poly(ε-carprolactam).
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Jordan et al. firstly reported the living cationic ROP of 2-ethyl-2-oxazoline to produce
linear poly(N-propionyl ethyleneimine) (PPEI).64 Self-assembled monolayer (SAM)
technology was used to attach trifluoromethane sulfonate groups on a gold coated
glass slide by the adsorption of 11-hydroxyundecanethiol and subsequent vapor-phase
functionalization. A thick layer of PPEI was produced by reaction with 2-ethyl-2oxazoline in refluxing chloroform for seven days. Amphiphilic brushes were obtained
after adding N, N-dioctylamine to terminate this polymerisation. (Figure 4a)
Aluminium alkoxide catalysed ROP was used by Husseman et al. to grow brushes of
poly(e-caprolactone) (PCL) on gold surfaces.65 A SAM with di(ethylene glycol)
terminating moieties was used to present -OH groups for initiation. Organometallic
catalysis

with

diethylaluminium

alkoxides,

which

were

prepared

from

triethylaluminium, allowed the formation of thick PCL brushes at ambient
temperature within a few hours. (Figure 4b) Similarly, Choi and Langer explored the
use of the tin(II) octanoate catalyst to produce chiral poly(lactic acid) (PLA) brushes
on gold and silicon substrates by ROP of L-lactide.66 (Figure 4c) In a more recent
example of this type reported by Lattuada et al., surface-initiated ROP of L-lactide
was used for the preparation of monodisperse, water-soluble magnetic nanoparticles.
67

Also, ROP of ε-caprolactone (ε-CL) and L-lactide (L-LA) have been performed

from cellulose fibres. The hydroxyl groups on cellulose act as initiators in the
polymerisation.68 In another example of nanotube modification using ROP method,
Chen et al. reported that MWCNTs were modified to possess hydroxyl groups and
were used as co-initiators to polymerise L-lactide. 69
Schouten and co-workers grew poly(L-glutamate) brushes from amine-functionalized
silicon wafers and glass slides. The ROP of N-carboxyanhydrides (NCA) of γ-benzyl
L-glutamate and γ-methyl L-glutamate from (γ-aminopropyl)triethoxysilane (APS)
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pretreated substrates such as silicon wafers and quartz slides was investigated,70
(Figure 4d). In addition, the electromechanical properties of a poly-γ-benzyl-Lglutamate (PBLG) film grafted at the carboxyl-terminal end to a flat aluminum
surface were measured by Jaworek et al.71
More recently, the functionalization of carbon nanotubes with nylon-6 was
accomplished through surface-initiated ROP strategy in a two-step process. εCaprolactam molecules were first covalently attached to nanotubes, followed by the
ROP of these bound ε-caprolactam species with the same monomers in bulk, Figure
4e.72

1.4.2 Ring opening metathesis polymerisation (ROMP)
Ring opening metathesis polymerisation (ROMP) is a polymerisation method where
which cyclic olefins (e.g. norbornene or cyclopentene) are polymerized with a
metathesis catalyst, Figure 5. For the application of ROMP on surface modification,
Whitesides and co-workers used an immobilized ruthenium catalyst to grow brushes
from norbornene-derived monomers onto silicon wafer surfaces.73 The active surfacebound catalytic sites were produced by exposing the preformed trichlorosilane
norbornene-containing SAMs to a solution of Grubbs-type ROMP catalyst. Polymer
brushes from norbornene-based monomers were then obtained. Exposure of these
brushes to a solution of a second monomer allowed the growth of diblock copolymer
brushes. Similarly, Grubbs and co-workers use a surface-bound ruthenium catalyst
with a norbornene monomer as a route to very well defined insulating layers on
silicon, with applications in electrical device construction.74 More recently, Moon and
Swager used ROMP to grow brushes with poly(p-phenylene ethynylene) “molecular
wire” side chains for applications in chemical sensing.75 Surface-initiated ROMP of
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cyclooctadiene (COD) carried out in the vapor phase was also reported by Feng et al.
This is advantageous compared to conventional solution methods in terms of
minimizing chain transfer by reducing polymer chain mobility at the vapor/solid
interface. 76

Figure 5. Scheme of ROMP and example of polymer brushes grown by ring opening metathesis
polymerisation (ROMP) of norbornene-derived monomers.

1.4.3 Living ionic (anionic/cationic) polymerisation
Anionic addition polymerisation of vinyl monomers is normally initiated by a strong
base and anion, such as an alkali amide, or an organometallic compound, such as nbutyllithium. Conversely, in cationic polymerisation, the carbocation acts as the active
center for monomer to add on the growing chain. The highly living nature of
anionic/cationic polymerisation has made it an attractive choice for the synthesis of
well-defined polymer brushes. Examples of polymer brushes made by these two
living ionic polymerisation techniques are given below, Figure 6.
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Figure 6. Scheme of living anionic/cationic polymerisation and typical examples of polymer
brushes grown by [(a) polystyrene, (b) polystyrene-b-polyisoprene] living anionic polymerisation
and [(c) polystyrene] living cationic polymerisation.

Jordan and Ulman used SAMs containing biphenyllithium groups to initiate the
anionic polymerisation of styrene from gold surfaces. SAMs containing
bromobiphenyl groups were formed, and converted to the initiating species by
reaction with sec-butyl lithium. Very uniform styrene films with a thickness of 18 nm
were obtained, although the polymerisation is slow, taking three days to reach this
thickness.77 (Figure 6a) Advincula et al. used SAMs containing diphenylethylene
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(DPE) groups, activated with n-butyl lithium, to initiate the anionic polymerisation of
styrene.78, Figure 6b. Similarly, in another example using DPE groups as the
immobilized precursor initiator for living anionic surface-initiated polymerisation,
after activated with n-BuLi, different monomers (styrene, isoprene, ethylene oxide,
and methyl methacrylate) have been polymerized from flat gold substrates.79 More
recently, Chen et al reported soluble carbon nanotubes were prepared by treating
SWNTs with sec-butyl lithium and subsequently using the generated carbanions as
the initiator to graft PtBA and PtBA-b-PMMA onto the surface of SWNTs. 80
For the application of cationic polymerisation to the synthesis of polymer brushes,
Brittain and coworkers reported that SAMs terminating in cumyl methyl ether
moieties were deposited on silicon wafer surfaces, activation with TiCl4 in the
presence of styrene and a proton scavenger (di-tert-butyl pyridine) leads to the growth
of brushes at -78°C,81 Figure 6c. A very low temperature was needed in this case to
suppress chain transfer reactions.

1.4.4 Nitroxide-mediated polymerisation (NMP)
Also called stable free radical mediated polymerisation, NMP was discovered while
using a radical scavenger called TEMPO when investigating the rate of initiation
during free radical polymerisation.82 The coupling of the stable free radical with the
polymeric radical is sufficiently reversible, therefore termination is reversible, and the
propagating radical concentration can be limited to levels that allow controlled
polymerisation. The equilibrium between dormant chains (those reversibly terminated
with the stable free radical) and active chains (those with a radical capable of adding
to monomer) is designed to heavily favor the dormant state. A schematic
representation of NMP is shown in Figure 7.
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Figure 7. Schematic representation of nitroxide-mediated polymerisation (NMP) and polymer
brushes grown by NMP.

When applying this concept to surface modification, the attachment of TEMPOcontaining initiator to surface will be the key issue. Depending on the surface used,
different surface-bound TEMPO initiators with different functionality and spacers
have been made to polymerise different monomers, although the most widely used is
styrene, where X = H, Y = C6H5 in Figure 7. Examples of surface-initiated NMP are
given below.
Husseman et al. reported the synthesis of polystyrene brushes on silicon wafers using
surface-bound alkoxyamine initiator molecules.83 Polymerisation of styrene from this
surface was carried out, upon heating the initiator-functionalized wafer to 120°C,
when the alkoxyamine moiety is cleaved off to give an alkyl radical and the stable
nitroxide radical, TEMPO. However, using surface-bound initiators alone did not give
a controlled polymerisation, as the very small amount of growing polymer chains,
compared to the monomer concentration, gives a very low overall concentration of
free TEMPO and so inefficient capping of chain ends. The addition of “free”
alkoxyamine initiator to the polymerisation solution solves this problem, but leads to
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the formation of free polymer, which must be removed from the brushes by excessive
washing with solvents. In another example, Hawker and co-workers applied surfaceinitiated NMP to the formation of crosslinked, hollow nanoparticles, which may be of
interest for applications such as drug delivery and as building blocks for
nanotechnology.84 In a further report, a gas-phase polymerisation approach was used
to create end-grafted vinyl based polymer films on silicon oxide based surface.85 The
"surface-initiated vapor deposition polymerisation" (SI-VDP) of vaporized vinyl
monomers, via NMP mechanism, was developed to fabricate various homo- and block
copolymer brushes from surface-bound TEMPO initiators. Different monomers like
styrene, acrylic acid (AAc), N-(2-hydroxy-propyl)-2-methyl-acrylamide (HPMA) and
N-isopropyl-2-methyl-acrylamide(NIPAAm) were used. More recently, polystyrene
(PS)-grafted-titanium oxide (TiO2) nanoparticles with a diameter of 15 nm were
prepared by surface-initiated NMP. 86

1.4.5

Reversible

addition–fragmentation

chain

transfer

(RAFT)

polymerisation
Reversible Addition Fragmentation chain Transfer polymerisation (RAFT) was
presented by Rizzardo et al. from CSIRO,87,88 and a mechanistically identical process
termed Macromolecular Design via Interchange of Xanthates (MADIX) from Zard et
al. at Rhodia 89,90 were both first reported in 1998/early 1999. RAFT is a degenerative
chain transfer process and is free radical in nature. Most RAFT agents contain
thiocarbonyl-thio groups, and it is the reaction of polymeric and other radicals with
the C=S that leads to the formation of stabilized radical intermediates. In an ideal
system, these stabilized radical intermediates do not undergo termination reactions,
but instead reintroduce a radical capable of re-initiation or propagation with monomer,
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while they themselves reform their C=S bond. The cycle of addition to the C=S bond,
followed by fragmentation of a radical, continues until all monomer is consumed.
Termination is limited in this system by the low concentration of active radicals.
(Figure 8)

Figure 8. Scheme of Reversible Addition Fragmentation chain Transfer polymerisation (RAFT)
and typical example of polymer brushes grown by RAFT. (a) Poly(methyl methacrylate), (b)
polystyrene.

For surface modification using RAFT there are generally two approaches, firstly the
attachment of initiating groups onto a surface, in this way, the chain transfer agent
need to be added and therefore radical transfer between growing chains takes place in
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solution. The other approach is the immobilization of a chain transfer agent directly
on a surface, here radical transfer between growing chains takes place on the surface.
In the first approach, Brittain and coworkers reported the usage of a SAM containing
an azo initiator group to grow polymer brushes from silicon surfaces in the presence
of a dithiobenzoate chain transfer agent.

91

It was found that a small amount of

untethered radical initiator (AIBN) was required in solution for brush growth.
Similarly as mentioned earlier, extensive washing with solvent (DCM in this case)
was needed to rinse out the free polymers formed in solution.
In the second approach, Tsujii et al. reported the RAFT-mediated graft polymerisation
of styrene initiated from a silica particle. In order to obtain a surface with a
dithiobenzyl chain transfer agent, oligomeric polystyrene (PSt) was grafted onto a
silica particle by the surface-initiated atom transfer radical polymerisation (ATRP)
technique, 92 and then the terminal halogen atoms of the graft polymer were converted
to dithiobenzoyl groups by the reaction with 1-phenylethyl dithiobenzoate in the
presence of CuBr/dHBipy complex in toluene. A free RAFT agent was used in order
to have a well-controlled polymerisation. The RAFT-mediated graft polymerisation of
styrene was then carried out by heating at 110 °C. In a more recent example, RAFT
agents were attached to multi-walled carbon nanotubes (MWCNTs) by treating
MWCNT-Br with phenylmagnesium bromide; subsequently, different kinds of water
soluble ionic polymer chains, such as cationic polymer (poly(2-(dimethylamino) ethyl
methacrylate)), anionic polymer (poly(acrylic acid)) and zwitterionic polymer
(poly(3-[N-(3- methacrylamidopropyl)-N,N-dimethyl] ammoniopropane sulfonate))
were easily grafted onto the surface of MWCNTs directly by surface RAFT
polymerisation technique.93
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1.4.6 Transition metal medicated living radical polymerisation (TMMLRP)
Transition metal mediated living radical polymerisation (TMM-LRP) is one of the
most promising methods to prepare well-defined polymers94,95: it can be carried out
under mild reaction temperatures, and is suitable for most vinyl monomers and
tolerant to some impurities such as water and alcohol. The most widely used recipe
includes a halide initiator, copper(I) salt and a nitrogen containing ligand as catalyst
system. It is normally termed as atom transfer radical polymerisation (ATRP).
However robust, the mechanism of ATRP is still under debate. The most widely
accepted mechanism believe that the polymerisation proceeds by an inner-sphere
electron-transfer mechanism in which a low oxidation state metal complex acts as the
catalyst, mediating a fast exchange between radicals and their dormant alkyl halide
species. (Figure 9)

Figure 9. Inner-sphere electron-transfer mechanism of Copper Mediated Living Radical
Polymerisation.

More recently, in order to diminish catalyst concentration, AGET (activators
generated by electron transfer) ATRP was reported by Matyjaszewski et al. They used
tin(II) 2-ethylhexanoate (Sn(EH)2)96 or ascorbic acid97 to reduce Cu(II) to Cu(I),
which could then catalyze ATRP under appropriate polymerisation conditions. The
concentration of catalyst relative to initiator can be significantly decreased when the
reducing agent in this system (which cannot initiate new chains) is present in excess
relative to the catalyst. Cu(II) that accumulates as a persistent radical is then
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continuously reduced to Cu(I) as the activator is regenerated by electron transfer
(ARGET). 98,99 This should also follow an inner-sphere mechanism.
Although the inner-sphere mechanism is widely quoted by researchers, an outersphere mechanism is favored under certain conditions, especially in polar solvents in
the presence of N-ligands. Single-electron transfer (SET)-LRP, based on this
mechanism, has been reported by Percec and co-workers.100 In this mechanism,
copper(I) disproportionates into Cu(II) and Cu(0), where after Cu(0) acts as an
electron donor and the initiator and dormant propagating species act as electron
acceptors.(Figure 10) This polymerisation can be carried out under very mild reaction
conditions, at room temperature, using a small amount of catalyst and generates
polymers with high molecular weight with fast rate.

Figure 10. Out-sphere electron-transfer mechanism of Copper Mediated Living Radical
Polymerisation according to Percec.

In the field of surface modification, many applications have used “grafting-from”
processes from various surfaces such as gold,56,101 silicon,

60,102

Wang resin,

103,104

glass,103,104 and cellulose.61,105,106 The earliest example is the polymerisation of MMA
from silicon via surface-initiated ATRP by Fukuda and coworkers,60 as shown in
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Figure 11a. Similarly, Matyjaszewski and coworkers reported that controlled
polymerisations of MA onto silicon and polystyrene (PSt) brushes were re-initiated to
form PSt-b-PMA block copolymer films.107

Figure 11. Typical examples of polymer brushes grown by ATRP.

Later on, it was found that surface-initiated polymerizations in aqueous media give
faster polymerisation rates even at low temperatures. Huang et al. reported that wateraccelerated ATRP is an efficient procedure for growth of thick PHEMA films on
gold.108 This method yields polymer films with controlled thicknesses up to 700 nm
within a 12 h period, and the living character of the grafting polymerisation allows the
growth of a second polymer block. Moreover, the grafted PHEMA films can be
further functionalized in high yield via reaction of their hydroxyl groups. This
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provides opportunities for tailoring the surface properties of polymer brushes for
possible applications in separation and controlled release. Other examples of gold
surface-initiated ATRP carried out in aqueous media include PMMA, PGMA, and
PHEMA brushes.108,109 PDMAEMA,110 cross-linked films of ethylene glycol
dimethacrylate (EGDMA),111 and poly(N-isopropylacrylamide) (PNIPAM),112 Figure
11b. Most of them attribute the relatively fast rate to ‘the accelerating effect of water’
on surface initiated ATRP. Considering the recently arising discussion concerning
inner/outer-sphere mechanism of copper mediated LRP, the reason of this
accelerating effect may need further investigation.
Surface-initiated

polyelectrolyte

brushes

have

been

made

via

ATRP

as

polyelectrolytes have the interesting property of changing their conformation in
solution depending pH. This unique responsive property makes polyelectrolytes
attractive as they might be used in various nanotechnologies. There are generally two
approaches to modify surface with polyelectrolyte brushes, either using charged
monomers

113

(Figure 12a) or using normal acrylates followed by hydrolysis

114

.

(Figure 12b)

Figure 12. Examples of polyelectrolyte brushes grown by ATRP.

Surface-initiated ATRP has also been carried out on colloidal substrates and
polymeric substrates. Huang et al. reported that polyacrylamide was grown from
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porous silica gel.115 Perruchot et al. made poly(oligo(ethylene glycol) methacrylate)
(POEGMA) and poly(2-(N-morpholino)-ethyl methacrylate) (PMEMA) onto silica
supports.

116

poly(sodium

Polyelectrolyte brushes include poly(sodium 4-styrenesulfonate),
4-vinylbenzoate)

,

PDMAEMA

and

poly(2-(diethylamino)ethyl

methacrylate) have also been grafted to silica.117 (Figure 11c) Examples of polymer
brushes on polymeric substrates include Polyacrylamide brush on a cross-linked
polydimethylsiloxane (PDMS) surface. 118 PNIPAM, PHEMA and poly(poly(ethylene
glycol)-1100 monomethacrylate) on polystyrene microspheres.119. PMA, PMMA,
PHEMA and PDMAEMA on divinylbenzene/hydroxyethyl methacrylate copolymer
microspheres120 , 2-hydroxyethyl acrylate (HEA) and 2-(methacryloyloxy)ethyl
trimethylammonium

chloride

(METAC)

bromopropionyloxy)] latex particles.
polystyrene latex,

122

121

onto

poly[styrene-co-2-(2-

, poly(N,N-dimethylacrylamide) from

and poly(methyl methacrylate), PMMA, homopolymer, and

poly(methyl methacrylate)-block-poly(benzyl methacrylate-co-methyl methacrylate),
P(MMA)-block-P(BzMA-co-MMA), block copolymers onto Wang resin.103 (Figure
11d)

1.5 Typical surface modification using "grafting to" method
As mentioned earlier, in the “grafting to” method, pre-made polymers carrying an
“anchor” group, either as an end-group or in a side chain, are attached to appropriate
sites at the surface of the substrate. Therefore, the "grafting to" method offers the
possibility to design and control of the properties of the polymers to be grafted to the
surface relatively easily. A range of polymerisation methods have been used to make
functional polymers for grafting to surfaces. The moieties (functional groups) in the
polymer used to attach the chains to the surface are either obtained directly from the
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initiator or by post-functionalization of the polymer. Different moieties will be needed
depending on the type of surfaces. In general, moieties used for the attachment of the
side chain or chain ends to a solid surface can be summarized as the following:

1.5.1 Highly polar groups
Functional groups such as mercapto (-SH) and cyano (-CN) are known to have a high
affinity for Au, as it is widely used for making SAMs, polymers with mercapto or
cyano groups either as side-chain or end group can be used to modify gold surfaces
using the “grafting to” approach. Protective polymers having cyano or mercapto
groups were synthesized by Teranishi et al., the polymers were directly obtained by
normal free radical polymerisation or by a one step treatment, and were used to form
linear polymers protected metal (Pt,Pd and Au) nanoparticles 123-125 Also using a gold
surface, the attachment of derivatized poly(methyl methacrylate) (PMMA)
copolymers containing both side chain anchor (sulfide) and backbone spacer (methyl
methacrylate) groups was reported by Lenk et al..126 (Figure 13)

Figure 13. Chemical structures of the protective polymers poly(acrylonitrile) (PAN),
poly(mercaptomethylstyrene-co-N-vinyl-2-pyrrolidone) (MMS-NVP) and poly(2(methylthio)ethyl methacrylate-co-methyl methacrylate) (MTEMA-MMA).

Besides the side-chain functional polymers mentioned above, thiol-terminated
polymers have also been used to graft onto gold surfaces. El Sayed reported
polystyrene thin films containing terminal thiol were spin-coated and adsorbed from
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0.1 to 0.001 wt% of polymer solution in toluene onto an evaporated gold film
supported on a Si-wafer substrate.127 In another similar example using mercapto
functionality to modify gold surfaces, thiol-terminated polystyrene (PSt-SH) was
prepared by anionic polymerisation. The polystyryl anions were titrated with
propylene sulfide and subsequently protonated with acidic methanol to obtain the
thiol-terminated polystyrene.128,129 Other examples of modifying surface by “grafting
to” method using mercapto functionality as end group include thio-end-capped PSt
prepared by anionic polymerisation to Gold Nanoparticles (Au-NPs), 130 and synthesis
of thio terminal NIPAM to make thermo-sensitive Au-NPs 131,132
As mentioned earlier, reversible addition-fragmentation chain transfer (RAFT) is a
versatile, controlled free radical polymerisation technique that operates via a
degenerative transfer mechanism in which a thiocarbonylthio compound acts as a
chain transfer agent. The subsequent reduction of the dithioester end groups to thiols
allows the preparation of (co)polymer-modified gold surfaces. Examples of making a
variety of thiol-terminal polymers are given below. Immobilization of poly(sodium 4styrenesulfonate) (NaPSS), poly((ar-vinylbenzyl) trimethylammonium chloride)
(PVBTAC),

poly(N,N-dimethylacrylamide)

methylacrylamido)-ethyldimethyl

(PDMA),

ammonio]propane

and

poly(3-[2-(Nsulfonate-b-N,N-

dimethylacrylamide) (MAEDAPS-DMA) onto gold films has been reported.

133,134

(Figure 14)
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Figure 14. Chemical structures of the functional polymers with dithiobenzoic ester as end group
synthesised by RAFT, poly(sodium 4-styrenesulfonate) (NaPSS), poly((ar-vinylbenzyl)
trimethylammonium chloride) (PVBTAC), poly(N,N-dimethylacrylamide) (PDMA), and poly(3[2-(N-methylacrylamido)-ethyldimethyl ammonio]propane sulfonate-b-N,N-dimethylacrylamide)
(MAEDAPS-DMA).

In addition to the widely used thiol-functionality, other highly polar groups such as
carboxylic acid and amine groups have also been reported. Carboxylic acidterminated polystyrene (PSt) absorbed on silicon oxide from deuterated cyclohexane
has reported and results showed that because of the affinity of the acid group for the
silicon oxide surface, the PSt adsorbed amount is 4 times larger than the
unfunctionalized PSt at 23°C.135 In similar work, polymerizations were initiated with
sec-butyl lithium, and therefore the polymers were terminated on one end with a
secondary butyl group. The other chain end was capped with a carboxylic acid for
surface modification.

136

In another paper, amine end-functionalized PSt made by

living anionic polymerisation was used to graft to silicate glass beads, 137

1.5.2 Charged groups and Blocks of segmentally adsorbing polymer
different from the rest of the chain
It is well known that polymer brushes can be self-assembled onto a solid surface using
a solvent that is good for one block but poor for the other.138-142 Earlier studies of
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forces between solid surfaces bearing polymeric or oligomeric surfactants, which
have been interpreted in terms of an adsorbing moiety and non-adsorbing tail, have
been reported in a number of cases. It is now well established that under suitable
solvent conditions, ABA type "telechelic" polymers, “monochelic" AB-type block
copolymers as well as end-functionalized polymers are capable of terminal attachment
to a substrate. (Figure 15)

Figure 15. Schematic representation of polymers capable of terminal attachment to a substrate.

Charged groups are often used as the adsorbing moiety to attach polymers to mica
surfaces. Fetters and co-workers synthesized an anionically polymerized polystyrene
(PSt) chains terminated with the zwitterionic group -N+(CH3)2(CH2)3SO3-. They
determined the structure of polymer brushes formed onto mica, from dilute solutions
of this zwitterion-terminated polystyrene chains in toluene.143,144
Furthermore, Fetters et al. reported the adsorption of end-functionalized polymers on
colloidal spheres.145 Anionically polymerised poly(ethylenepropy1ene) (PEP)
terminated with a tertiary amino group and with a zwitterionic group was used for
attachment onto a colloidal particle consisting of a calcium carbonate (CaCO3) core
with an adsorbed monolayer of a randomly branched calcium alkyl benzene sulfonate
(CaSA) surfactant. It is found that the adsorption of the end-functionalized polymers
on the colloid has to occur through the functional end groups interacting favorably
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with the polar cores of the colloidal particles. The adsorption energy between the
functional group and the colloidal surface is estimated to be 4kBT. Fetters et al. also
reported the use of AB-type block copolymers to attach to mica surface. Polystyrenepoly(ethylene oxide) diblock copolymers (PSt-PEO) with a short PEO block was
used.146
Other examples of AB-type block copolymers include poly(butadiene-covinylpyridine) (PB-PVP)
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and poly(styrene-co-vinylpyridine) (PSt-PVP)

148,149

.

They can successfully self-assemble onto mica from tetradecane or toluene, where
tetradecane and toluene are good solvents for poly(butadiene) and poly(styrene)
respectively, while poly(vinyl pyridine) acts as a solvophobic “anchor” in both of
these solvents.
Similarly, ABA-type telechelic polymers are also capable of terminal attachment to a
substrate, and normally adsorb in a loop conformation.150 Anastassopoulos et al.
reported a neutron reflectivity study of brushes formed at the toluene/quartz interface
by end-functionalized polystyrene X-PSt-X, where X is a zwitterionic end group
described previously, as well as poly(ethylene oxide)-polystyrene-poly(ethylene oxide)
triblock copolymer, PEO-PSt-PEO. It is well established that both types of polymer
exhibit a terminal mode of attachment in toluene (which is a good solvent for PSt),
while the PSt block remains non-adsorbing and dangles in solution.

1.5.3 Chemically reactive groups
Depending on the nature and functionality of different surfaces, different functional
polymers have been used to graft to surfaces through chemical reactions. Fetters et al.
reported that end-grafted polystyrene chains are prepared in cyclohexane where the
chains are chemically attached to the silicon wafers surface utilizing a trichlorosilane
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end-group.

151

Jones et al. reported deuterated and protonated end-functionalized

polystyrenes of low and high molecular weight were grafted onto silicon substrates by
solution-spin casting, followed by annealing and removal of un-grafted chains.152
Luzinov et al. reported that carboxylic acid- and anhydride-terminated polystyrenes of
different molecular weights from 4500 to 672 000 were grafted from melt onto silicon
substrates modified with epoxysilane monolayer.153 Similarly, carboxylic acid
terminated polystyrene and polybutylacrylate were grafted from melt onto a silicon
substrate modified with the epoxysilane monolayer.154 Furthermore, end-grafted
deuterated poly(dimethylsiloxane) (d-PDMS) brushes have been grafted onto SiOx
wafers.155 In another example, PSt-N3 with targeted molecular weight and narrow
molecular weight distribution was synthesized by ATRP of styrene (St) followed by
end group transformation and then added to SWNT.156
More recently, “click Chemistry”, a term introduced by Sharpless157,158, is a topic that
has been attracting many researchers.

157

Among these reactions, the Huisgen 1,3-

dipolar cycloaddition159 has been receiving increasing interest following the
emergence of enormous improvement in regioselectivity and yields in the presence of
copper(I)-based catalysts. More details about click chemistry and its applications will
be given in the next chapter.

1.6 “Grafting to” versus “grafting from” and aim of this
project
The different methods to modify surfaces with polymers have tremendously expanded
the range of applications. It is now possible to graft any polymers with any
functionality on virtually any surface through either the “grafting to” or “grafting
from” method. These two methods of making polymer brushes, both have advantages
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and disadvantages. The main disadvantage of the "grafting to" method is the
limitation of approaching high grafting density. This is due to steric crowding of
reactive surface sites by already adsorbed polymers, and film thickness is also limited
by the molecular weights of the polymer in solution. However, the "grafting to"
method is experimentally simple, and the polymer can be fully characterized before
attaching to surface. Using a controlled polymerisation technique, it is possible to
predetermine the molecular weight and polydispersity of the polymer about to be
grafted to the substrate. Thus, it is also possible to control the end-groups of the
attached polymer. Conversely, using the "grafting from" method, it is not difficult to
get a high grafting density of polymers from the surface, although not as simple as
"grafting to". But the disadvantage associated with most “grafting from” approaches
is imprecise control of the molecular weight of the brush and also poorly controlled
polydispersity. Another feature, if not disadvantage, for “grafting from” is that the
addition of “free” initiator to the polymerisation solution is often needed for better
control, but leads to the formation of free polymer, which must be removed from the
brushes before analysis. Finally, most “grafting from” approaches require moisturefree or oxygen-free conditions, while the “grafting to” approach can be conducted
under ambient conditions, although making the polymer may still need oxygen free
conditions. It is clear that both methods have advantages and disadvantages, and it is
not easy to judge which is better or easier. The development of polymer science has
made both approaches better and more robust than years ago. Whether to choose
"grafting to" or "grafting from" will mainly depend on the purpose of the modification
and whether the “density” of the grafted polymer chains matters or not. A simplified
comparison table of these two approaches is summarized below. (Table 1)
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Table 1. Comparison of the two surface modification approaches of “grafting to” and “grafting
from”.

“Grafting to” approach

“Grafting from” approach

Polymers made first

Polymers made in-situ

Polymers can be precisely controlled

Polymers can be controlled, although
may be not so precise

Can be conducted under ambient
condition and mostly tolerate to moisture
and oxygen

Mostly require moisture-free and
oxygen-free

Normally produce low grafting density

Produce high grafting density

No need for free initiator, polymers
designed first.

Often need free initiator for better
control

Considering the above attributes of these two approaches this project can be
summarized in the following two categories: (I) exploring better “grafting to”
methods: emphasis will be put on “click” chemistry for surface modification and the
combination of click and TMM-LRP technology; (II) using a “grafting from”
approach to make polymer brushes from different surfaces: emphasis will be on
surface-initiated TMM-LRP of functional polymers and the potential application
aspects of the modified materials.
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Chapter 2. Cellulose surface
modification through click chemistry
and Living Radical Polymerisation
2.1 Introduction
2.1.1 Click chemistry and Huisgen 1,3-dipolar cycloaddition
“Click Chemistry”, a term introduced by Sharpless157,158 which identifies a class of
chemical transformations with a number of attractive features including excellent
functional-group tolerance, high yields and good selectivity under mild experimental
conditions, is a topic that has been attracting many researchers especially in the last
few years.

157

There are some criteria required for a process to be considered a click

transformation:
 Modular, wide in scope,
 Give very high yields,
 Generate only inoffensive by-products that can be removed by nonchromatographic methods,
 Simple reaction conditions,
 Readily available starting materials and reagents, use of no solvent or a solvent
that is benign or easily removed,
 Simple product isolation.
 Normally have high thermodynamic driving force (>20 kcal/mol).
Classes of chemical transformations that have been used includes cycloadditions of
unsaturated species, nucleophilic substitution chemistry, carbonyl chemistry of the
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“non-aldol” type, additions to carbon-carbon multiple bonds. Among these reactions,
the Huisgen 1,3-dipolar cycloaddition has been receiving increasing interest following
the emergence of enormous improvements in regioselectivity and yields in the
presence of copper(I)-based catalysts. The overall reaction is a cycloaddition of a
terminal alkyne and an organic azide to give a five-membered 1,2,3-triazole. (Figure
16) This discovery has led to its application in many processes including the synthesis
of therapeutics,160,161 protein-based biohybrids,162-165 sugar arrays,166 dendrimers167,168
and functional polymers.169-172

Figure 16. Cu(I)-catalysed Huisgen 1,3-dipolar cycloaddition.

2.1.2 Proposed mechanism of Cu(I)-catalysed Huisgen 1,3-dipolar
cycloaddition

The Huisgen 1,3-dipolar cycloaddition,159,173 in which a terminal alkyne is “clicked”
to an organic azide to give an 1,2,3-triazole, was first reported in 1961. It has not
received much attention until 2002. Two research groups discovered that this reaction
could be efficiently catalysed by copper(I)-based catalysts, leading to an increase in
the rate of reaction of approximately seven orders of magnitude, being totally
regioselective towards the formation of 1,4-disubsituted 1,2,3-triazoles and the
reaction tolerates a wide range of functional groups.174,175
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The mechanistic proposal by Fokin and Sharpless for the catalytic cycle of the
copper(I)-catalysed version of Huisgen 1,3-dipolar cycloaddition is shown in Figure
17. It begins with formation of the copper (I) acetylide I, then, instead of the
concerted [2+3] cycloaddition (B-direct), a stepwise, annealing sequence (B-1 → B-2
→ B-3, hence the term “ligation”), which proceeds via the intriguing six-membered
copper-containing intermediate III. A ring contraction with the liberation of the
triazole product follow. 176

Figure 17. Proposed catalytic cycle for the Cu(I)-catalysed ligation by Fokin and Sharpless.

2.1.3 TMM-LRP and click chemistry
Transition metal medicated living radical polymerisation (TMM-LRP), often called
atom transfer radical polymerisation (ATRP) has emerged as an excellent method to
prepare polymers with complex architecture, predetermined molecular weights, and
low polydispersities.

94,177

Many applications using ATRP for surface modification

have been reported, mainly using the “grafting-from” approach from various surfaces
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including gold,56,101 silicon60,102 and other materials. 103,104, 61,105,106 However, although
“grafting from” will always give a much thicker polymer coating than the “graftingto” approach in many surface property modifications the depth of coverage is not
always the major concern but rather extent of coverage; this of course depends upon
the final application. The “grafting-to” approach is versatile in that once a library of
polymers have been prepared they can each be reacted independently with different
surfaces under appropriate conditions whereas grafting-from requires separate
polymerisation reactions in each case.
Both TMM-LRP and click chemistry share a number of important features including
robustness, versatility and excellent tolerance towards many functional-groups,
including water. Therefore, combining these two technologies to prepare new functonal
polymers has attracted increasing interest.

178-183

We envisaged the possibility of

combining TMM-LRP and click chemistry, and applying it for surface modification.
One advantage of using TMM-LRP is that both azide- and alkyne- terminated polymers
can be synthesized directly, using appropriate azide or alkyne initiators, depending on
the convenience of making either alkyne or azide modified surfaces.
Due to the features of click chemistry, high yield and mild reaction conditions, we
envisaged the possibility of applying it for surface modification using the “grafting
to” method. (Figure 18) There are many advantages to combine “click” and “grafting
to”. For example, for the gold surface modification via S-Au bond, relatively low
temperatures are necessary, as the S-Au bond is fairly weak (~30-40 kcal mol-1),

56

which limits its further grafting of polymers either “to” or “from”. Click chemistry
would be advantageous in this case, due to its mild reaction conditions and high yield,
which will also very possibly give higher grafting density.
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Figure 18. Click chemistry (Huisgen 1,3-dipolar cycloaddition) on surface modification.

Cellulose is one of the most common organic polymer, representing about 1.5  1012
tons of the total annual biomass production, and is considered an almost inexhaustible
source of raw material for the increasing demand for environmentally friendly and
biocompatible products.184-186 Cellulose (cotton) surface modifications through both
“grafting to” and “grafting from” methods have been carried out and will be discussed
in this chapter. In the first part of this chapter, different -functional (including
azide/alkyne terminal) polymers have been synthesized using copper(I) mediated LRP,
and their polymerisation behaviours have been investigated. For the azide-terminal
case, it has been used to graft to an alkyne-modified cotton surface through Huisgen
1,3-dipolar cycloaddition, click reaction. In the second part, an antibiotic monomer
containing metronidazole moiety has been synthesized and used to copolymerise with
PEG-MA. A “grafting from” approach was used to grow this metronidazolecontaining monomer from a bromo-modified cotton surface.
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2.2. Synthesis of -functional polymers through TMM-LRP
Synthesis of -functional polymers is the key issue for making polymer brushes
through the “grafting to” approach. The TMM-LRP technique is used to make
polymers with different -functionalities. These polymers may further be used for
surface modification.

2.2.1 Synthesis of initiators for TMM-LRP
O
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Figure 19. Synthesis of initiators bearing different functional groups.

N-Hydroxy succinimide 2-bromopropionate (1)
N-Hydroxy succinimide 2-bromopropionate, 1, (Figure 19) was chosen as a
succinimide initiator due to its high reactivity towards amine. A polymer with an N-
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hydroxy succinimide (NHS) ester at chain end can be prepared by TMM-LRP, and
this polymer could be used to modify amine-functionalized surfaces. The synthesis
proceeded via coupling of N-hydroxysuccinimide and 2-bromopropionic bromide in
dichloromethane. The initiator was obtained in good yield and satisfactory purity after
column chromatography.
2-Bromo-2-methyl propionic acid 6-acetylsulfanyl-hexyl ester (2)
For gold surface modification, a thiol-functional molecule/polymer is often used. Here
an acetylsulfanyl-terminal polymer was synthesised using 2-bromo-2-methyl
propionic acid 6-acetylsulfanyl-hexyl ester 2 (Figure 19) as the initiator. This polymer
was easily transformed into the thiol by treatment with hydrazine hydrate in
acetonitrile, and the polymer then used to modify gold surfaces. The synthesis
proceeded via coupling of thioacetic acid s-(6-hydroxy-hexyl) ester and 2bromopropionic bromide in dichloromethane.
2-Bromo-2-methyl-propionic acid 3-azido-propyl ester (3)
2-Bromo-2-methyl-propionic acid 3-azido-propyl ester 3 was prepared as shown in
Figure 19. The azido-alcohol intermediate 3-azido-propan-1-ol was obtained by
treatment of bromo alcohol with NaN3 in refluxing acetone/water solution.
Subsequent acylation of the azido-alcohol with 2-bromopropionic bromide and
triethylamine gave the desired azido-ester initiator 3 in good yields. Polymers made
using this initiator could be used to modify alkyne-functionalized surface through
Huisgen 1,3-dipolar cycloaddition (click chemistry).
2-Bromo-2-methyl-hept-6-yn-3-one (4)
An alkyne terminal initiator 2-bromo-2-methyl-hept-6-yn-3-one 4 (Figure 19) was
also synthesized. The synthesis proceeded via coupling of prop-2-yn-1-ol and 262

bromopropionic bromide in dichloromethane. The initiator was obtained in good yield
and satisfactory purity after column chromatography. Polymers synthesized using this
initiator could be used to modify azide-functionalized surface through Huisgen 1,3dipolar cycloaddition.

2.2.2 TMM-LRP of DMAEMA with N-hydroxy succinimide 2bromopropionate (1)
Figure 20 shows the scheme of the polymerisation of DMAEMA initiated with
initiator 1.

Figure 20. Synthesis of succinimide-terminal PDMAEMA.

DMAEMA was chosen as a monomer with 2-bromo-2-methyl propionic acid 6acetylsulfanyl-hexyl ester (1) as initiator and copper (I) bromide (CuBr)/N-(n-propyl)2-pyridyl methanimine as the catalytic system. Polymerisation was carried out at 75˚C.
The results are shown in Figure 21 and Table 2, the first order kinetic plot is almost
linear, however, the molecular weight of the polymer is not well controlled, and the
PDi is not very narrow. The possible reason for this is that oxygen is not totally
removed from the reaction system, as an induction period can be seen in the kinetics
and the molecular weight is quite high at the beginning, similar to free radical
polymerisation. The difference of PDMAEMA and the PMMA standard used in GPC
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may also contribute to the relatively high molecular weight of the polymer samples,
compared to theoretical values.
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Figure 21. a) Conversion vs. time and semilogarithmic kinetic curves and b) Mn, Mw/Mn vs.
conversion curves for the TMM-LRP of DMAEMA with 1. [M]0/[I]0/[CuBr]0/[L]0 = 50: 1: 1: 2
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Table 2 Results and conditions of TMMLRP for DMAEMA by initiator 1.a

No.

Time (h)

Conv. (%)

Mn(SEC)

Mn(th) b

Mw/Mn

1

1.1

36

8050

3320

1.29

2

1.5

43.8

8440

3940

1.28

3

2

53.3

8430

4680

1.33

4

3

69.3

8880

5960

1.42

5

4

83.2

8880

7040

1.48

6

4.5

87.3

10440

7360

1.41

7

5

90.5

10270

7620

1.49

a. The polymerisation was performed at 75˚C with toluene as solvent, [M]0 = 4.67 M.
[M]0:[I]0:[CuBr]:[L] = 50:1:1:2;
b. Theoretical molecular weight calculated according to: Mn(th) = ([M]0/[I]0)  Conv.  157.2 + 250,
where 157.2 and 250 are the molecular weights of monomer and initiator 2 respectively.

The typical 1H NMR of the poly(DMAEMA) with N-succinimidyl ester as chain-end
is shown in (Figure 22).

Figure 22. 1H NMR of PDMAEMA with succinimide ester as alpha terminal group.
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The peak at 2.8 ppm (peak 1) corresponds to the proton on the succinimide ring, the
peak at 4.0 ppm (peak 4) is the -OCH2 of the PDMAEMA chain, with the ratio of the
integrations, (4  I4.0) / (2  I2.8), n, the number of the repeat unit on the main chain
can be obtained. Thus the average molecular weight can be calculated by equation (1),
and to compare to the theoretical value calculated by equation (2).

Mn(NMR) = n  MWmonomer + MWinitiator

(1)

Mn(th) = ([M]0/[I]0)  Conv.  MWmonomer + MWinitiator

(2)

Where the 157.2 and 250 are the molecular weights of the monomer (MWmonomer) and
the initiator (MWinitiator) respectively. The Mn (NMR) (8,600 g mol-1) is very close to
the theoretical molecular weight Mn(th) (8,110 g mol-1), where Conv. = 100%. This
indicates that the efficiency of initiator is high and the polymerisation has a good
controllable nature.

2.2.3

TMM-LRP

of

MMA

with

N-hydroxy

succinimide

2-

bromopropionate (1)

Figure 23 shows the scheme of the polymerisation of MMA initiated with initiator 1.

Figure 23. Synthesis of succinimide-terminal PMMA.
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Figure 24. a) Conversion vs. time and semilogarithmic kinetic curves and b) Mn, Mw/Mn vs.
conversion curves for the TMM-LRP of MMA with 1.

2-Bromo-2-methyl propionic acid 6-acetylsulfanyl-hexyl ester, 1, was used with
MMA as monomer and copper(I)bromide (CuBr) / N-(n-propyl)-2-pyridyl
methanimine as catalyst at 90˚C. Figure 24, Table 3. The kinetic results show a linear
dependence of ln[M]0/[M] versus time, Figure 24a, indicating that the chain radical
concentration remains constant during the polymerisation. The Mn(SEC) increases
linearly with conversion, therefore, the molecular weight can be controlled by the
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molar ratio of monomer consumed to initiator added, Figure 24b. As the molecular
weight increase, the PDi remains narrow (1.3), suggesting that the polymerisation of
MMA using initiator 1 has a living character.

Table 3 Results and conditions of TMMLRP for MMA by initiator 1.a

No.

Time (min)

Conv. (%)

Mn(SEC)

Mn(th) b

Mw/Mn

1

60

45.8

3530

2540

1.15

2

90

59.1

4250

3205

1.17

3

120

68.5

4730

3673

1.18

4

180

79.7

5400

4237

1.21

5

240

86.9

5910

4596

1.23

6

270

89.2

6530

4708

1.19

a. The polymerisation was performed at 90˚C with toluene as solvent, [M]0 = 4.67 M.
[M]0:[I]0:[CuBr]:[L] = 50:1:1:2
b. Theoretical molecular weight calculated according to: Mn(th) = ([M]0/[I]0)  Conv.  100 + 250,
where 157.2 and 250 are the molecular weights of monomer and 2 respectively.

A typical 1H NMR of PMMA with N-succinimidyl ester as chain-end is shown in
Figure 25. The peak at 2.8 ppm (peak 1) corresponds to the proton on the
succinimidyl ring, the peak at 3.6 ppm (peak 2) is from the methyl group of the
PMMA chain. Based on the ratio of the integrations, (4  I3.6) / (3  I2.8), n, the
number of the repeat unit on the main chain can be obtained. The average molecular
weight can be calculated by eq (1). Where the 100 and 250 are the molecular weights
of the monomer (MWmonomer) and the initiator (MWinitiator) respectively. The Mn (NMR)
(5,600 g mol-1) is very close to the theoretical molecular weight Mn(th) (5,250 g mol-
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1

), where conversion = 100%. This indicates that the efficiency of initiator is high and

polymerisation shows good control.
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Figure 25. 1H NMR of PMMA with succinimide ester as alpha terminal group.

2.2.4 TMM-LRP of MMA with 2-bromo-2-methyl propionic acid 6acetylsulfanyl-hexyl ester (2)
Figure 26 shows the scheme of the polymerisation of MMA initiated with initiator 2.

Figure 26. Synthesis of acetylsulfanyl-terminal PMMA.
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Figure 27. a) Conversion vs. time and semilogarithmic kinetic curves and b) Mn, Mw/Mn vs.
conversion curves for the TMM-LRP of MMA with 2.

MMA was used with 2-bromo-2-methyl propionic acid 6-acetylsulfanyl-hexyl ester (2)
as initiator and copper (I) bromide (CuBr)/N-(n-propyl)-2-pyridyl methanimine as
catalyst ([M]0/[I]0/[CuBr]0/[L]0 = 100: 1: 1: 2). The kinetic results show a linear
dependence of ln[M]0/[M] versus the polymerisation time, and the Mn(SEC) increases
linearly with increasing conversion, therefore, the molecular weight can be controlled
by the molar ratio of monomer consumed to initiator added. As the molecular weight
increases, the PDi remains narrow (<1.20), Figure 27, Table 4:
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Table 4 Results and conditions of TMMLRP for MMA by initiator 2.a

No.

Time (h)

Conv. (%)

Mn(SEC)

Mn(th) b

Mw/Mn

1

1

27.7

5550

3090

1.16

2

1.5

37.3

6630

4060

1.17

3

2

44.1

7670

4730

1.15

4

3

56.6

8970

5980

1.16

5

3.5

61.2

9670

6450

1.14

6

4

65.4

9830

6860

1.15

7

5

72

10500

7530

1.15

a. The polymerisation was performed at 50˚C with toluene as solvent, [M]0 = 4.67 M.
[M]0:[I]0:[CuBr]:[L] = 100:1:1:2;
b. Theoretical molecular weight calculated according to: Mn(th) = ([M]0/[I]0)  Conv.  100 + 325.
Where 100 and 325 are the molecular weights of monomer and initiator 2 respectively.

A typical 1H NMR of the PMMA with acetylsulfanyl-hexyl ester as chain-end is
shown in Figure 28.
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Figure 28. 1H NMR of PMMA with acetylsulfanylhexyl ester as alpha terminal group.
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The peak at 2.9 ppm (peak 1) corresponds to the proton of CH2 adjacent to the
sulfanyl group, the peak at 3.6 ppm (peak 2) is from the methyl group on the PMMA
chain. Based on the ratio of the integrations, (2  I3.6) / (3  I2.9), n, the number of the
repeat unit on the main chain can be obtained. Where the 100 and 250 are the
molecular weights of the monomer (MWmonomer) and the initiator (MWinitiator) used in
equation (1) and (2). The Mn (NMR) (13,990 g mol-1) is slightly higher the theoretical
molecular weight Mn (th) (10,325 g mol-1), where conversion = 100%. The efficiency
of initiator f = 0.74, based on eq (3).
f = Mn (th) / Mn (NMR)

(3)

2.2.3 TMM-LRP of MMA and hostasol monomer (HMA) with 2-bromo-2methyl-propionic acid 3-azido-propyl ester (3)

Figure 29. Synthesis of azido-terminal Poly(MMA-co-HMA).
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Figure 29 shows the scheme of the polymerisation of MMA and HMA initiated with 3.
Copolymerisation of MMA and hostasol monomer (HMA) in the presence of 2bromo-2-methyl-propionic acid 3-azido-propyl ester (3) and CuBr/N-(n-propyl)-2pyridyl

methanimine187

in

toluene

was

carried

out

at

90˚C

([MMA]0:[hostasol]0:[I]0:[CuBr]0:[L]0 = 40: 0.2 : 1: 1: 2).
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Figure 30. a) Conversion vs. time and semilogarithmic kinetic curves and b) Mn, Mw/Mn vs.
conversion curves for the TMM-LRP of MMA and HMA with 3.
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The kinetic results show a linear dependence of ln[M]0/[M] vs. time, Figure 30a with
Mn(SEC) increasing linearly with conversion, Figure 30b. As the molecular weight
increases, the PDi remains narrow (<1.30), suggesting that the TMM-LRP of MMA
has living character, Table 5. The aim of making this azido-terminated polymer is to
graft this polymer to an alkyne modified surface using click chemistry. Another
important feature of this polymer is the hostasol content, which is fluorescent and
makes it possible to view using confocal microscopy.

Table 5 Results and conditions for TMMLRP of MMA and HMA by initiator 3.a

No.

Time (h)

Conv. (%)

Mn(SEC)

Mn(th) b

Mw/Mn

1

0.5

9.8

2810

640

1.15

2

1

21.6

3410

1120

1.21

3

3

48.2

4740

2180

1.26

4

4

58.0

5280

2570

1.25

5

6

73.3

6310

3180

1.22

6

8

84.7

6930

3640

1.23

7

11

93.2

7540

3980

1.23

a. The polymerisation was performed at 90˚C with toluene as solvent,
[MMA]0/[HMA]0/[I]0/[CuBr]0/[L]0 = 40: 0.2 : 1: 1: 2;
b. Theoretical molecular weight calculated according to: Mn(th) = ([M]0/[I]0)  Conv.  100 +250.
Where 100 and 250 are the molecular weights of monomer and initiator respectively.

A typical 1H NMR of the PMMA with azido-propyl ester as chain-end is shown in
Figure 31. The peaks between 7.4 and 8.9 ppm (peak 1) correspond to the proton of
hostasol group in HMA, the peaks at 4.1 ppm (peak 2) and 3.4 ppm (peak 3) are from
the –OCH2 and –CH2N3 groups of the initiator. The peak at 3.6 ppm (peak 4) is from
the methyl group of main chain PMMA
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Figure 31. 1H NMR of Poly(MMA-co-HMA) with azido-propyl ester as alpha terminal group.

Based on the ratio of the integrations, (8  I3.6) / (3  I7.4-8.9), m, the number of the
repeat unit of HMA and (2  I3.6) / (3  I3.4), n, the number of the repeat unit of MMA
on the main chain can be obtained. The average molecular weight can be calculated
by eq (4).

Mn(NMR) = m  457.5 + n  100 + 250.1

(4)

Mn(th) = ([HMA]0/[I]0)  Conv.  457.5 + ([MMA]0/[I]0)  Conv.  100 + 250.1
(5)

457.5, 100 and 250.1 in equation (4) and (5) are the molecular weights of the
monomer HMA, MMA and the initiator respectively. The repeating unit number of
HMA, m = 0.19, and n = 47. The Mn (NMR) (5,040 g mol-1) is slightly higher than the

75

theoretical molecular weight Mn (th) (4,342 g mol-1), where conversion = 100%. The
efficiency of initiator f = 0.86, based on eq (3).

2.2.4 TMM-LRP of PEG-MA with 2-bromo-2-methyl-hept-6-yn-3-one (4)

Figure 32 shows the scheme of the polymerisation of PEG-MA initiated with 4.

Figure 32. Synthesis of alkyne-terminal PEG-MA.

Table 6 Results and conditions for TMMLRP of PEG-MA by initiator 4.a

No.

Time (h)

Conv. (%)

Mn(SEC)

Mn(th) b

Mw/Mn

1

1

19.1

3810

2500

1.15

2

3

52

6170

6120

1.14

3

4

62.5

6280

7280

1.14

4

5

71.6

7050

8280

1.14

5

6

79.9

7590

9200

1.15

6

7

85.8

8210

9860

1.15

a. The polymerisation was performed at 50˚C with toluene as solvent, [PEG-MA]0 : [I]0 : [CuBr]0 : [L]0
= 10: 1 : 1: 1: 2;
b. Theoretical molecular weight calculated according to: Mn(th) = ([M]0/[I]0)  Conv.  1100 +205.
Where 1100 and 205 are the molecular weights of monomer and initiator respectively.
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Polymerisation of PEG-MA in the presence of 2-bromo-2-methyl-hept-6-yn-3-one
(Initiator 4) and CuBr/N-(n-propyl)-2-pyridyl methanimine in toluene was carried out
at 50˚C. ([PEG-MA]0:[I]0:[CuBr]0:[L]0 = 10:1:1:2) The kinetic results show the linear
dependence of ln[M]0/[M] versus time, Figure 33a, with Mn(SEC) increasing linearly
with increasing conversion, Figure 33b. As the molecular weight increases, the PDi
remains narrow (<1.20), Table 6. The aim of making this alkyne-terminated polymer
was to graft to an azide-modified surface using click chemistry.

2.0

b)

Mn (GPC)

8000

1.8

PDi
6000

4000

1.4

2000

1.2

0

PDi

Mn (GPC)

1.6

1.0
20

40

60

80

100

Conversion (%)
100
2.0

Conversion
1.5

Ln([M]0/[M])

Conversion (%)

80

60

1.0

40

Ln([M]0/[M])
R = 0.996

20

0.5

a)

0
0

2

4

6

0.0

8

Time (h)

Figure 33. a) Conversion vs. time and semilogarithmic kinetic curves and b) Mn, Mw/Mn vs.
conversion curves for the TMM-LRP of PEG-MA in toluene.
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A typical 1H NMR of the alkyne-terminal Poly(PEG-MA) is shown in Figure 34. The
peak at 4.6 ppm (peak 2) corresponds to the proton of -CH2 near alkyne group, the
peak at 4.1 ppm (peak 5) is from the -OCH2 group of the PEG-MA chain. Based on
the ratio of the integrations, I4.1 / I4.6, n, the number of the repeat unit on the main
chain can be obtained. Mn (NMR) and Mn(th) can be calculated using equation (1) and
(2), where 1100 and 205 are the molecular weights of the monomer and the initiator
respectively. The Mn (NMR) (20,000 g mol-1) is higher than the theoretical molecular
weight Mn (th) (11,205 g mol-1), where Conv. = 100%. The efficiency of initiator f =
0.56, based on eq (3).
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Figure 34. 1H NMR of Poly(PEG-MA) with alkyne terminal group.
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2.3 Cellulose surface modification using click chemistry and
LRP188
The synthetic strategy here involved the synthesis of appropriate azide-terminal
materials, followed by a subsequent click reaction to a pre-functionalised cotton
surface bearing terminal alkyne groups. The azido-materials employed for cotton
functionalization are shown in Figure 35. The synthesis of polymer 5 using initiator 3
has been described earlier. The synthetic route for the other two (6 and 7) will be
given below.

Figure 35. Materials employed for cotton functionalization.

2.3.1 Synthesis of Monomethoxy-PEG5000-N3 (6).
Monomethoxy-PEG5000 was first treated with methanesulfonyl chloride and
triethylamine in toluene, Figure 36. After removing the ammonium salts by filtration
and removing solvents, the residue were redissolved in ethyl acetate, passed through a
short silica column and precipitated into Et2O to give the intermediate. The
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intermediate was then treated with sodium azide in DMF and the final product was
purified by dialysis and freeze-drying to give a white solid.

Figure 36. Synthesis of azide-terminal Monomethoxy-PEG5000.

2.3.2 Synthesis of 5-[1,3-dioxo-1H-benzo[3,4]isothiochromeno[7,8,1def]isoquinolin-2(3H)-yl]pentyl, (Hostasol-azide), (7)
Hostasol-bromide,

2-(8-(2-bromodimethyl)-3,6-dioxa-octyl)-thioxantheno[2,1,9-

dej]isoquinoline-1,3-dione189 was treated with sodium azide in a mixture of acetone
and water and the resulting solution refluxed overnight at 60˚C, Figure 37. The
acetone and other volatiles were removed under reduced pressure, water was added
and the mixture extracted with dichloromethane. The organic layers were collected
together and dried over MgSO4. Removal of volatiles under reduced pressure gave the
product, (7), as an orange solid.

Figure 37. Synthesis of Hostasol-azide.

80

2.3.3 Click reaction to cotton surfaces
Figure 38 shows the schematic representation of the cotton surface modification. 4Chlorocarbonyl-butyric acid prop-2-ynyl ester (8) was obtained by treatment of
glutaric anhydride with propargyl alcohol and DMAP in refluxing dichloromethane,
and subsequent conversion of the resulting carboxylic acid to the acid chloride (8)
with oxalyl chloride. Treatment of cotton fibres with (8) and DMAP in anhydrous
pyridine resulted in the desired alkyne modified cotton fibres (cotton-alkyne). The
azide-containing derivatives (5), (6), (7) were then successfully attached via a click
reaction to the alkyne-modified cotton surface in the presence of N-(n-propyl)-2pyridyl methanimine/Cu(I)Br as catalyst, at 70C.

Figure 38. Reagents and conditions for cotton modification: a) anhydrous pyridine, DMAP, b) N(n-propyl)-2-pyridyl methanimine/Cu(I)Br, R-N3, 70˚C, (R = Poly(MMA-co-HMA), methoxyPEG, Hostasol).

FTIR was used to characterise the cotton before and after modification (Figure 39).
Significant differences can be seen between native cotton and cotton-alkyne with a
new peak at 1730 cm-1 corresponding to the C=O stretching band from the ester seen
after the cotton is treated with (8). After conducting the click reaction in the presence
of (7) at least three new peaks attributed to the hostasol azide moiety can be observed
at 1685, 1640 and 1580 cm-1. FTIR characterisation of the cotton-(5) conjugate
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proved to be more difficult, as the C=O bands from the attached PMMA are
superimposed on those from the cotton-alkyne starting material. However, after
“clicking”, the cotton clearly fluoresced in the visible, confirming that the
cycloaddition reaction was successful.
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Figure 39. FTIR spectra of cotton fibre before and after modification. A: cotton; B: cottonalkyne; C: cotton-(7).

Wettability tests were carried out in order to both further verify the success of clicking
to the cotton surface, and to have a preliminary assessment of the physical properties
of the hybrid materials, Figure 40. Individual yarns were taken from the fabric and
cut into short segments (1 cm in length) for testing. The cotton yarn was attached to a
wire and hung on the balance in a vertical orientation to determine the force during
the testing. A beaker containing water was slowly levelled at a constant speed to make
the yarn immersed in the water surface. The force reading was automatically zeroed at
the beginning of the test. It was observed that whilst for unmodified cotton yarn, the
force rises sharply after touching the water surface; for the alkyne-cotton derivative,
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an opposite behaviour was observed, indicating an increase in the hydrophobicity of
this surface. No significant differences were observed after the clicking of the
hydrophobic azides (5) and (7) to the cotton surface, while for the PEG azide (6), the
hybrid material appeared to be hydrophilic, suggesting that grafting of the PEG azide
had indeed occurred.

Figure 40. Microbalance curves of the cotton before and after modification.

Field-Emission Scanning Electron Microscopy (FE-SEM) provided further insights on
the hybrid conjugates features, highlighting the differences between cotton before and
after modification, Figure 41. The appearance of the surface changed significantly
after the grafting, and a loss of fine features could be observed. The surface looks
smoother after covered with polymers.
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Figure 41. FE-SEM images of cotton before and after modification. A: Native cotton; B: Cotton(7); C: Cotton-(5); D: Cotton-(6).

Figure 42 shows confocal microscope images of the cotton fibre modified with
fluorescent groups (B and C), and the control cotton fibre sample (A), which was
subjected to the conditions identical to the click reaction but without the use of the
catalyst (copper(I) bromide and ligand). As can be seen, it is hard to see fluorescence
on the surface of the control cotton fibre, whilst bright fluorescence is observed in the
modified cotton fibre. The cotton-hostasol (7) appeared brighter than the polymer
modified cotton-(5) due to the higher surface density with the small molecule, in
theory, by using a low molecular weight azide such as (7) rather than the polymeric
azide (5).
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Figure 42. Confocal images of fluorescently modified cotton. A: Cotton-control, B: Cotton-(7),
C: Cotton-(5).

2.3.3 Conclusions
In summary, living radical polymerisation of MMA and a fluorescent comonomer
using 2-bromo-2-methyl-propionic acid 3-azido-propyl ester as initiator has been
successfully employed for the synthesis of fluorescently tagged azide-terminated
PMMA. These polymers have been subsequently grafted onto cotton using Huisgen
[2+3] cycloaddition (“click”). Different functional azides, namely mono azido-PEG
and a new fluorescent hostasol derivative have also been prepared and tested as model
substrates for cotton surface modification. This approach constitutes a useful tool for
the synthesis of new materials and for surface modification.

2.4 Polymerisation of Metronidazole monomer (MTD-MA)
onto cellulose surface
Since its development in 1959, metronidazole (MTD, Figure 43) has grown in
popularity as the drug of choice for the treatment of a wide range of infections caused
by anaerobic and microaerophilic bacteria and protozoan parasites. 190,191
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Figure 43. Structure of metronidazole and metronidazole monomer (MTD-MA).

Over the last half century, metronidazole therapy has proven effective against
parasitic infections such as Entamoeba histolytica192, which causes amebic dysentery
and liver abscess, Giardia lamblia193, which is responsible for causing malabsorption
and epigastric pain and Trichomonas vaginalis194, which causes vaginal itching.
Metronidazole sensitive bacteria include many Clostridium, Fusobacterium,
Prevotella, Porphyromonas and Peptostreptococcusi species, Campylobacter jejuni,
Gardnerella vaginalis and Helicobacter pylori195-197. The aforementioned are all
responsible for causing a wide range of serious anaerobic bacterial infections
including

acute

dental

infections,

tetanus,

blood

poisoning,

endocarditis,

intraperitoneal infections, infections of the bones and joints, gastritis, acute peptic
ulcer disease and anaerobic brain abscesses and cerebritis198-202. The cytotoxicity of
metronidazole against anaerobes comes from the reduction of its nitro group by low
redox potential electron transport proteins (such as ferredoxin and flavodoxin), which
gives rise to a metabolite that reacts with guanine and cytosine to disrupt cellular
DNA203.
Metronidazole exhibits very low solubility in water (<10 mg/ml at 25°C), renal
clearance of 10 mL min-1/1.73m2 20% of which is unmetabolised, and can cause

86

unfavourable side effects including nausea, anxiety, fatigue, loss of appetite,
depression, panic attacks and loss of coordination. The incorporation of metronidazole
into polymers may offer several improvements for its role in chemotherapy.
Specifically; increased retention times in the body due to increased bulk and a
consequential reduction in hepatic and renal filtration, which in turn could lead to
lower doses being prescribed and could allow for longer intervals between doses.
There is also scope for making metronidazole polymers water soluble, which would
offer improved delivery. Using PEG-based polymers for example, which is FDA
approved and already used in many polymer-drug conjugates presently on the
market204-206, may also offer benefits such as decreased immunogenicity, higher
stability against enzymatic degradation and lower antigenicity207-215.
Living radical polymerisation allows for polymers to be prepared with targeted
molecular weights, narrow polydispersities and targeted compositions. The presence
of the primary hydroxyl group of metronidazole, which is not directly linked to its
biological activity, lends itself to simple transformation into a monomer suitable for
polymerisation.
Thus, copolymers of PEG300MA and MTD monomer (MTD-MA, Figure 43) were
prepared to yield water-soluble metronidazole containing polymers, as an alternative
to polymer-metronidazole conjugates. Therefore, the copolymer containing PEG and
Metronidazole has been made, in addition, metronidazole modified cotton has been
made through surface-initiated polymerisation.

2.4.1 Polymerisation of metronidazole-containing monomer (MTD-MA)
and poly(ethylene glycol) methacrylate (PEG-MA).
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Figure 44 shows the scheme of the polymerisation of MTD-MA and PEG-MA
initiated with 2-bromo-2-methyl-propionic acid benzyl ester.

Figure 44. Polymerisation of metronidazole-containing monomer (MTD-MA) and PEG-MA. a)
CuBr/bpy, 25 ˚C.

Polymerisation of MTD-MA and PEG-MA in the presence of 2-bromo-2-methylpropionic acid benzyl ester and CuBr/bpy in toluene was carried out at 25˚C. ([MTDMA]0:[ PEG-MA]0:[I]0:[CuBr]0:[L]0 = 31.5: 3.5 : 1: 1: 2) The kinetic results are
shown in Figure 45a with the polymerisation rate of MTD-MA slightly higher than
PEG-MA. The kinetic plot of the total copolymerisation is close to that of PEG-MA,
as more PEG-MA was used for this polymerisation. The overall Mn(SEC) increases
linearly with increasing conversion, Figure 45b with PDi remaining narrow (<1.20),
Table 7.
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Figure 45. a) Semilogarithmic kinetic curves and b) Mn, Mw/Mn vs. conversion curves for the
polymerisation of MTD-MA and PEG-MA in toluene.
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Table 7 Results and conditions of TMMLRP for MTD-MA and PEG-MA.a

No.

Time (min )

Conv. (%)

Mn(SEC)

Mn(th) b

Mw/Mn

1

15

16.1

4330

1914

1.08

2

30

25.5

4770

2881

1.13

3

45

32

5250

3550

1.13

4

60

42.8

5650

4661

1.14

5

75

47.9

5900

5186

1.16

6

100

55.1

6150

5927

1.18

7

120

59.9

6380

6421

1.17

8

135

64.1

6560

6853

1.18

9

150

66.3

6620

7079

1.19

10

165

70.4

7080

7501

1.19

11

195

73.3

7350

7800

1.19

12

225

76.3

8030

8108

1.18

a. Polymerisation at 25˚C with methanol as solvent, [PEG-MA]0 : [MTD-MA]0 : [I]0 : [CuBr]0 : [L]0 =
31.5 : 3.5 : 1 : 1: 2;
b. Theoretical molecular weight calculated according to: Mn(th) = ([M]0/[I]0)  Conv.  294 +257.
Where 294 and 257 are the average molecular weight of monomers (239  10% + 300  90% = 294,
Mw,MTD-MA = 239; Mw,PEG-MA = 300) and initiator respectively.

A typical 1H NMR of the polymer (9) is shown in Figure 46. The peak at 8.0 ppm
(peak 7) corresponds to the proton of -CH group in MTD-MA, the peaks at 7.4 ppm
(peak 1) and 5.0 ppm (peak 2) are from the -C6H5 and –OCH2 groups of the initiator.
The peak at 4.0 ppm (peak 5) is from the –OCH2 groups of MTD-MA and PEG-MA.
Based on the ratio of the integrations, (5  I8.0) / I7.4, the number of the repeat unit (m)
of MTD-MA and (5  I4.0 / 2  I7.4 – m), the number of the repeat unit (n) of PEGMA on the main chain can be obtained.

90

Figure 46. 1H NMR of Poly(MTD-MA-co-PEG-MA).

The average molecular weight can be calculated by eq (6).
Mn(NMR) = m  239 + n  300 + 257

(6)

Mn(th) = ([MTD-MA]0/[I]0)  Conv.  239 + ([PEG-MA]0/[I]0)  Conv.  300 + 257
(7)

Where the 239, 300 and 257 are the molecular weights of the monomer MTD-MA,
PEG-MA and the initiator respectively. The repeating unit number of MTD-MA, m, is
calculated to be 2.3, and n calculated to be 29.7. The Mn (NMR) (9,717 g mol-1) is
slightly smaller than the theoretical molecular weight Mn (th) (10,543 g mol-1), where
conversion = 100%. This may due to the conversion of polymerisation not reaching
100%.
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2.4.2 Graft of metronidazole-containing monomer from cellulose surface
Figure 47 shows the synthetic route for making metronidazole-modified cotton.
Cotton fibres were first treated with 2-bromo-2-methyl-propionyl bromide to yield
surface initiating moieties covalently bound to the surface. Subsequently,
polymerisation of MTD-MA and PEG-MA was carried out at ambient temperature for
48 hours. The cotton fibre was then taken out and washed extensively with anisole,
dichloromethane, and methanol, then dried under vacuum. It was thereafter
characterised by FT-IR, tensiometer and FE-SEM.

Figure 47. Reagents and conditions for cotton modification: a) anhydrous pyridine, DMAP, 2bromo-2-methyl-propionyl bromide, b) Cu(I)Br/bpy, MTD-MA, PEG-MA, RT, anisole).

The conversion of cotton fibre into cotton-Br was confirmed by the appearance of an
ester C=O at ca. 1730 cm-1 and the disappearance of -OH stretching (ca. 3300 cm-1) in
the FT-IR spectrum, Figure 48. Subsequent polymerisation of MTD-MA and PEGMA led to the immobilized metronidazole Cotton-(10), for which the FT-IR spectrum
showed small sharp peaks at ca 1530 cm-1 and 1370 cm-1, attributed to the asymmetric
and symmetric stretch of -NO2 group. In addition, broad peaks at around 2900 cm-1
from methyl groups of both MTD-MA and PEG-MA are clearly observed, further
verifying the successful grafting of the copolymer from the cotton surface.
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Figure 48. FTIR spectra of Polymer (9), the cotton fibre and the cotton fibres after modification.

Figure 49. Microbalance curves of the cotton fibres before and after modification.
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Figure 49 shows the result of the wettability tests. It was observed that for unmodified
cotton yarn the force increases after contact with the water surface, indicating a
hydrophilic material. For cotton-Br, an opposite behaviour was observed indicating an
increase in the hydrophobicity of the surface is formed. While for the cotton-(10), the
hybrid material appeared to be hydrophilic again and with higher reading, suggesting
that grafting of the copolymers of MDT-MA and PEG-MA had indeed occurred.
These tests further verify the success of cotton surface modification and give a
preliminary assessment of the physical properties of the hybrid materials.

Figure 50. FE-SEM images of cotton before and after modification. A: Native cotton; B: CottonBr; C &D: Cotton-(10).

Field-Emission Scanning Electron Microscope (FE-SEM) images of the cotton fibres,
Figure 50, provide further insights on the hybrid conjugates features, highlighting the
differences between cotton before and after modification, especially between Cotton
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and Cotton-(10). The nature of the surface changed significantly when the
metronidazole-containing polymer were grafted and the diameter of the cotton fibre
increased, especially in the end of the fibre, where more functionality sites are
available with larger surface areas, leading to denser polymer growth.

2.4.3 Conclusion
Living radical polymerisation of MTD-MA and PEG-MA using 2-bromo-2-methylpropionic acid benzyl ester as initiator has been successfully employed for the
synthesis of metronidazole containing polymer. This approach would greatly improve
the poor solubility of metronidazole in water and a better antibiotic property to certain
bacteria would be expected. Similarly, surface-initiated ATRP has also been used to
grow copolymers of MTD-MA and PEG-MA onto cotton fibre surface. This shows a
convenient way of making polymers containing antibiotic materials and relevant
surface modifications.
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Chapter 3 Resin surface modification
and its potential application in
chromatography
3.1 Introduction
In general, there are two types of polymer particles: magnetic polymer particles and
non-magnetic polymer particles. Magnetic beads/particles are normally generated by
coating finely divided magnetic iron oxides with polymers of natural or synthetic
origin. For synthetic polymers, colloidal iron oxide particles are mixed with monomer
before formation of monomer droplets and polymerisation. In other methods magnetic
particles are formed in situ from ferrous and ferric chlorides.

216-220

Non-magnetic

polymer particles are produced from a wide spectrum of monomers and mixtures of
monomers, with a particle size in the range of 1-100 µm. They can be widely used as
chromatographic supports and catalytic supports in a variety of areas such as ion
exchange, biological separation, size exclusion chromatography (SEC), chiral
separation, etc.221
This chapter focuses on the preparation of functional polymer particles and their
potential application in chromatography. Chromatographic methods have been
developing at high speed during the last 30 years in response to an ever-increasing
demand for high quality products. The need for increased sample throughput has
stimulated rapid development of column materials, which can be operated at high
flow rate and high pressures. The demands on today's packing materials for high
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performance liquid chromatography are: rigidity, chemical stability towards solvents
and pH-changes, high load capacities, low non-specific interactions, and no hindrance
of solute diffusion. Most columns available for HPLC use stationary phases based on
porous beads made of either silica or synthetic polymers. Highly crosslinked packing
materials prepared from synthetic polymers, which are mechanically and chemically
stable, have been developed to meet the demand for packing materials that are able to
withstand high pressures and high flow rates. Compared to silica particles, which are
the most commonly used packing material in chromatography (In general, colloidal
silica can be stable in the range of pH 10–11, however, the gel time of it is short in the
range of pH 3–8.), the advantage of the synthetic polymers is a much-increased
chemical

stability.

For

example,

highly

crosslinked

styrene-divinylbenzene

copolymers are very rigid and may be operated over a wide pH range, 1-14.
Polymeric supports displaying a broad range of functionalities are often prepared in a
single step by copolymerisation of appropriate functional monomers. For example,
solid supports based on cross-linked functionalised polystyrene beads can be prepared
by suspension copolymerisation of monomers, such as styrene and divinylbenzene
(DVB), with a functional monomer.222,223 Although simple, this approach requires reoptimisation of the entire preparation process to control the ultimate properties of the
beads each time a new monomer is used. Another strategy involves the
functionalization of silica- or polymer-based preformed beads, either through
modification with small functional molecules224-227 or through grafting functional
polymers from surface active site of the solid support to increase the density of the
binding groups.228-231 This is particularly attractive as it enables the formation of
numerous stationary phases starting from a single type of material with optimised size
and porous properties.
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In this chapter, polymer-based preformed beads have been functionalised using
different methods. Click chemistry has been used to graft fluorescent polymers onto
Wang and Merrifield resins, further proving the robust and convenience of modifying
polymer beads. In the second part, supports bearing covalently immobilized
carbohydrates starting from preformed Wang-resin beads have been synthesized, and
these hybrid materials have been used in a preliminary lectin-glycopolymer
recognition study for affinity chromatography. In the third part, a chiral polymer
based resin has been made for application in chiral separation as a stationary phase of
HPLC. Glycerol methacrylate (GMA) was first grafted to Aquagel resin surface
through surface-initiated LRP, and then single enantiomers were further immobilised
by reacting with the hydroxyl groups of GMA, giving a chiral polymer based resin.

3.2 Click reactions to the surfaces of Wang and Merrifield
resins with fluorescent polymers
The synthetic strategy involved the synthesis of appropriate azide/alkyne initiators,
polymerisation of alkyl methacrylates in the presence of a Cu(I)/iminopyridine
catalyst followed by a subsequent click reaction to a pre-functionalised surface
bearing terminal alkyne or azide groups. Both azido-terminated poly(methacrylates)
and an alkyne terminated poly(methacrylate), more convenient for the modification of
Merrifield resin, have been investigated.

3.2.1 Copolymerisation of MMA and hostasol methacrylate (HMA).
The scheme of the synthesis of azide/alkyne terminal polymers is shown in Figure 51.
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Figure 51. Copolymerisation of MMA and HMA. Reagents and conditions: a) CuBr, N-(npropyl)-2-pyridyl methanimine, 90˚C.

The synthesis of azide-terminal Poly(MMA-co-HMA) (5) initiated by 3 has been
described in Chapter 2. The synthesis of alkyne-terminal polymer was from
copolymerisation of MMA and HMA initiated by 4 at 90°C, Figure 51. We observed
good first order kinetics with the molecular weights increasing fairly linearly with
conversion and PDi remaining narrow throughout the polymerisation, Figure 52. This
resulted in alkyne terminated polymer (11), supported by the observation of a singlet
at 2.50 ppm in the 1H NMR spectrum of the final polymer confirming the presence of
the -C≡CH group in (4). According to NMR, the m and n value (DP of MMA and
HMA) of the final polymers has been calculated, m = 118; n = 0.19, Figure 53.
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Figure 52. a) Semilogarithmic kinetic curve and b) Mn, PDi vs. conversion curves for the
copolymerisation of MMA and HMA. Reaction conditions:[MMA]0/[HMA]0/[I]0/[CuBr]0/[L]0 =
100: 0.2 : 1: 1: 2, 90˚C, I = (4).
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Figure 53. 1H NMR spectra of polymer (11) and initiator (4).

3.2.2 Wang and Merrifield resins: surface modification.
The reaction scheme for the resins surface modification is shown in Figure 54.
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Figure 54. Reagents and conditions for resin modification: a1) Anhydrous pyridine, (7), DMAP;
b1) (PPh3)3Cu(I)Br, R-N3 , 70˚C, (R = (5)); a2) NaN3, DMSO/H2O, b2) (PPh3)3Cu(I)Br, R-C≡CH,
70 ˚C, (R = (11)).

A similar procedure to the method used for cotton surface modification described in
Chapter 2 was used to click onto the surface of Wang resin with (7) and DMAP in
anhydrous pyridine resulting in the desired alkyne modified Wang resin. Azide
functional poly(MMA-co-hostasol) was then successfully clicked to the surface of
alkyne-modified cotton in the presence of

(PPh3)3Cu(I)Br catalyst, at 70C.

Merrifield resin was transformed to azide by treatment with sodium azide. Thus this
required alkyne terminal PMMA which was synthesized using the alkyne initiator 2bromo-2-methyl-hept-6-yn-3-one prior to the polymer being clicked to the azide
modified Merrifield resin.

Figure 55. FTIR spectra of Wang and Merrifield resins before and after modification. A: Wang
Resin; B: Wang Resin-(5); C: Merrifield Resin; D: Merrifield Resin-(11).
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FTIR was used to confirm the successful click reaction, Figure 55. Differences can be
seen between the native Wang and Merrifield resins and the PMMA functionalised
resins with new peaks at 1730 cm-1, ν(C=O) after the click reaction in the presence of
(5)/(11).

Figure 56. Images of modified Merrifield and Wang resins obtained by confocal microscopy. A:
Merrifield resin-(11), B: Wang resin-(5).

Confocal microscope images of poly(MMA-co-HMA) modified Wang and Merrifield
resins, Figure 56, are a further indication of the successful reaction. No fluorescence
was observed in the control experiment in which unmodified resins were used.
Field-Emission Scanning Electron Microscopy (FE-SEM) provided further insights
highlighting the differences between the resin before and after modification. The
surface of polymer modified Wang resin lost many of the fine features indicating the
grafting of polymers onto Wang resin, Figure 57.
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Figure 57. FE-SEM images of Wang resin before and after modification. A1, A2: native Wang
resin; B1, B2: Wang resin-(5)

In conclusion, Huisgen 1,3-dipolar cycloaddition has been demonstrated to be very
convenient and robust for bead surface modification. In addition, TMM-LRP with
either azido or alkyne terminal initiators produce the desired functional polymers
relatively easily for the modification of different resin surfaces. These results give a
better understanding and enlighten the following Wang resin surface modification for
affinity chromatography.
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3.3 “Click” Modular Approach to Glycosylated Resins232
Thin organic and polymer films on solid substrates play a key role in many natural
and non-natural processes. Based on the immobilization of molecular probes onto a
variety of solid supports that exploits specific donor/receptor interactions in the
presence of appropriate substrates (such as between antibodies and antigens, enzymes
and inhibitors and carbohydrates and lectins), affinity chromatography has evolved as
one of the most powerful and effective fractionation techniques for proteins
purification. In Nature, sugars are often employed as information-rich molecules and
an increasingly large number of known lectins are able to recognize subtle variations
of oligosaccharide structure, acting as decoders for this carbohydrate-encoded
information.233 The considerable scientific effort spent in preparing immobilized
sugar probes onto different surfaces led to the use of these functional materials in a
number of different applications which include microarrays, microbeads, and
biosensor chips.234,235 Carbohydrate groups were bound to the substrate either noncovalently236-238 or covalently.239-241 Important examples of immobilized synthetic
neoglycopolymers include controlled radical polymerisation of sugar monomers from
silica242 (ATRP) and silicon wavers243 (RAFT), grafting of biotin- terminated
polymers to (strept)avidin surfaces,244-247 attachment of thiol-terminated materials
prepared by RAFT to gold nanoparticles,248,249 and functionalization of polypropylene
microporous membranes.250-252 Despite these advances, however, the use of
immobilizes sugar as ligands in lectin-recognition studies has been less extensively
investigated,248,253,254 probably due to the difficulties in the synthesis of suitable
carbohydrate probes.
In chapter 2, we developed a novel synthetic strategy that combined copper-catalysed
ATRP and Huisgen 1,3-dipolar cycloaddition and was used in cellulose surface
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modification. Previous efforts of modifying resins with fluorescent polymers also
demonstrate that the “click” process constitutes an extremely valuable tool for surface
modification. In addition, the click reaction has also been successfully used in the
synthesis of carbohydrate-based materials. In one approach done by our group,
appropriate sugar azides are clicked onto preformed well-defined polyalkyne
methacrylic scaffolds. One of the main advantages in using this protocol is the
possibility of preparing libraries of different copolymers that only differ for the
relative proportion of carbohydrate epitopes by simply employing appropriate
mixtures of sugar azides in the reaction feed, starting from one single polyalkyne
precursor (we termed this process co-clicking). This is of importance, as it allows for
the study of the influence of one specific epitope density on the biological behaviour
of the neoglycopolymers, with all the other macromolecular features remaining
unchanged. Another advantage is the avoidance of preparing and handling sugar
methacrylic monomers that often tend to spontaneously self-polymerise.
Alkyne-azide cycloaddition has also been employed for the preparation of crosslinked polymer255 and silica-based254 stationary phase supports for chromatography.
The present work is focused on the synthesis of supports bearing covalently
immobilized carbohydrates starting from preformed Wang-resin beads, and the use of
these hybrid materials in a preliminary lectin-glycopolymer recognition study. Our
synthetic approaches involved a combination of Cu-catalysed LRP and Huisgen 1,3
dipolar cycloaddition. Recently, we and others reported that these two powerful
synthetic tool can be successfully combined for preparing -functional polymers169,256,
glycopolymers257 and functional surfaces.188
Two distinct classes of immobilized carbohydrate displays were prepared. In the first
one mannose monosaccharide moieties were clicked onto alkyne-modified Wang
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resin, in the second case polyalkyne polymers were grown from immobilized LRP
initiators, and then mannose-azide units were clicked onto this macromolecular
scaffold to give the desired glycopolymers-bead hybrid material, Figure 58. The latter
materials will be also referred here as “rasta” resins: a general term indicating
polymer chains grafted to crosslinked polymeric bead cores.258

Figure 58. Immobilized sugar supports: two general approaches employed in this work.

3.3.1 Synthesis of the sugar supports
Commercially available Wang resin (1 mmol g-1 OH groups loading) was chosen as
the solid support starting material for the present study. The polymerisation of methyl
methacrylate103,259 and N,N-dimethylacrylamide from LRP initiators immobilized to
Wang resin via living radical polymerisation using Cu(I)Br/iminopyridine ligand
catalysts were reported. More recently, grafted copolymers, such as poly(tert-butyl
acrylate-b-styrene)260

and

azlactone-functionalized

copolymers,261

have

been
107

synthesized following similar strategies and the resulting materials employed for a
number of different applications.
Our general strategy here involved the click of appropriate azide sugar” to preformed
resin surfaces bearing terminal alkyne groups, affording either immobilized
monosaccharides or immobilized neoglycopolymers , Figure 59.

Figure 59. Synthesis of mannose modified Wang Resins by ‘click’ reaction. Reagents and
conditions: a) 4-Chlorocarbonyl-butyric acid prop-2-ynyl ester, DMAP, pyridine, 60˚C; b)
(PPh3)3Cu(I)Br, -2-azidoethyl mannopyranoside, DMSO, 60˚C; c) 2-bromoisobutyryl bromide,
triethylamine, DMAP, dichloromethane; d) trimethylsilyl-propargyl methacrylate, N-(ethyl)-2pyridylmethanimine/Cu(I)Br, toluene, 70˚C; e) TBAF·3H2O, acetic acid, THF; f) (PPh3)3Cu(I)Br,
a-2-azidoethyl mannopyranoside, DIPEA, DMSO, 60˚C.

In the former case each OH present at the beads surface (1 mmol g-1 loading) was first
converted into a monoalkyne handle in the presence of 4-chlorocarbonyl-butyric acid
prop-2-ynyl ester, following a protocol that we have recently developed.188 -2azidoethyl mannopyranoside, prepared in two steps from unprotected D-mannose, was
then clicked to this alkyne-functional support (12), to give the desired immobilized
monosaccharide resin (13).
In the second approach, Wang resin was first converted into the immobilized LRP
initiator (14) in the presence of 2-bromoisobutyryl bromide.

Polymerisation of
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trimethylsilyl-propargylmethacrylate257

at

70ºC

using

Cu(I)Br/N-(ethyl)-2-

pyridylmethanimine as the catalyst in 51:1:1:2 (monomer : (14) : CuBr : ligand) molar
ratio afforded the “rasta” intermediate (15). Removal of the trimethylsilyl protecting
groups with TBAF gave the polyalkyne scaffold (16) that was then “clicked” with 2-azidoethyl mannopyranoside using [(PPh3)3Cu(I)Br] as the catalyst to give the
desired immobilized neoglycopolymer (17).

3.3.2 Characterization of the sugar hybrid supports

Figure 60. FTIR spectra of Wang resin, Wang-initiator and Wang-mannose.

The carbohydrate-based supports (13) and (17), as well as all the resin intermediates
were characterized by FTIR, gel-phase NMR and CHN elemental analysis.
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The conversion of 1 g/mmol Wang resin into the alkyne support (12) was confirmed
by the appearance of an ester C=O and a weak alkyne C-H stretching in the IR
spectrum, at ca. 1730 and 3300 cm-1 respectively, Figure 60. Subsequent clicking of
-2-azidoethyl mannopyranoside led to the immobilized monosaccharide resin (13),
in which a broad OH band centred at ca 3400 cm-1.
For the synthesis of the immobilized glycopolymer (17), the same Wang resin starting
material was first converted into the polyvalent initiator (14) which gave the typical
ester C=O stretching band at 1730 cm-1, which increased substantially after the
subsequent polymerisation of trimethylsilyl propargylmethacrylate to give the
intermediate (15). Removal of the protective groups gave the polyalkyne scaffold (16),
which showed a characteristic 1-alkyne C-H stretching band in the IR spectrum at ca.
3300 cm-1. After clicking the latter band disappeared, while a broad signal at ca. 3400
cm-1 corresponding to the sugar hydroxyl groups of (17) became evident.
The “rasta” materials were also characterized by gel-phase 1H NMR analysis. The
spectrum of a suspension of (15) in CDCl3 showed the presence of all the expected
major signals, including the ester OCH2 (ca 4.5 ppm) and the Si(CH3)3 (ca. 0 ppm)
peaks, Figure 61. The latter signal was absent in the spectrum of (16) in the same
solvent confirmed the complete removal of the silylated protecting group, with the
C≡CH signal clearly visible at ca. 2.5 ppm. Analysis of mannose neoglycopolymer
(17) was slightly more problematic, probably due to less efficient swelling of the
beads in the very polar solvents required for solvating the pendant sugar polymer
chains. However, analysis of a suspension of (17) in DMSO-d6 allowed detection of
both the OCH2 signal at ca. 5.2 ppm and the 1,2,3-triazole proton at 8.2 ppm.

110

Figure 61. Gel-phase 1H NMR spectra of “rasta” polymers presented in this study. Beads were
suspended either in CDCl3 ((4) and (5)) or DMSO-d6.((6)).

CHN analysis of the sugar beads and intermediates prepared in this work was carried
out in an attempt to estimate their elemental composition, Table 8. Nitrogen content
analysis of the immobilized monosaccharide beads (13) showed that approximately
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75% of the Wang resin hydroxyl groups have been converted into clicked mannose
units.
All of the rasta intermediates showed compositions very close to the theoretical values,
calculated considering the alkyne monomer vs. initiator (14) weight ratio of 10:1
employed for the synthesis of the rasta intermediate (15) and monomer conversion
very close to 100 %. The loading in 1-alkyne in the resin (16) was therefore calculated
to be approximately 7.3 mmol g-1. The elemental analysis of the clicked immobilized
neoglycopolymer (17) indicated the amount of nitrogen after grafting being 6.6 per
cent, which corresponds to efficiency in the cycloaddition step of ca. 65 %.

Table 8 Elemental analysis of some of the functionalized Wang resins prepared in this work.

Product
Wang
resin

(13)

(15)

(16)

(17)
a

value

C (%)

H (%)

N (%)

Theoreticala

89.03

7.68

-

Obtained

89.16

7.56

-

Theoreticala

77.9

7.21

3.10

Obtained

79.21

7.17

2.31

Theoreticalb

63.07

8.10

-

Obtained

63.41

7.99

-

Theoreticalc

69.03

6.55

-

Obtained

69.98

6.82

-

Theoreticald

51.32

6.29

10.23

Obtained

51.64

6.32

6.57
b

assuming a styrene/[4-(4-Vinyl-benzyloxy)-phenyl]-methanol molar ratio of 7/1; the weight ratio
between monomer and initiator (14) was 10:1 and the final monomer conversion was approximately
100%: C (%) = 82.01 × 1/11 + 61.18 ×10/11, H (%) = 7.04 ×1/11 + 8.21 ×10/11; c C (%) = 82.01 ×
1/11 + 67.73 ×10/11, H (%) = 7.04 ×1/11 + 6.50 ×10/11; d C (%) = 82.01 × 1/11 + 48.25 ×10/11, H (%)
= 7.04 ×1/11 + 6.21 ×10/11, N (%) = 11.25 ×10/11.
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In addition, FE-SEM was used to investigate the difference between the beads before
and after modification, Figure 62 shows the general and cross-section images of
Wang resin and sample (15). The size of (15) is much larger than the starting Wang
resin and the structures of the beads also show clear difference, which are mainly due
to the high loading of the polymers being grafted.

Figure 62. FE-SEM images of Wang resin (a&c) and Resin (15) (b&d).

3.3.3 Preliminary lectin recognition experiments
The ability of the immobilized sugar displays to selectively recognize specific lectins
was investigated qualitatively. Commercially available Concanavalin A (Con A) was
chosen as the model D-mannose-binding lectin, due the bulk of literature focusing on
both its chemical and biological behavior.262-265 Fluorescently labelled Con A
(Fluorescein isothiocyanate-labelled Concanavalin-A, FITC-Con A) was used in order
to facilitate the detection and qualitative characterization of the sugar-lectin clusters
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by SEC-HPLC (system equipped with a fluorescence detector) and confocal
microscopy.
Firstly, slurry suspensions of 100 mg of sugar beads (13) and (17) in PBS buffer (pH
7.4, 50 mM) were packed into small cartridges. 1.0 mL of a 1.0 mg mL-1 (9.6  10-3
mol Con A tetramer

mL-1) solution of FITC-Con A solution was loaded onto the

columns and allowed to elute by gravity. Approximately three minutes were required
for the solution to pass through the cartridge. The residual solution still present in the
column was eluted by applying a slight pressure at the top of the column. 50 L
aliquots of the starting FITC-Con A solution and of the sample collected after the
column were then analysed by SEC-HPLC.

a)

b)
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time

40

10

A
B

20

30

40

50

time

Figure 63. SEC-HPLC analysis of the FITC-Con A solution before (A, greed solid line) and after
(B, blue solid line) elution through the immobilized monosaccharide (13) cartridge: a) UV
detection,  = 280 nm, b) fluorescence detection (ex = 495 nm, em = 525 nm).

Figure 63 shows typical chromatograms obtained by SEC-HPLC, using both UV (=
280 nm) and fluorescence (ex = 495 nm, em = 525 nm) detection, for the case the
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immobilized monosaccharide resin (13). Con A, existing mainly as tetramer
aggregates of 26 kDa monomer units at pH 7.4, tend to form dimers in more acidic
environments.266 The presence of two main peaks in the SEC-HPLC traces seems to
indicate that two distinct aggregation states may coexist under the conditions
employed for the analysis (mobile phase: water/acetonitrile/TFA 35:65:0.1 volume
ratio). SEC-HPLC data allowed us to estimate that around 50 % of the FITC-Con A
had been retained by the immobilized monosaccharide (13) cartridge, under the
experimental conditions employed for this preliminary study.
An analogous protocol was followed using “rasta” polymannose beads (17) instead of
the immobilized monosaccharide resin (13). (17) was expected to interact with lectins
much more efficiently than (13) for a number of reasons that include higher loading in
mannose epitopes per bead mass unit and the presence of flexible neoglycopolymer
chains able to span over multiple lectin actives sites, which is known for improving
the binding ability of sugar multivalent ligands. A previous report indicated that for
the case of silica-based supports a substantial increase in Con A binding ability was
observed even by passing from immobilized monosaccharide to analogous tripodal
ones.254
In our experiments resin precursors with no sugar binding epitopes were employed as
controls. As expected, only the resin (17) was able to specifically recognize Con A,
with virtually no lectin eluted from the cartridge, Figure 64. The beads were then
washed with 1 mL of 50 mM pH 7.4 PBS in order to remove physically absorbed Con
A and all the fractions were separately analysed by SEC-HPLC.
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Figure 64. SEC-HPLC analysis (UV detection, l = 280 nm) of the FITC-Con A solution before (A,
red dot line line) and after (B, blue solid line) elution through the immobilized “rasta”
neoglycopolymer resin (17) cartridge. Analogous mini-columns packed with non-sugarfunctionalized supports (16) and Wang resin were used as controls and the solutions eluted from
them were analysed by SEC-HPLC under the same conditions employed for (17). The resin
cartridges were then washed with 1 mL of 50 mM pH 7.4 PBS and the eluted solution was
analysed by SEC HPLC (C, green solid line).

From these simple experiments, it appeared that non-specific interactions between the
FITC-Con A and the control resins, (16) and Wang resin starting material, were
negligible. It should be noted here, for comparison, that the non-specific interactions
between silica (another solid support commonly employed as stationary phase in
affinity chromatography) and lectins can be in some cases relatively significant,254,267
possibly due to the negatively charged nature of the silica surface and the effect of
electrostatic repulsions.
Rinsed Wang, (16) and (17) supports were then analysed by confocal microscopy. As
expected, only (17) was highly fluorescent, in agreement with the HPLC results
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obtained previously, that indicated that only the resin (17) presenting pendant
polymers with multiple copies of -mannopyranoside epitopes could bind the
fluorescently tagged Con A lectin, Figure 65.

Figure 65. Confocal microscopy images of the (17) (a), (16) (b) and Wang resin (c) beads obtained
after passing 1 mL of a 1 mg mL-1 FTIC-Con A solution in 50 mM pH 7.4 PBS through microcolumn cartridges packed with the aforementioned resins. The resins were rinsed with 50 mM
pH 7.4 PBS before confocal microscopy analysis.

In protein purification chromatography, the elution of the substrates can be promoted
in various ways, i.e. by increasing the ionic strength of the mobile phase, by changing
its pH, or by adding a competitive ligand for the protein analyte to the elution
buffer.221 In the present work, FITC-Con A was easily removed from the resin (17)FITC clusters (still packed in the cartridge described previously) by adding a large
excess (4.0 M) of -methyl-D-mannopyranoside, a competitive monovalent ligand for
Con A, to the mobile phase, Figure 66. Confocal microscopy analysis on the resulting
beads revealed that the previously bound fluorescent lectin was successfully removed
from the supported mannose glycoplymer (17), confirming the sugar epitope-lectin
nature of the interactions in the (17)-Con A clusters.
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Figure 66. Confocal microscopy images of the resin (17)-FITC Con A cluster beads before (a) and
after washing with a 4.0 M solution of -methyl-D-mannopyranoside, a competitive monovalent
ligand for Con A, in 50 mM pH 7.4 PBS.

3.3.4 Conclusion
Design and synthesis of two structurally distinct sugar supports is described. Both the
synthetic protocols involve a key step in which an -mannopyranose azide is clicked
into immobilized alkyne moieties by Cu(I)-catalysed Huisgen [2+3] cycloaddition.
Immobilized monosaccharide resins were prepared by converting Wang resin
hydroxyl groups into alkyne handles, followed by Cu(I)-catalysed clicking of -2azidoethyl mannopyranoside moieties.
The second class of materials, termed rasta “immobilized glycopolymers”, consist of
macromolecular chains displaying multiple copies of carbohydrate epitopes, grafted
onto a crosslinked polystyrene core. This time, Wang resin hydroxyl groups were
converted into ATRP initiators, then Cu-catalysed polymerisation in the presence of
trimethylsilyl-protected

propargyl

methacrylate

followed

by

TBAF-mediated

deprotection afforded clickable beads consisting of a crosslinked polystyrene core and
a loose polyalkyne outer shell.
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The hybrid materials prepared in this work have shown the ability of recognizing Con
A, a well-known mannose binding lectin, and their use in the purification of complex
mixtures of mannose-binding biologically relevant lectins is under investigation.
We also believe that the strategy developed for mannose-functional beads is very
general and future research will focus on the synthesis and use of immobilized ligands
bearing a plethora of different sugar epitopes, potentially opening the way for an
application of these materials in a number of fields which include chemical sensing,
responsive surfaces and affinity chromatography.

3.4 TMM-LRP of Glycerol Methacrylate (GMA) onto resin
surface and their modification for chiral separation
The separation of chiral compounds has been of great interest because the majority of
bioorganic molecules are chiral. Living organisms, for example, are composed of
chiral biomolecules such as amino acids, sugars, proteins and nucleic acids. In nature
these biomolecules exist in only one of the two possible enantiomeric forms, e.g.,
amino acids in the L-form and sugars in the D-form. Because of chirality, living
organisms show different biological responses to one of a pair of enantiomers in drugs,
pesticides, or waste compounds, etc.268 Therefore, chirality is a major concern in the
modern pharmaceutical industry, largely due to the fact that enantiomers of a racemic
drug may have different pharmacological activities, as well as different
pharmacokinetic and pharmacodynamic effects.269,270 An extreme example is the
tragic case of the racemic drug of n-phthalyl-glutamic acid imide that was marketed in
the 1960’s as the sedative Thalidomide. Its therapeutic activity resided exclusively in
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the R-(+)-enantiomer. It was discovered only after several hundred births of
malformed infants that the S-(+)-enantiomer was teratogenic.271

Together with the importance of chiral compounds in other applications like
asymmetric synthesis272-274, agrochemicals and fragrances
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, there is a great need to

develop technology for analysis and separation of racemic compounds. Although a
large number of approaches have been used to isolate single enantiomers
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,

enantioselective chromatography using high performance liquid chromatography
(HPLC) and super- and sub-critical fluid chromatography (SFC) on chiral stationary
phases (CSPs) has become the most widely utilized technique in the context of
obtaining pure enantiomers quickly, particularly in drug discovery277. For chiral
HPLC, columns are made by immobilising single enantiomers onto the stationary
phase. Resolution relies on the formation of transient diastereoisomers on the surface
of the column packing. The compound which forms the most stable diastereoisomer
will be most retained, whereas the opposite enantiomer will form a less stable
diastereoisomer and will elute first. To achieve discrimination between enantiomers
there needs to be a minimum of three points of interaction to achieve chiral
recognition. Consequently, various efforts have been devoted to the development of
effective CSPs.

278,279

The different chiral separation principles in HPLC could be

summarised as the following: phases based on multiple hydrogen bonding,280,281 chiral
-donor and -acceptor phases,282,283 cyclodextrin phases,284 polysaccharides
phases,285-289 macrocyclic antibiotics,290 synthetic chiral macrocycles,291 chiral
synthetic polymers,292 chiral imprinted polymers,293-295 protein-based phases,296
ligand-exchanging phases297,298 and ion-pairing phases299. Among them, direct
chromatographic resolution using CSPs is preferred to indirect approaches, such as
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derivatization300 or use of chiral additives in the mobile phase, because much less
sample manipulation is required, and more rapid solute recovery is possible after the
preparative chromatography.

3.4.1 Synthesis of chiral polymer based CSP
In this section, chiral polymer based CSP are made using TMM-LRP technology by
grafting glyco-monomers onto certain beads through surface-initiated LRP.
Subsequently, single enantiomers are immobilised onto the glyco-modified bead by
reacting with the multiple hydroxyl groups of carbohydrate moieties. Glycerol
methacrylate was used as a model to modify Aquagel beads, which is further modified
with enantiomer (R)-(+)-1-phenylethyl isocyanate (EtPhNCO), Figure 67.

Figure 67. Synthesis of enantiomer-immobilised resins by surface-initiated polymerisation.
Reagents and conditions: A) 2-bromoisobutyryl bromide, anhydrous pyridine, ambient
temperature; B) GMA, Cu(I)Br/bpy, methanol, 25˚C; C) EtPhNCO, anhydrous pyridine, 50 ˚C.

Aquagel resin was first converted into the immobilized ATRP initiator (18) in the
presence of 2-bromoisobutyryl bromide in pyridine, Figure 67. Polymerisation of

121

GMA at 25ºC using Cu(I)Br/HETEA as the catalytic system 15:1:5:5 (monomer :
(18) : CuBr : ligand) molar ratio afforded the poly(glycerol methacrylate) (PGMA)
modified resin (19), which then was treated with EtPhNCO to afford (20), a chiral
polymer based resin with potential as a CSP for HPLC.

3.4.2 Characterisation of the hybrid supports

Figure 68. FTIR spectra of Aquagel resins before and after modification.

The PGMA-based supports (19) and (20) were characterized by FTIR, gel-phase
NMR, FE-SEM, and CHN elemental analysis. The synthesis of Aquagel-PGMA (19)
was confirmed by the appearance of an O-H stretching in the IR spectrum, at ca. 3370
cm-1, in addition, the peak at ca. 1720 cm-1 become larger, attribute to the C=O of
GMA, Figure 68. Subsequent reaction with EtPhNCO led to the immobilized chiral
resin (20), in which a N-H stretch centred at ca 3350 cm-1 and a N-H bend at ca. 1520
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cm-1. There is no obvious peak at 2250 cm-1, where an intense peak in the starting
material EtPhNCO, from N=C=O group, is observed. This indicates there is no free
EtPhNCO in the final resin (20).

The final EtPhNCO modified Aquagel resin was also characterized by gel-phase 1H
NMR analysis. The spectrum of a suspension of (20) in CDCl3 showed the presence
of all the expected major signals, including the ester OCH2 (ca 4.5 ppm, peak c in
Figure 69) and phenyl (ca 7.2 ppm, peak a in Figure 69) peaks.
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Figure 69. Gel-phase 1H NMR spectra of EtPhNCO modified Aquagel resin (20) suspended in
CDCl3 .

CHN analysis of the EtPhNCO modified beads and intermediates prepared in this
work were carried out in an attempt to estimate their elemental composition, Table 9.
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The intermediate resin showed compositions close to the theoretical values, calculated
based on the weight increase (~45%) of monomer GMA for the synthesis of the rasta
intermediate (19). The loading in hydroxy groups in the resin (19) was therefore
calculated to be approximately 5.6 mmol/g. The elemental analysis of the final
EtPhNCO modified beads (20) indicated the amount of nitrogen after grafting being
2.68 per cent, which correspond to a 1.9 mmol g-1 loading of chiral functionality
EtPhNCO.

Table 9. Elemental analysis of some of the functionalized Aquagel resins prepared in this work.

Product

value

C (%)

H (%)

N (%)

Aquagel
Resin

Obtained

83.65

8.07

-

(18)

Obtained

78.95

7.79

Theoreticala

67.04

7.68

-

Obtained

67.22

7.68

-

Theoreticalb

73.15

7.28

2.77

Obtained

69.46

7.15

(19)

(20)
a

2.68
b

%: C (%) = 78.95 × 0.55 + 52.49 × 0.45, H (%) = 7.79 × 0.55 + 7.55 × 0.45; C (%) = 78.95 × 0.55 +
66.06 × 0.45, H (%) = 7.79 ×0.55 + 6.65 × 0.45, N (%) = 6.16 × 0.45.

In addition, FE-SEM was used to see the difference of the beads before and after
modification. Figure 70 shows the general and cross-section images of starting
Aquagel resin and sample (19) (20). Although the size difference between resins is
not obvious, the surface and inner structures of the beads show clear differences,
which mainly due to the grafting of polymers onto the starting resin.
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Figure 70. FE-SEM images of Aquagel (a), resin (19) (b) and resin (20) (c).

3.4.3 Conclusion
Aquagel resin has been transformed into a resin initiator, surface initiated living
radical polymerisation of GMA was then successfully carried out for the synthesis of
PGMA containing bead. The hydroxyl groups of the PGMA moiety were then reacted
with a single enantiomer EtPhNCO. The resins before and after modification have
been characterized by FTIR, gel-phase NMR FE-SEM, and CHN elemental analysis.
This demonstrates a convenient way to immobilise an enantiomer moiety onto a resin
surface and the resulting solid support may be used as a CSP for HPLC
chromatography. The beads have now been sent to a UK chromatography company
(Chromotide) for chiral separation tests.
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Chapter 4 Multiwalled Carbon
Nanotube (MWCNT) Surface
Modification
4.1 Introduction
The discovery of carbon nanotubes (CNTs) in 1991301 has stimulated intensive
research to characterize their structure, to determine their properties and to explore
their applications. The walls of these tubes are made up of a hexagonal lattice of
carbon atoms analogous to the atomic planes of graphite. They are capped at their
ends by one half of a fullerene-like molecule. In the most general case, a CNT is
composed of a concentric arrangement of many cylinders, termed as multi-walled
carbon nanotubes (MWCNTs). Single-walled carbon nanotubes (SWCNTs) possess
the simplest geometry, consisting of a single graphite sheet seamlessly wrapped into a
cylindrical tube. These nanoscale tubes not only exhibit appealing electronic
properties, but also remarkable thermal and mechanical characters. Much pioneering
work has been carried out to apply CNT’s in different fields. For example, by
combining CNT’s with nanoparticles302-305 and protein/gene306,307, the complexes
could be used as chemical sensors, catalyst and protein/gene transporters. However,
the poor solubility of CNT’s has hindered their application. Therefore, dispersion of
the tubes is particular import. (Note: Researchers also use the term ‘soluble carbon
nanotubes’, although ‘dispersible’ may be better. Bearing this in mind, the term
‘soluble’ is also used in this chapter.) The surface modification of CNT’s with
polymers was one of the routes to make soluble CNTs. There are two main
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approaches for the surface modification of CNTs: non-covalent and covalent
attachments. Obviously, the advantage of non-covalent attachment is that the perfect
structure of the nanotubes is not altered, thus its mechanical properties should not
change. The main disadvantage is the relatively weak force between the wrapping
molecule and the nanotube. For covalent attachment, although functional groups
might introduce defects on the walls of the nanotubes, it is still an attractive target.
Functional polymers bonding to CNTs increase the dispersability of the CNTs, at the
same time, they have also enlarged the application areas of CNTs due to their own
functional properties. Examples of the typical methods for nanotube surface
modification will be given below.

4.1.1 CNT surface modification by non-covalent attachment
This type of solubilization is particularly attractive for not destroying the π structure
of the CNT. It was first found that CNTs could be solubilized in aqueous media in the
presence of amphiphilic molecules.

308,309

It is believed that the hydrophobic part

attaches on the surface of the CNT, whereas the hydrophilic part interacts with the
solvent molecules.

Smalley and co-workers reported that SWCNTs could be

solubilized in water by associating them with a variety of linear polymers such as
polyvinyl pyrrolidone and polystyrene sulfonate.310 They propose that the wrapping of
the SWNTs by water-soluble polymers is a general phenomenon, driven largely by a
thermodynamic force to eliminate the hydrophobic interface between the tubes and
their aqueous medium.
Another method widely used is the use of polymers bearing aromatic moiety to either
wrap (backbone or side chain functionality) or attach (end terminal functionality)
CNTs. It is presumed to be mainly due to π- π stacking and van der Waals interactions
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between the polymers and CNTs. Conjugated polymers are widely used to solubilize
CNTs, Heath and co-workers reported that a substituted poly(metaphenylenevinylene)
(PmPv) provided a useful route toward "functionalising" the SWNT without
destroying

their

electrical

character.

311,312

Similarly,

poly{(5-alkoxy-m-

phenylenevinylene)-co-[(2,5-dioctyloxy-p-phenylene)-vinylene]}

(PAmPV)

derivatives have been prepared and used to solubilize SWNT in organic solvents by
wrapping themselves around the nanotube bundles.313 Tang et al. reported that carbon
nanotube-containing poly(phenylacetylenes) (NT/PPAs) are prepared by in situ
polymerisations of phenylacetylene catalysed by WCl6e-PK4Sn and [Rh(2,5norbornadiene)Cl]2 in the presence of the nanotubes.314 The short nanotubes thickly
wrapped in the PPA chains are soluble in common organic solvents including
tetrahydrofuran, toluene, chloroform, and 1,4-dioxane. Recently, molecules
containing pyrene moieties have been used for noncovalent anchoring to the sidewalls of CNTs. Substituents of pyrene have been selected to link, for example,
proteins315 or initiators of ring-opening metathesis polymerisation316 to CNTs. In
addition, pyrene-containing polymers has also been made to wrap CNTs. 317,318
DNA molecules is another type of material researchers have attached to CNTs, the
DNA molecules may be encapsulated inside or warped around CNTs due to the van
der Waals attraction between DNA and CNT. A review about the recent advances in
this area has been written by Gao et al..319
CNTs have also been encapsulated by polymers320 or encased by cross-linked,
amphiphilic copolymer micelles321.

4.1.2 CNT surface modification by covalent attachment
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The most widely used method for the chemical modification of CNTs uses the
introduction of carboxyl groups to the CNTs. This oxidation process of CNTs
involved treatment in strong acid either under sonication322 or not323. This treatment
leads to the opening of the tube caps as well as the formation of holes in the sidewalls,
followed by an oxidative etching along the walls with the concomitant release of
carbon dioxide. Thus, the CNTs’ ends and sidewalls are decorated with various
oxygen containing groups, mainly carboxylic acid groups. These carboxyl groups
could then be easily turned into other functionalities. The introduction of carboxyl
groups to CNTs enables the covalent coupling of molecules through the creation of
amide and ester bonds, Figure 71.

Figure 71. Chemical modification of CNTs through thermal oxidation, and the subsequent
esterification or amidization reactions.
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By this method the CNTs can be provided with a wide range of functional moieties.
For example, to increase the solubility in different solvents, a variety of polymers
were

attached

to

CNTs

ethylenimine(PPEI-EI)324,
styrenesulfonate)327,

including

polystyrene

multi-hydroxy

poly

(propionyl-ethylenimine)-co-

(PS)156,325,326,

polymers328,

poly

poly
(methyl

(sodium

4-

methacrylate)

(PMMA)329-331, poly (vinyl alcohol) (PVA) and poly (vinyl acetate-co-vinyl alcohol)
(PVA-VA)332. Recently, some polymers with complex structures, such as
hyperbranched polymers, have also been connected onto CNTs effectively333,334, the
poly(amidoamine) dendrimer (PAMAM) with amine as peripheral group was also
used as cross-linking reagent to prepare star-shaped CNTs335.
Another approach is the direct coupling of functional groups onto the π-conjugated
carbon framework of CNTs using addition reactions. Burghard et al. summarised the
possible addition reactions for the functionalisation of CNTs in their review336, as
shown in Figure 72.
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Figure 72. Overview of possible addition reactions for the functionalization of the CNTs. (copied
from Balasubramanian, K.; Burghard, M. Small 2005, 1, 180-192).

Reactive species (atoms, radicals, carbenes or nitrenes) are required for this approach.
For the examples of polymer modified CNTs, the ‘living’ polystyrene, poly(3caprolactone)

or

their

block

copolymers

end-capped

by

a

2,2,6,6-

tetramethylpiperidine-1-oxyle (TEMPO) group reacted with MWCNTs by addition
reaction of the alkoxyamine-terminated precursors according to a radical
mechanism.337 PSt–N3 with designed molecular weight and narrow molecular weight
distribution was synthesized by atom transfer radical polymerisation (ATRP) of
styrene (St) followed by end group transformation and then added to SWNT via a
cycloaddition reaction.156 Liu reported a novel method for the polymer or copolymer
grafted SWNTs.326 The chain radical of polystyrene and poly[(tert-butyl acrylate)-bstyrene] with well-defined molecular weights and polydispersities, prepared by
nitroxide-mediated free-radical polymerisation, were successfully used for the
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functionalization of the SWNTs through a radical coupling reaction involving
polymer-centred radicals generated at 125 °C via loss of the stable free-radical
nitroxide capping agent. In another example, SWNTs were functionalized along their
sidewalls with phenol groups using the 1,3-dipolar cycloaddition reaction.330 These
phenols could be further derivatized with 2-bromoisobutyryl bromide, resulting in the
attachment of ATRP initiators to the sidewalls of the nanotubes. These initiators were
found to be active in the polymerisation of MMA and tert-butyl acrylate (t-BA) from
the surface of the nanotubes.

4.1.3 Summary of CNT surface modification in this project
In this chapter, covalent and non-covalent methods have both been used to modify
CNTs. MWCNTs was first converted to a solid support LRP initiator by esterification
reaction and styrene was grafted from MWCNTs through surface-initiated ATRP, the
PSt modified CNTs were then used to form isoporous membranes. Similarly,
Poly(amidoamine) (PAMAM) dendrons were covalently attached to MWCNTs and
dendron-MWCNT-Ag(0) hybrid materials were made afterwards which occurred via
Ag(I) coordination to the PAMAM dendron nitrogen donors, followed by reduction
with formaldehyde. Finally, non-covalent method was used to make thermo-sensitive
water soluble CNTs. The homo(co)polymerisation of poly(ethylene glycol) methyl
ether methacrylate (PEGMA) and di(ethylene glycol) methyl ether methacrylate
(DEGMA) using a pyrene-containing initiator and a Cu(0)/Me6-Tren catalyst system
was investigated. The pyrene-functionalised polymers synthesised were then used to
modify CNTs and thus thermo-sensitive water-dispersible CNTs were made.
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4.2 Synthesis of PSt modified CNT and the formation of
isoporous membranes
Isoporous films have attracted increasing attention as functional materials in various
fields such as biotechnology338,339 and photonics.340 François et al.341 discovered that
highly-regular porous films were obtained, without the use of a template, when a
solution of CS2 and poly(p-phenylene)-block-polystyrene or polystyrene stars were
cast under humid conditions. The proposed mechanism is shown in Figure 73. The
evaporation of solvent leads to a decrease in solution temperature, and water droplets
start to condense onto the solution surface. The stabilized water droplets will selforganize into a hexagonal array before the polymer precipitates around them. The
precipitation of the polymer at the solution-water interface prevents droplet
coagulation. When the solvent and water have evaporated, an ordered hexagonally
packed polymeric structure will remain. The water droplets act as a sacrificial
template for the ordered film.342,343 The pore size can be tailored by changing the rate
of the applied air flow, concentration of the cast solution, and humidity.344-346 It has
also been discovered that changes on the molecular level (molecular weight,
polymeric compositions, and end-groups) will affect the characteristics of the film.347
The range of polymers that are known to self-organize into macroporous membranes,
has been extended from simple block copolymers to more complicated architectures
such as comb and star-block copolymers.348 Also, there is a report describing the
formation of isoporous films by incorporation of nanoparticles into a polymeric
matrix.349
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Figure 73. Proposed mechanism (Stenzel, M. H.; Barner-Kowollik, C.; Davis, T. P. J. Polym. Sci.,
Polym. Chem. 2006, 44, 2363-2375.) for the formation of honeycomb-structured porous films: (A)
evaporation of the solvent of the polymer solution, (B) condensation of water droplets cause by
the cold surface temperature of the solution, (C) formation of a hexagonal closest packing of
water droplets on the solution surface, (D) precipitation of the polymer on the interface and
prevention of coagulation.

The resulting organic-inorganic hybrid material, or nanocomposite, represents a new
class of material that has attracted both industrial and academic interest. It is
important that the nanoparticles are well dispersed, i.e., no aggregates, in the matrix to
obtain optimum properties. One way to avoid particle aggregation is to modify the
surfaces of the particles with polymers. Polymer chains, covalently attached to the
particles, will separate the particles from one another and stabilize the dispersion.
Silica particles, modified via grafting, have been used in nanocomposites and resulted
in materials with better thermal stability and improved mechanical properties.350-352 In
addition, Nyström et al. successfully used the silica-polymer hybrid materials to form
isoporous films.353,354
Here we focused on the fabrication of isoporous membranes based on polymer
modified Carbon nanotube (CNT). This work describes fabrication of highly-ordered
isoporous membranes based on polymer modified CNTs. Modification of the CNTs
were performed via TMM-LRP, since well-defined polymer chains have proven to
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facilitate the fabrication of membranes with monodisperse pore size.348 The paper
describes both the grafting of polymers from CNTs using TMM-LRP and the
subsequent use of these hybrids to make highly ordered isoporous membranes.
Optical characterization revealed that the membranes consisted of hexagonally
ordered pores of uniform size. The combination of an open pore structure and high
surface area makes isoporous membranes into materials of high interest in fields as
biotechnology and photonics.

4.2.1 Synthesis of CNT-g-PSt through surface-initiated LRP
Commercially available multiwalled CNTs (MWCNTs) were treated initially with
nitric acid to form carboxyl group at the CNTs surface, (21) then with thionyl chloride
to give the corresponding acid chlorides (22). The latter were then efficiently reacted
with previously prepared 2-bromo-2-methyl-propionic acid 6-hydroxy-hexyl ester via
ester linkages to give the expected MWCNTs supported initiator (23). Grafting of
styrene, from the functionalised CNTs, was then catalysed by Cu(I)Br and Bipy, and
conducted at 110 °C to give (24), Figure 74.

Figure 74. Synthesis of PSt modified CNTs. (a) SOCl2; (b) 2-bromo-2-methyl-propionic acid 6hydroxy-hexyl ester, toluene; (c) Styrene, Cu(I)Br/ Bipy, 110 °C.
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Figure 75. IR spectra of CNTs before and after modification.

The IR data of the native and functionalised CNTs are shown in Figure 75. Compared
with the native CNT, a new peak assigned to the carboxyl group of (21) appeared at
~1736 cm-1 after reaction with HNO3 acid indicating the surface of the CNT had been
functionalised with a carboxyl group. According to the IR curve of the solid support
initiator (23), a shift of carbonyl stretch was observed at ~1720 cm-1 (C=O) and a
peak at ~1530 cm-1 corresponding to the C-H bend was also observed, indicating a
successful immobilisation of initiating groups. After the styrene was grafted from the
CNT, peaks at ~1600 cm-1, 1490 cm-1 and 1450 cm-1 from C=C ring stretch were
observed in the IR curve of (24).
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Figure 76. TGA traces of native and functionalised CNTs.

Thermal gravimetric analysis (TGA) of starting material CNT (curve 1) and modified
CNTs has been carried out to better understand the composition. CNT-initiator (23)
(curve 2) gave very similar results to CNT, with a weight loss of ~5% up to ca. 450 ºC.
At the same temperature the PSt-g-CNT conjugate (24) (curve 3) showed ~98 %
weight loss, which can be ascribed to the presence of the PSt grafted onto the
nanotubes surface, Figure 76.
Transmission electron microscopy (TEM) images of the CNTs before and after the
modification with PSt are shown in Figure 77. Grey layers around CNTs, attributing
to polystyrene grafted from the nanotubes, were observed for (24), further proves the
successful modification of polymers onto CNTs through surface-initiated LRP.
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Figure 77. TEM of MWCNTs before and after modification. A: CNT-COOH, (21); B: PSt-g-CNT,
(24).

The PSt-g-CNT (24) was dissolved in THF and the grafted PSt-chains were further
cleaved from the MWCNTs with KOH/ethanol in THF under reflux for three days.
The cleaved chains were precipitated in MeOH and then analysed with SEC, Figure
78. The molecular weight of the cleaved polymer is 117000 with a PDi value of 1.71,
indicating that the surface initiated ATRP was carried out in a controlled manner.
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Figure 78. SEC trace of the PSt chains cleaved from the CNTs.

4.2.2 Isoporous Membranes
The PSt-modified CNT was cast from CHCl3 to yield isoporous membranes. Once the
film was cast, the volatile solvent started to evaporate immediately causing the
temperature at the film surface to decrease. This causes water droplets from the humid
environment to condense onto the film surface. The PSt-modified CNT starts to
precipitate at the water/solvent interface resulting in stabilized water droplets. When
the solvent had evaporated an opaque/grey film was obtained. An image obtained
from optical microscope clearly reveals the arrangement of the close-packed pores
into a hexagonal array, so-called honeycomb structure with a pore size of
approximately 7 microns, Figure 79.
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Figure 79. Image from optical microscope of hybrid nanoparticle membrane of PSt-g-CNT.

A SEM image of the cross-section revealed that only one layer of pores is formed
when CHCl3 is used for casting, this is indeed in agreement with the literature, Figure
80. The solvent is an important parameter for the fabrication of porous films of high
quality. Attempts were made to cast films using CS2 as solvent, however the resulting
films consisted of non-close packed pores with low ordering.

Figure 80. FE-SEM images of the hybrid nanoparticle membrane of PSt-g-CNT.
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The porous membrane was further analysed with AFM. The characterization revealed
the 3-D structure of the pores, Figure 81. The depths of the pores is ~6.8 m. The
combination of an open pore structure and isoporous nature (high surface area),
makes honeycomb film into materials of high interest in applications such as
membranes.

Figure 81. AFM image of the hybrid nanoparticle membrane of CNT-g-PSt.

In conclusion, this work has demonstrated that new systems based on polymer
modified CNT hybrid materials can be used for the formation of isoporous films. A
single layer of pores with a pore size of approximately 7 microns was formed,
consisting of CNTs modified with PSt chains via surface-initiated LRP.
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4.3 Synthesis of Poly(amidoamine) (PAMAM) dendron
modified CNT and its metal templating355
The PAMAM dendrimers, the first synthesized dendrimer in the dendrimer family,
have been utilized in different fields since it was synthesized by Tomalia et al. in
1985356,357. As a cationic polymer, the PAMAM dendrimer is compatible well with
anionic materials such as DNA, thus they have been employed in pharmaceutical field
as gene delivery reagents358-362. Using the PAMAM dendrimer as template, various
dendrimer-coated nanoparticles with small size, narrow distributives have been
prepared, such as Au363-365, Pd366-368, Pt369-371, Pt/Pd372, Pd/Au373,374 and iron oxide375.
Due to their structures are similar to natural proteins, PAMAM dendrimers are also
employed as protein/enzyme mimic376,377. In this part, a hydroxyl terminal PAMAM
dendron (A dendrimer that radiates from fewer than all of its branch points at the core,
often half a dendrimer, Figure 82) was synthesised, the effort to modify the surface of
CNTs with this PAMAM dendron will be discussed.

Figure 82. Scheme (copied from http://en.wikipedia.org/wiki/Dendrimer) of dendrimer and
dendron.
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4.3.1 Synthesis of hydroxyl terminal PAMAM G3.5 dendron
The hydroxyl α-functionalized PAMAM dendron was designed and prepared, the
synthesis routes are shown in Figure 83.

Figure 83. Synthesis of α-functional PAMAM dendron.

2-(2-Amino-ethoxy)-ethanol was employed as initiator to prepared PAMAM dendron.
The Michael addition reaction occurred when the amines reacted with methyl acrylate
(MA) to form branched ester, the ester bond was replaced when the amination
reaction was carried out with large excess of ethylene diamine. The reactions were
repeated and the target α-functional PAMAM dendron was obtained. The hydroxylterminated dendron was then utilized to modify the surface of multi-wall carbon
nanotubes.
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The 1H NMR spectrum of the hydroxyl terminally functional PAMAM dendron is
shown in Figure 84.

Figure 84. 1H NMR spectrum of hydroxyl terminal PAMAM G 3.5 dendron.

The peaks of two methylene group by the ether oxygen mixed together and appeared
as peak b and c in Figure 84, with the peripheral ester methyl groups appearing as a
single peak (peak e in Figure 84) at 3.62 ppm. The integration ratio of (b+c)/e gives
4/48, in agreement with the theoretical value, which indicates that the alcohol
terminated PAMAM dendron has been synthesized.

4.3.2 Modification of MWCNT surface with PAMAM dendron and metal
templating
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Figure 85. Synthesis of PAMAM dendron modified MWCNT and dendron-MWCNT-Ag(0)
hybrid materials. Reagents and conditions: a) thionyl chloride, toluene; b) (25), toluene; c)
AgNO3 aqueous solution; d) formaldehyde solution.

MWCNT modified with carboxyl groups, (21), was easily transferred to be the highly
reactive carboxyl chloride by reacting with thionyl chloride. The HO-PAMAM
dendron (25) was then mixed with (22), a PAMAM dendron modified CNT (26) was
thus formed through the ester-bond that linked the PAMAM dendron on the surface of
MWCNT. The process was outlined in Figure 85.

Direct detection of the dendrons grafted at the MWCNT’s surface using TEM
microscopy had proven to be problematic, probably due to the relatively small
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dendron size. We reasoned that the deposition of appropriate metal particles onto the
CNTs surface using dendron molecules as template could have furnished a direct
observable proof of the presence of dendron at the nanotubes surface, and at the same
time highlighted the potential of these hybrid materials to act as starting materials for
the preparation of more complex nano-materials. Addition of a reducing agent such as
formaldehyde to a PAMAM dendron (25) /AgNO3 solution led to the precipitation of
Ag(0) particles in less than three seconds. The test was then repeated using the
PAMAM-MWCNT’s conjugate (26) instead of the unmodified dendron, Figure 85.

Thermal gravimetric analysis (TGA) of MWCNT starting material (curve 1) and
MWCNT-COOH (21) (curve 2) gave very similar results, with no significant weight
loss up to ca. 400 ºC. At the same temperature the MWCNT-PAMAM conjugate (26)
(curve 3) showed 39 % weight loss, which can be ascribed to the presence of the
dendron grafted onto the nanotubes surface, Figure 86. As expected the Ag(0)containing material (28) (curve 4) showed a profile analogous to that of the
unmodified conjugate (26), with lower weight loss percentage, consistent with the
lower dendron content of this material, due to the presence of an estimate 23 %
weight content of Ag(0).

The IR dates of the native and functionalised MWCNTs are shown in Figure 87.
Compared with the native MWCNT, a new peak attributed to the carboxyl group
appeared at ~1736 cm-1 after reaction with HNO3 acid indicating the surface of the
MWCNT had been functionalised with a carboxyl group. According to the IR curve
of the MWCNT-dendron (26), the peak at ~1740 cm-1 became more intense and the
peak at ~1640 cm-1, from the amido band of the dendron was observed.
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Figure 86. TGA curves of native and functionalised MWCNT.

Figure 87. FTIR of native and functionalised MWCNTs.
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Field-Emission Scanning Electron Microscopy (FE-SEM) provided further insights on
the hybrid conjugates features, highlighting the differences between native and
functionalised MWCNTs, Figure 88. Ag(0) can be observed at the surface of
MWCNT-dendron conjugate, indicating the formation of nanoparticles via Ag(I)
coordination to the PAMAM dendron nitrogen donors, followed by reduction with
formaldehyde.

Figure 88. FE-SEM images of native and functionalised MWCNTs. A. native MWCNTs; B.
MWCNT-dendron (26); C. MWCNT-dendron-Ag (28).

Transmission electron microscopy (TEM) images of the MWCNTs before and after
the modification with the hydroxyl-terminated PAMAM are shown in Figure 89. Ag(0)
could only be detected at the surface of MWCNT-dendron conjugate, Figure 89D. No
silver deposition was observed either in the background, Figure 89D, or when
MWCNT-COOH (21) was employed, Figure 89C, which is in agreement with the
proposed mechanism that the formation of nanoparticles via Ag(I) coordination to the
PAMAM dendron nitrogen donors. The nature of the observed particles was
confirmed by energy-dispersive spectroscopy (EDS), peak at 3.0 KeV in Figure 89E.
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Figure 89. TEM of MWCNTs and EDS dates: A) native MWCNTs; B) MWCNT-dendron (26); C)
Control: MWCNT-COOH (21) + AgNO3 + CH2O; D) MWCNT-dendron-Ag (28); E) the EDS
spectrum of (28).

In conclusion, the hydroxyl-terminated dendrons have been successfully linked to
MWCNTs via ester linkages. The corresponding MWCNT-dendron conjugates have
been characterized by FT-IR, TGA, FE-SEM and TEM. In addition these hybrid
materials have been employed as templates for the deposition of Ag(0) nanoparticles,
via dendron coordination of Ag(I) ions, followed by reduction with formaldehyde.
Silver particles were clearly visible on the nanotubes surface by FE-SEM and TEM
analysis.
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4.4 Thermo-responsive water-dispersible CNTs.
The design of materials that exhibit ‘bio-like’ behaviour, such as a response to a
stimulus or environment has attracted increasing interests, due to its potential
applications, especially in the biological field. Responsive polymers are one of the
materials that have been investigated intensively with different types of switching
properties, such as responsive to light, pH, heat and biochemical stimuli.

114,378-389

Among them, thermo-responsive polymer is one of the hit subjects being investigated
in nano-technology and biotech applications.

380,385,390

Poly(N-isopropylacrylamide)

(PNiPAM), exhibiting a lower critical solution temperature (LCST), is the most
common polymer used as a responsive water-soluble polymer and has potential
applications in different biomedical fields.

28,384,391-393

Poly(ethylene glycol) (PEG) is

a cheap, neutral, water-soluble, biocompatible, FDA-approved polymer and one of the
most applied synthetic polymer in the biomedical field, and recently interest has been
raised on PEG in terms of thermo-responsive water-soluble property.

204-206

Lutz and

co-workers reported that copolymers of tuneable LCST (26-90˚C) could be obtained
by changing the ratio of the long chain-length Oligo(ethylene glycol) Methacrylate
and shorter chain-length 2-(2-Methoxyethoxy)ethyl Methacrylate.204,206 This is rather
attractive in applications with variable temperature requirements.
Transition metal medicated living radical polymerisation (TMM-LRP, often termed
ATRP) is one of the most promising methods to prepare well-defined polymers.94,95
The most widely used recipe includes a halides initiator, copper(I) salt and a ligand.
AGET (activators generated by electron transfer) ATRP was then reported by
Matyjaszewski et al., using tin(II) 2-ethylhexanoate (Sn(EH)2)96 or ascorbic acid97 to
reduce Cu(II) to Cu(I), which could then catalyse ATRP under appropriate
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polymerisation conditions. However robust, the mechanism of TMM-LRP is still
under debate. The most widely accepted mechanism believe that the polymerisation
proceeds by an inner-sphere electron-transfer mechanism in which a low oxidation
state metal complex acts as the catalyst, mediating a fast exchange between radicals
and their dormant alkyl halide species. However, out-sphere mechanism in which
copper(I) disproportionate into Cu(II) and Cu(0), and then Cu(0) act as electron
donors and the initiator and dormant propagating species act as electron acceptors is
favoured under certain conditions, especially in polar solvents in the presence of Nligands. Recently, Single-electron transfer (SET)-LRP has raised more interest, after
being reported by Percec and co-workers.100,394 This polymerisation normally uses
zero valent copper power/wire as the catalyst, in polar solvents and in the presence of
N-ligands, and can be carried out under very mild reaction conditions, at room
temperature, using a small amount of catalyst and generates polymers with high
molecular weight with ultra-fast rates.
PEG or MEO are widely used monomers in ATRP and are polar in nature. Therefore
the polymerisation of PEG-MA is supposed to favour SET-LRP without even adding
additional polar solvent. Will PEG-MA facilitates the SET-LRP and will the
polymerisation still be controllable? We investigate the behaviour of the
homo(co)polymerisation of poly(ethylene glycol) methyl ether methacrylate (PEGMA)
and di(ethylene glycol) methyl ether methacrylate (DEGMA) using a pyrenecontaining initiator and a Cu(0)/Me6-Tren catalyst system. As pyrene containing
polymers (materials) are often used to non-covalently modify carbon nanotubes as a
non-destructive strategy,

315-318,395

we could then make a water-dispersible carbon

nanotube, which is of great interest for their possible bio-applications by modification
with

different materials including natural products, water-soluble polymers and
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dendrimers.310,355,396-400 Through this non-covalent side-wall functionalization strategy,
the pyrene-functionalised polymers synthesised were used to modify carbon nanotube
and thus thermo-sensitive water-dispersible carbon nanotubes were made, Figure 90.

Figure 90. Synthesis of pyrene-terminal copolymer by SET-LRP and preparation of thermosensitive water-soluble CNTs.

4.4.1 Synthesis of pyrene-terminal copolymer by SET-LRP.
4.4.1.1 Synthesis of pyrene initiator (29)
In order to make pyrene containing polymers for non-covalent modification of CNTs
through π-π stacking, a pyrene initiator has been synthesised. The synthesis proceeded
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via coupling of 1-pyrenemethanol and 2-bromopropionic bromide in dichloromethane.
The final product was further purified by recrystallization in methanol, Figure 91.

Figure 91. Synthesis of the pyrene initiator.

4.4.1.2 (Co)Polymerisation of PEGMA and DEGMA
Homopolymers and copolymers of PEGMA475 and DEGMA with pyrene-terminal
functionality have been obtained using SET-LRP technique, where a copper(0)
powder/Me6Tren catalyst system has been used to carry out the polymerisation at
25°C. Table 10 lists the (co)polymers synthesized with different compositions and
molecular weights, together with their variable LCSTs.

Table 10. Summary of molecular characteristics of the SET-LRP synthesized (co)polymers
employed as stabilizing species.

polymer
30
31
32

Composition a
(PEGMA:DEGMA)
0:1
1:9
1:0

Mn,SEC b

Mn,NMR c

Mn,th d

PDi b

LCST e

32,300
32,600
60,100

20,700
21,500
49,100

19,200
22,100
47,900

1.21
1.53
1.75

29
45
91

a

Initial ratio of monomer. b Measured by SEC in THF, with MMA standards. c
Determined by 1H NMR in CDCl3. d Calculated using equation Mn,th = DP × MWm +
MWi, where DP is 100, MWm is the (average) molecular weight of (co)momomer and
MWi is the molecular weight of initiator.e Measured by Varian Cary 100 UV-Vis
spectrophotometer with temperature controller.
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Figure 92. Semilogarithmic kinetic curves and Mn, PDi vs. conversion curves for the SET-LRP of
DEGMA. Reaction conditions: [DEGMA]0 : [I]0 : [Cu(0)]0 : [L]0 = 100: 1: 1: 1, 25˚C.
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Figure 93. Semilogarithmic kinetic curves and Mn, PDi vs. conversion curves for the SET-LRP of
PEGMA. Reaction conditions: [PEGMA]0 : [I]0 : [Cu(0)]0 : [L]0 = 100: 1: 1: 2, 25˚C.
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The kinetic plots of the homo-polymerisation of DEGMA and PEGMA with the
pyrene initiator are shown in Figure 92 and Figure 93, respectively. Linear fit lines
were drawn in both cases, although it is slightly slow at the beginning and an
introduction period is observed in both cases, which may be due to the heterogenous
nature of the catalyst system. At the beginning the amount of Cu (0) dissolved in the
system is smaller, therefore an introduction period is observed and the PDi is also
higher at the beginning. The molecular weights increase with conversion in both cases,
although the PDi of the polymers is slightly high, around 1.3 for DEGMA and around
1.7 for PEGMA.
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Figure 94. Semilogarithmic kinetic curves and Mn, PDi vs. conversion curves for the SET-LRP of
PEGMA and DEGMA. Reaction conditions: [PEGMA]0 : [DEGMA]0 : [I]0 : [Cu(0)]0 : [L]0 = 10 :
90 : 1 : 1 : 2, 25˚C.

155

The SET-LRP behaviour of the copolymerisation of PEGMA and DEGMA has also
been investigated and shows living nature as well. The first order kinetic is linear, and
as the conversion increases, the molecular weight of the copolymer increases as well,
although the PDi is slightly high (~1.5), Figure 94.

A typical 1H NMR of the pyrene polymer (31) is shown in Figure 95. The peak at ~8
ppm (peak a) corresponds to the protons on the pyrene ring, the peak at 4.1 ppm (peak
b) is the -OCH2 of the PEGMA and DEGMA chain, with the ratio of the integrations,
(4  I4.0) / (2  I2.8), the number of the repeat unit (DP) on the main chain can be
obtained, and therefore the average molecular weight can be calculated.

Figure 95. 1H NMR spectrum of pyrene-containing PEG copolymer (Polymer 31).

156

4.4.2 Non-covalent modification of CNTs with pyrene-terminal polymers
All the results show that ethylene glycol methacrylate favours SET-LRP without
adding polar solvents and a fast polymerisation rate is obtained at room temperature.
Cloud points (LCSTs) of these polymers have been measured using Varian Cary 100
UV-Vis spectrophotometer with temperature controller. Results are summarised in
Table 10. Actually, LCST with any temperature between 29°C to 91°C can be made
by modifying the ratio of these two monomers. Polymer 31 was chosen to test its
ability to solubilize carbon nanotubes. Non-covalent sidewall functionalization was
carried out by mixing MWCNTs with polymer 31. According to reports that the ratio
of polymer to CNTs wt (Rinitial) must be at least 2 for observing stable dispersions
using pyrene-containing polymers317. A Rinitial of 5 was used here to stablize the
MWCNTs in water. After a short sonication, a stable dispersion of MWCNTs is
observed, Figure 96B, when this solution was heated above the LCST of polymer
(60°C in this case), the solution became cloudy and carbon nanotubes begin to
aggregate and start to precipitate, Figure 96C. After cooling the vial to a temperature
under LCST of polymer (31), the MWCNTs can be redispersed again, although
agitation is required. Furthermore, the modified nanotubes were recovered by
centrifuge and washed with water several times in order to eliminate the copolymer
excess. The recovered polymer modified MWCNT can form stable dispersions in
water at room temperature, which confirms the - stacking results in the strong
adsorption of pyrene moiety with MWCNT. The grafting ratio (GR), defined as the
mass ratio of grafted polymer to nanotubes, was estimated by TGA and found to be in
the 0.35-0.45 ranges. The MWCNT-(31) solution was also tested using UV-Vis
spectrophotometer after diluted to a concentration of 0.05 mg/mL, as seen from
Figure 96A, the same pattern is observed with polymer 31 solution, except a slight
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shift to the right (higher temperature). In addition, the absorbance of MWCNT-(31) is
more than 0 even at the beginning, this is due to the existence of MWCNTs in the
solution, as the absorbance of polymer 31 solution is set to zero. TEM further
confirms the successful adsorption of the pyrene-functional polymers onto carbon
nanotubes, as a clear polymer layer could be observed around the MWCNT, Figure
96D.

Figure 96. Plots of absorbance as a function of temperature measured for aqueous solutions
(3mg/mL) (A) of polymer 31 and polymer 31 modified MWCNTs; Polymer 31 modified
MWCNTs dispersed in water at ambient temperature (B) and after heated to 60°C (C); TEM of
polymer 31 (D).

Control experiment has also been carried out using the procedure mentioned above.
5.0 mg of Polymer 31 (control A), a non-pyrene-containing PEGMA-DEGMA
copolymer (Polymer 33, made by ATRP using methyl 2-bromopropionate as an
initiator, Mn = 21,970, PDi = 1.37) (control B) or a mixture of 1-pyrenebutyric acid
and sodium hydroxide (control C) were dissolved in water, and 1.0 mg of MWCNT
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were then added to the solution. After 5 minutes of sonication, both A and B have a
good dispersion, while C cannot disperse MWCNT well. After overnight, control A
still has a good dispersion and MWCNTs in B started to aggregate and precipitate.
Figure 97 shows the result after 5 days. It shows clearly that the pyrene-terminal
polymer has a good dispersion ability of MWCNT, polymer 33 has certain extend of
dispersant ability for carbon nanotubes in water, but after some time, the nanotubes
start to aggregate and precipitate, while for small pyrene molecules, it can not
disperse carbon nanotubes in water.

Figure 97. The control experiments of dispersing MWCNTs in aqueous solution after 5 days: A)
polymer 31; B) non-pyrene polymer 33; C) 1-pyrenebutyric acid + NaOH.

The modified nanotubes were recovered by centrifuging and washing with water
several times in order to eliminate the unattached polymer. The modified nanotubes
were collected, dried and analysed by TGA. Trace A in Figure 98 was recorded for
the control MWCNTs, which are stable until 550˚C with negligible weight loss,
whereas trace B shows that polymer 31 is completely degraded at 500˚C range. The

159

polymer 31 modified MWCNTs show a ~40% weight loss (trace B) at the same
temperature as polymer 31. The grafting ratio (GR), defined as the mass ratio of
grafted polymer to nanotubes, was then estimated to be in the 0.35-0.45 ranges.

Figure 98. TGA traces for (A) MWCNT (black line); (B) Polymer 31 modified MWCNT (blue
line) and (C) pure Polymer 31 (red line).

In conclusion, SET-LRPs of PEGMA475 and DEGMA have been successfully carried
out using a Cu(0)/Me6-Tren catalyst system and a pyrene initiator at 25°C in toluene.
The polymerisations show a living nature. Pyrene-terminal polymers with tuneable
LCSTs can be made in this way, and applied to the synthesis of thermo-sensitive
water-soluble MWCNTs.
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Chapter 5 Conclusion and Outlook
The purpose of this thesis was to find models for surface modification with polymers.
A comparison of existing approaches, namely the "grafting to" and "grafting from"
methods, has been described. This thesis focused on discovering novel "grafting to"
techniques with mild reaction conditions and high yields, or applying knowledge from
other areas to improve the methods. The use of the "grafting from" method to make
functional polymer brushes for different applications was also explored as an
alternative to "grafting to".
Special emphasis was put on the combining of living radical polymerisation and
Huisgen [2+3] cycloaddition (often termed “click” reaction) and applying it for
surface modification. Both of them share a number of important features including
robustness, versatility and excellent tolerance towards many functional groups. Living
radical polymerisation was first used to synthesize different α-functional polymers
(alkyne or azide terminal polymers) and used to modify a cellulose or organic resin
surface modification through a "grafting to" approach (the "click" reaction).
The surface-initiated ATRP (a "grafting from" approach) was also used instead of
"grafting to" approach using "click" chemistry in some cases to obtain thicker
polymer brushes. Cellulose and organic resins were modified with initiating groups
and a variety of functional polymers were then grown from the surface. For example,
metronidazole containing polymers with antibiotic properties were grafted from
cellulose surface, a single enantiomer moiety was immobilised by reacting with the
hydroxy groups of PGMA on Aquagel resin surface with the potential as chiral
stationary phases (CSP) for HPLC chromatography, a “clickable” alkyne monomer
was grown from resin surface and then reacted with an azido-functional carbohydrate
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through the "click" reaction to give a solid support with lectin-binding properties and
opening the way for their potential application in affinity chromatography, sensors
and other protein recognition/separation fields.
Carbon nanotubes (CNTs) were also chosen as a model for surface modification with
polymers. The aim was increase the dispersability of the CNTs in solvents and enlarge
the application areas of CNTs due to polymers’ own functional properties. CNTs were
first converted to a solid support ATRP initiator by an esterification reaction and
styrene was grafted from CNTs through surface-initiated ATRP (a "grafting from"
approach), the PSt modified CNTs were then used to form isoporous membranes. In
another case, poly(amidoamine) (PAMAM) dendrons were covalently attached to
MWCNTs through a "grafting to" approach. And finally, pyrene-functionalised
polymers were synthesised and then used to modify CNTs by a noncovalent method
and thus thermo-sensitive water-dispersible CNTs were made.
As outlined above this thesis focused on the surface modification with polymers. The
combination of living radical polymerisation and Huisgen [2+3] cycloaddition was
very successful and a useful tool for surface modification. Some future work may be
carried out as described below. The antibiotic property and activity of the
metronidazole-containing polymer needs to be investigated and different ratio
between the metronidazole moiety and water-soluble copolymer can be tried. For
mannose-functional beads, the purification of complex mixtures of mannose-binding
biologically relevant lectins needs investigated and future research on the synthesis
and use of immobilized ligands bearing a plethora of different sugar epitopes can be
carried out. The chiral separation property of the modified Aquagel beads is being
tested and using monomers with more hydroxyl groups like mannose or galactose will

162

increase the loading of single enantiomer and may increase its chiral separation
property.
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Chapter 6 Experimental Section
6.1 Reagents and materials
Surfactant free cotton fabric was provided by Unilever (Port Sunlight, UK). Wang and
Merrifield resins were supplied by Avecia Ltd (Blackley, Manchester, UK) (loading:
1 mmol g-1 and 1.5 mmol g-1 respectively). Multiwalled carbon nanotubes (Aldrich,
OD = 3-10 nm, ID = 1-3 nm, length = 0.1-10 µm, >99%), 1-Pyrenemethanol (Aldrich,
98.0%), ethylenediamine (Aldrich, 99.0%) were used as received, poly(ethylene
glycol) methyl ether methacrylate (PEGMA, Aldrich, average Mn ~475) and
di(ethylene glycol) methyl ether methacrylate (DEGMA, Aldrich, 95.0%) were stored
at 4˚C and used as received. Copper(I) bromide (Aldrich, 98 %) was purified
according to the method of Keller and Wycoff.401 [(PPh3)3CuBr]402, 2-bromo-2methyl-propionic

acid

benzyl

ester403,

2-bromo-2-methylpropionic

acid

6-

hydroxyhexyl ester404, Hostasol methacrylate (HMA)378 and 3-Azido-propan-1-ol

405

were prepared as described earlier and stored at 0ºC. Triethylamine (Fischer, 99 %)
was stored over sodium hydroxide pellets. All other reagents and solvents were
obtained at the highest purity available from Aldrich Chemical Company and used
without further purification unless stated.

6.2 Analysis and characterisation
All reactions were carried out using standard Schlenk techniques under an inert
atmosphere of oxygen-free nitrogen, unless otherwise stated. Molar mass distributions
were measured using size exclusion chromatography (SEC), on a system equipped
with two PL gel 5 mm mixed C-columns (300  7.5 mm) and one PL gel 5 mm guard
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column (50  7.5 mm) (Polymer Laboratories) with differential refractive index
detection using THF/triethylamine (95:5) or chloroform/triethylamine (95:5) at 1.0
mL min-1 as the eluent. Poly(MMA) standards (200 to 1.5  106 g/mol) and
poly(styrene) standards (540 to 1.64  106 g/mol)were used to calibrate the SEC. The
analysed samples contained (0.2 % vol) toluene as the flow marker. The Mn reported
in the Mn vs Conversion (%) plots are obtained from SEC data calibrated with PMMA
standards. NMR spectra were obtained on a Bruker DPX300 and Bruker DPX400
spectrometer. All chemical shifts are reported in ppm () relative to tetramethylsilane,
referenced to the chemical shifts of residual solvent resonances (1H and

13

C). The

following abbreviations were used to explain the multiplicities: s = singlet, d =
doublet, t = triplet, bs = broad singlet, m = multiplet. The conversions were calculated
via 1H NMR by following the decreasing of the integrals of the monomer vinyl
signals (5.6 and 6.2 ppm), using the peak of mesitylene (6.9 ppm) as internal standard.
Infrared absorption spectra were recorded on a Bruker VECTOR-22 FTIR
spectrometer using a Golden Gate diamond attenuated total reflection cell. The
thermal gravimetric analysis (TGA) dates were collected on a Perkin Elmer TGA 7,
heating from 50˚C to 600˚C at 20˚C/min under nitrogen. The wettability testing
procedure for cottons is as follows: individual yarns were taken from the fabric and
cut into short segments (1 cm in length) for testing. The cotton yarn was attached to a
wire and hung on the balance in a vertical orientation to determine the force during
the testing. A beaker containing water was slowly levelled at a constant speed to make
the yarn immersed in the water surface. FE-SEM was carried out on a Joel JSM 6100
microscope, with an accelerating voltage of 10 kV equipped with Oxford JSIS
analytical system. Confocal microscopy was performed on a Zeiss LSM 510 system
with the 488 nm band of an argon-ion laser used for excitation. The filters in the
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experimental set-up were chosen to allow the measurement of the fluorescence at λ =
505 nm. The transmission electron microscopy (TEM) was recorded by JEOL 2000
FX TEM with accelerating voltage of 200 KV, the energy dispersive spectrum (EDS)
was obtained by EDAX analytical system. Cloudy points (LCSTs) of polymers were
measured using Varian Cary 100 UV-Vis spectrophotometer with temperature
controller. The wavelength is set to 670 nm, heated with a rate of 20 ˚C/min. HPLCSEC and HPLC-FL spectra were determined by a HP 1050 UV-detector and a Hitachi
L7480 FL-detector. The UV absorption dates were collected from Perkin Elmer
Lambda 25 UV/vis spectrometer. The Mass spectra were obtained using a Micromass
Autospec apparatus. ESI-MS dates were recorded from Bruker esquire 2000.
Elemental analyses were performed by the Warwick Analytical Service Ltd (UK). All
reactions on polymeric beads were carried out using a FirstMate® benchtop
synthesizer (Argonaut Technologies Limited) which utilises vertical agitation so as to
avoid undue damage to the polymeric resins. Atomic force microscope (AFM) images
were recorded on a CSM Instruments Atom Force Microscope. Imaging was
performed in contact mode in air using a Pointprobe Plus probe with a nominal spring
constant of ~0.15 N . m-1 and a resonance frequency of 11-12 kHz. The length of the
cantilever was 452 mm and the radius was better than 7 nm. Analysis of the image
was performed in CSM Instruments ImagePlus v. 3.1.10.

6.3 Synthesis of ligands: N-(n-propyl)-2-pyridylmethanimine

N

N

The ligands used for polymerisation were prepared as literature406. Pyridine-2carboxaldehyde (40 mL, 0.42 mol) was dissolved in 50 mL of diethyl ether. The
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solution was cooled in an ice-water bath and propyl amine (41 mL, 0.50 mol) was
added drop wise. After complete addition of the amine, anhydrous magnesium
sulphate (10.00 g) was added. The system was kept at ambient temperature with
stirring and filtrated consequently to remove the solid. After removing the solvent, the
product was purified by distillation under reduced pressure to give golden yellow oil.
Yield: 81.0%, Bp: 70oC/0.4 Torr.
/cm-1: 1653
H (300 MHZ, CDCl3)/ppm: 8.62 (m, 1H), 8.34 (s, 1H), 7.96 (m, 1H), 7.70 (m, 1H),
7.26 (m, 1H), 3.61 (t, J = 4.4 Hz, 2H), 1.72 (m, 2H), 0.95 (t, J = 4.4 Hz, 3H). C (75.5
MHZ, CDCl3)/ppm: 161.6, 154.6, 149.4, 136.2, 124.6, 121.1, 62.9, 23.6, 11.6.
CHN Analysis. Calculated for C9H12N2: C, 72.9; H, 8.2; N, 18.9. Found: C, 72.0; H,
8.0; N, 18.4.
Mass Spectrometry (m/z): 149 [M+1].

6.4 Synthesis of initiators for TMM-LRP
6.4.1 N-Hydroxy succinimide 2-bromo-2-methyl propionate (1)
O

O

N O
O

Br

(1)

To a solution of N-hydroxy succinimide (17.8 g, 0.15 mol) in 150 mL of
dichloromethane (DCM) was added triethylamine (28.1 mL, 0.2 mol), the solution
was kept in an ice-water bath while stirring under a N2 atmosphere for 10 minutes.
Subsequently 2-bromo-2-methyl propionyl bromide (21 mL, 0.165 mol) was added
dropwise over 30 minutes. The mixture was kept at ambient temperature for 45
minutes, and then decanted into 250 mL of ice-water with stirring, the organic layer
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was separated and washed with saturated Na2CO3 solution (2  100 mL), H2O (2 
100 mL), saturated Na2CO3 solution (2  100 mL), and dried over MgSO4 for 1 hour.
The solid was removed by filtration, the DCM was removed by rotary-evaporator, and
a yellow viscous oil was obtained. The crude product was purified by recrystallization
from hot diethyl ether, and colourless crystals were obtained.
Yield: 72 %.
IR (neat) ~ =: 1808, 1781(Ccycl=O), 1728, 1445, 1385, 1245 cm-1;
1

H NMR (300 MHZ, CDCl3)/ppm: 1.96 (d, J = 6.78 Hz; 3H, CH(CH3)Br); 2.87 (s,

4H, Hcycl), 4.61 (q, J = 7.03 Hz; 1H, CH(CH3)Br);

13

C NMR (75.5 MHZ,

CDCl3)/ppm: 168.69 (2C, Ccycl=O); 166.17 (1C, C=O); 34.97 (1C, CH(CH3)Br);
25.74 (2C, Ccycl); 21.67 (1C, CH(CH3)Br).
CHN Analysis. Calculated for C7H8NO4Br: C, 33.62; H, 3.22; N, 5.60, Found; C,
33.54; H, 3.15; N, 5.39.

6.4.2 2-Bromo-2-methyl propionic acid 6-acetylsulfanyl-hexyl ester (2)
O
O

S

Br

(2)
The synthesis proceeded via coupling of thioacetic acid s-(6-hydroxy-hexyl) ester and
2-bromopropionic bromide in dichloromethane.
PPh3 (4.05g, 15.44 mmol) was dissolved in THF (25 ml) and the solution was cooled
to 0 oC. Di-isopropyl azodicarboxylate (DIAD) (3.2 ml, 15.44 mmol) was added and
the reaction mixture was stirred for 30 minutes. 2-bromo-2-methyl propionic acid 6hydroxy-hexyl ester (3.75 g, 14.04 mmol) and thioacetic acid (1.1 ml, 15.44 mmol) in
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THF (15 ml) was added dropwise over 15 minutes and the mixture was stirred for 1
hour at 0℃ and 4 hours at ambient temperature. The resulting solution was
evaporated to dryness and dissolved in diethylether. The precipitated O=PPh3 was
filtered off, and the filtrate was evaporated to dryness. The precipitation procedure
was repeated several times. And the crude product was purified by column.
IR (solid, ATR cell) /cm-1: 1732 (C=O ester), 1694 (C=O thioester);
1

H NMR H (300 MHz, CDCl3)/ppm: 1.34-1.46 (m, 4H, CH2); 1.53-1.73 (m, 4H,

CH2), 1.92 (s, 6H, CH3), 2.32 (s, 3H, SC(O)CH3), 2.86 (t, J = 7.2 Hz; 2H, CH2S),
4.16 (t, J = 6.5 Hz; 2H, CH2O); 13C NMR C (75.5 MHZ, CDCl3)/ppm: 195.75 (1C,
C=O thioester); 171.49 (1C, C=O ester); 65.90 (1C, CH2O); 55.72 (1C, C(CH3)2Br);
30.54 (2C, CH3), 29.14 (1C, CH2), 28.72 (1C, CH2), 28.06 (1C, CH2), 27.96 (1C,
CH2), 25.12 (1C, CH2)
Mass Spectrometry (m/z): 346 [M+23]

6.4.3 2-Bromo-2-methyl-propionic acid 3-azido-propyl ester (3)
N3

O

Br

(3)
A solution of 3-azido-propan-1-ol (3.69 g, 36.5 mmol) and triethylamine (5.7 mL, 40
mmol) in Et2O (50 mL) was cooled to 0 oC and 2-bromo-2-methyl propionyl bromide
(5.0 mL, 40 mmol) was added slowly via syringe (over ca. 1 min). After stirring for 1
h at 0oC and overnight at ambient temperature the resulting white suspension was
filtered and the pale yellow solution washed with saturated NaHCO3 aqueous solution
(2 x 100 mL) and dried with MgSO4. After filtration the solvent was removed under
reduced pressure and the yellow oily residue was purified by flash chromatography
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(CC, SiO2, Petroleum ether / Et2O 20:1, Rf(s) 0.15) to give (5) (6.4 g, 25.6 mmol,
yield: 70 %) as colourless oil.
IR (neat) ~ = : 2972, 2932, 2098, 1735, 1462, 1273, 1162, 1108 cm-1;
1

H NMR (400.03 MHz, CDCl3, 298 K)  = 1.93 (s, 6H, CH3); 1.96 (app. quint., J =

6.4 Hz, 2H, CH2CH2CH2), 3.44 (t, 2H, J = 6.6 Hz, CH2N3), 4.27 (t, J = 6.2 Hz, 2H,
CH2OH); 13C NMR (100.59 MHz, CDCl3, 298 K)  = 28.08 (1C, CH2CH2CH2),
30.81 (2C, CH3); 48.14 (1C, CH2N3), 55.78 (1C, CBr(CH3)2); 62.84 (1C, CH2OH),
171.63 (1C, COester).
Mass Spectrometry (m/z): 271 [M+23]

6.4.4 2-Bromo-2-methyl-hept-6-yn-3-one (4)
Br

O

(4)
Triethylamine (10.8 g, 107 mmol) was added to a solution of prop-2-yn-1-ol (5.00 g,
89.1 mmol) in dichloromethane (100 mL) at 0oC whilst stirring under a N2
atmosphere for 10 minutes. 2-Bromo-2-methyl-propionyl bromide (11.83 mL, 83.04
mmol) was subsequently added dropwise over 30 minutes. After stirring at ambient
temperature overnight the solution was filtered and the solvent removed under
reduced pressure to give a slightly yellow liquid that was purified by the removal of
volatiles in vacuo to give (6) as a colourless liquid (12.3 g, yield 68 %)
IR (neat) ~ =: 3295, 1738(Ccycl=O), 1269, 1152, 1107 cm-1;
1

H NMR H (400 MHz, CDCl3)/ppm: 1.94 (s, 6H, C(CH3)2Br); 2.50 (t, J = 2.5 Hz;

1H, C≡CH), 4.75 (d, J = 2.5 Hz; 2H, CH2);
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C NMR (100.59 MHz, CDCl3)  =
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171.34 (1C, C=O); 77.19 (1C, C≡CH); 75.94 (1C, C≡CH); 55.38 (1C, CH(CH3)2Br);
53.89 (1C, CH2); 31.11 (2C, CH3).
Mass Spectrometry (m/z): 204 [M+1]

6.4.5 2-Bromo-2-methyl-propionic acid pyren-1-ylmethyl ester
Br
O

O

(29)

0.5 g (2.15 mmol) 1-Pyrenemethanol and 0.9 mL (6.45 mmol) triethylamine were
dissolved in 30 mL dry THF in a 250 mL two-neck flask. Then 0.8 mL (6.45 mmol)
2-Bromoisobutyryl bromide dissolved in 10 mL dry THF was added drop wise to the
flask under stirring at 0 ˚C. The mixture was stirred at room temperature overnight.
After the mixture was filtered, the solvent was removed under vacuum. The crude
product was dissolved in 100 mL CH2Cl2 and washed with 1.0 M HCl, saturated
NaHCO3 solution and distilled water respectively. The organic layer was collected
and dried over anhydrous MgSO4 overnight. The final product was further purified by
recrystallization in methanol.
IR (neat): ~ = 3042, 2970, 1724, 1590, 1458, 1389, 1271, 1154, 1103, 1062, 1009
cm-1;
1

H NMR (CDCl3), d (ppm): 8.27-7.99 (m, 9H, pyrenyl), 5.91 (s, 2H, CH2), 1.84-1.81

(s, 6H, CH3). 13C

NMR (100.59 MHz, CDCl3, 298 K)  = 30.97 (2C, CH3),

53.28 (1C, (CH3)2CBr); 66.65 (1C, CH2O), 123.11-128.45 (9C, CH of pyrene);
125.09-141.09 (7C, C of pyrene), 171.83 (1C, COester).
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Mass Spectrometry (m/z): 382 [M+1]

6.5 Synthesis of -functional materials
6.5.1 Synthesis of azido-terminal materials
6.5.1.1 5-[1,3-dioxo-1H-benzo[3,4]isothiochromeno[7,8,1-def]isoquinolin-2(3H)yl]pentyl, (Hostasol azide), (7)

O

N

O

O

O
N3

(7)
S

2-(8-(2-bromodimethyl)-3,6-dioxa-octyl)-thioxantheno[2,1,9-dej]isoquinoline-1,3dione407 (0.48 g, 0.89 mmol) and sodium azide (0.117 g, 1.78 mmol) were dissolved
in a mixture of acetone (50 mL) and water (10 mL) and the resulting solution refluxed
overnight at 60oC. The acetone and other volatiles were removed under reduced
pressure, 50 mL of water was added and the mixture extracted with dichloromethane
(3 x 50 mL). The organic layers were collected together and dried over MgSO4.
Removal of volatiles under reduced pressure gave the product, (7), as an orange solid
(0.40 g, 0.80 mmol, 90 %).
IR (neat): ~ = 2940, 2108, 1733, 1685, 1641, 1580, 1560, 1515, 1445, 1384, 1362,
1245, 1138, 1084, 966, 838, 758, 747, 712, 641, 597, 564, 547, 535 cm-1;
1

H NMR (400.03 MHz, CDCl3, 298 K),  = 1.45 (s, 6H, CH3); 1.52 (t, 2H, CH2);

1.78 (m, 4H, CH2); 4.19 (m, 4H, CH2), 7.2-8.7 (m, 8H, CH); 13C NMR (100.59 MHz,
CDCl3, 298 K).  = 23.59 (1C, CH2), 24.58 (2C, CH3), 27.66 (1C, CH2), 28.38 (1C,
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CH2), 40.20 (1C, NCH2), 63.28 (CN3(CH3)2), 65.93 (1C, CH2O), 118.08 (2C, C),
119.21 (1C, CH), 120.42 (1C, CH), 121.24 (1C, C), 126.15 (1C, CH), 126.51 (1C,
CH), 127.69 (1C, CH), 127.99 (1C, C), 130.06 (1C, CH), 130.36 (1C, C), 130.79 (1C,
CH), 131.72 (1C, C), 132.54 (1C, CH), 136.67 (1C, C), 140.54 (1C, C), 163.44 (2C,
C=O), 163.88 (1C, C=O).
CHN Analysis. Calculated for C27H24N4O4S: C, 64.78; H, 4.83; N, 11.19; Found C,
64.10; H, 4.46; N, 10.98.

6.5.1.2 Monomethoxy-PEG5000-N3 (6)
Monomethoxy-PEG5000 (12.5 g, 2.50 mmol) was dissolved in toluene (100 mL) and
the residual water in the polymer removed by Dean-Stark azeotropic distillation. The
solution was subsequently cooled to 0oC prior to the addition of triethylamine (0.35
mL, 2.5 mmol) and methanesulfonyl chloride (11.4 g, 100 mmol) was added dropwise
over a 3 hours, the ice bath was then removed and the mixture allowed to stir at
ambient temperature overnight. The ammonium salts were removed by filtration
filtered and the solvent removed under reduced pressure, the residues were
subsequently dissolved in ethyl acetate and passed through a short silica column.
Finally, the polymer was precipitated into Et2O to give the expected intermediate as
white waxy solid. 2 g (0.4 mmol) of this product and sodium azide (0.26 g, 4.02
mmol) were dissolved in DMF (50 mL) and the resulting solution stirred at 60oC for
24 h. The final product, (6), was purified by dialysis using Watson Marlow dialysis
pump and water removed by freeze-drying. Molecular weights of the PEG before and
after transformation: Mn,PEG = 12 100 g mol-1, PDi = 1.02; Mn,(2) = 11 300 g mol-1,
PDi = 1.02. IR of (6): ~ = 2881, 2091, 1466, 1359, 1341, 1279, 1240, 1147, 1098,
1060, 959, 842, 657, 613 cm-1
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6.5.1.3 Azido-terminal poly(MMA-co-HMA) (5)

N3

O
Br
O
O
N

O

n

m

O

OMe

O

S
(5)

O

A sealed dried Schlenk flask containing initiator 2-bromo-2-methyl-propionic acid 3azido-propyl ester (3) (0.584 g, 2.34 mmol), MMA (10 mL, 93.4 mmol), HMA (0.214
g, 0.467 mmol), N-(n-propyl)-2-pyridyl methanimine (0.797 mL, 4.67 mmol) and
mesitylene (0.5 mL, internal 1H NMR standard), were dissolved in 20 mL of toluene
prior to degassing by four freeze-pump-thaw cycles. The solution was transferred, via
cannula, to a second Schlenk tube containing CuBr (0.335 g, 2.34 mmol), previously
evacuated and refilled with N2. Polymerisation was carried out at 90 ˚C with samples
being taken periodically using a degassed syringe for molecular weight (SEC) and
conversion analysis (1H NMR, based on the change of vinyl integrations during
reaction with mesitylene being added and employed as internal standard). Once a
conversion of 90 % was achieved, the polymerisation was quenched by opening to air.
Copper salts were removed by passing through a short neutral alumina column, and
the polymer isolated via precipitation from toluene solution to 10-fold excess of
petroleum ether, as fine powders. Polymers were isolated via filtration and volatiles
removed in a vacuum oven overnight at 40oC. Use of a visibly fluorescent comonomer allowed for the synthesis of fluorescently tagged polymers (5), which
facilitated the characterisation of the corresponding cotton-polymer/resin-polymer
hybrid materials using fluorescence analytical techniques.

174

6.5.1.4 Synthesis of azido-terminal sugar, 3’-azidopropyl-α-D-mannopyranoside
6.5.1.4.1 2’-Bromoethyl 2,3,4,6-tetra-O-acetyl-a-D-mannopyranoside
OAc
OAc
O
AcO
O
AcO

Br

This product was prepared following the protocol described by Hayes et al..408 To a
solution of 1,2,3,4,6-penta-O-acetyl-α-D-mannopyranoside (11.8 g, 30.3 mmol) and
2-bromo-1-ethanol (12.4 g, 99.5 mmol) in anhydrous dichloromethane (ca. 100 mL),
boron trifluoride etherate (23.6 g, 166 mmol) was added at -20 °C, under inert
atmosphere. The cold bath is then removed and after 6 hours, the solution was
neutralised with a saturated solution of NaHCO3 (100 mL) and subsequently washed 2
times with deionised water. The organic phase was dried over magnesium sulphate,
filtered and the solvent was evaporated under vacuum. The resulting oil was purified
by column chromatography on silica gel using petroleum ether : diethyl ether 1: 1 as
an eluent. The product was obtained as orange oil. Yield = 48 %.
IR (neat):~ =2958, 1743, 1435, 1368, 1218, 1136, 1084, 1046, 979, 910 cm-1.
1

H NMR (400.03 MHz, CDCl3, 298 K)  = 1.99 (s, 3H, CH3); 2.04 (s, 3H, CH3); 2.10

(s, 3H, CH3); 2.15 (s, 3H, CH3); 3.45(m, 2H, CH2Br); 3.75-3.89 (m, 2H, OCH2);
3.96-4.12 (m, 3H, CHCH2OAc); 4.23 (m, 1H, CH); 4.81 (d, J = 1.75 Hz, 1H, CH);
5.21-5.35 (m, 3H, 3CH).
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C NMR (100.59 MHz, CDCl3, 298 K)  = 20.82 (1C,

CH3); 20.89 (1C, CH3); 21.02 (1C, CH3); 21.11 (1C, CH3); 29.74 (1C, CH2Br); 62.56
(1C, CH2OAc); 65.98 (1C, CH); 68.56 (1C, CH); 68.63 (1C, CH); 68.68 (1C,
CH2CH2O); 69.08 (1C, CH); 97.91 (Canomeric); 169.88 (1C, CH3C(O)O); 169.95 (1C,
CH3C(O)O); 169.97 (1C, CH3C(O)O); 170.38 (1C, CH3C(O)O).
CHN Analysis. Calculated for C16H23BrO10 C, 42.21; H, 5.09; Found C, 42.16; H,
5.17..
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Mass Spectrometry (+ESI-MS) m/z: 477 [M+Na].

6.5.1.4.2 2’-Azidoethyl 2,3,4,6-tetra-O-acetyl-a-D-mannopyranoside
OAc
OAc
O
AcO
O
AcO

N3

2’-Bromoethyl 2,3,4,6-tetra-O-acetyl-α-D-mannopyranoside (6.33 g, 13.9 mmol) was
treated with NaN3 (5.42 g, 83.3 mmol) in DMF (ca. 150 mL) and the reaction mixture
was stirred at 60 °C for 3hours. The solvent was evaporated under vacuum and the
oily residue was redisolved into 150 mL of dichloromethane. This solution was
washed with deionised water (3×80 mL) and dried with magnesium sulfate. Column
chromatography on silica gel using a mixture of methanol : diethyl ether 1 : 9 as
eluent afforded the product as a thick orange oil which crystallised over time. Yield =
75 %.
IR (neat):~ =2958, 1743, 1435, 1368, 1218, 1136, 1084, 1046, 979, 910 cm-1.
1

H NMR (400.03 MHz, CDCl3, 298 K)  = 1.93 (s, 3H, CH3); 1.98 (s, 3H, CH3); 2.04

(s, 3H, CH3); 2.09 (s, 3H, CH3); 3.45(m, 2H, CH2N3); 3.66-3.86 (m, 2H, CH2CH2O);
3.99-4.15 (m, 3H, CHCH2OAc); 4.23 (1H, CH); 4.85 (d, J = 1.75 Hz, 1H, CH); 5.215.35 (m, 3H, 3CH). 13C NMR (100.59 MHz, CDCl3, 298 K)  = 21.08 (1C, CH3);
21.13 (1C, CH3); 21.16 (1C, CH3); 21.30 (1C, CH3); 50.79 (1C, CH2N3); 62.89 (1C,
CH2OAc); 66.43 (1C, CH); 67.48 (1C, CH); 68.68 (1C, CH2CH2O); 69.28 (1C, CH);
69.08 (1C, CH); 98.18 (Canomeric); 170.18 (1C, CH3C(O)O); 170.23 (1C, CH3C(O)O);
170.43 (1C, CH3C(O)O); 171.04 (1C, CH3C(O)O).
CHN Analysis. Calculated for C16H23N3O10 C, 46.04; H, 5.55; N 10.07; Found C,
46.23; H, 5.54; N 10.15.
Mass Spectrometry (+ESI-MS) m/z: 440 [M+Na].
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6.5.1.4.3 2’- Azidoethyl -O-a-D-mannopyranoside
OH
HO
HO

OH
O

O
N3

A solution of sodium methoxide (25% w/w in MeOH, 0.50 mL, 2.32 mmol) was
added to a stirred solution of 2’- Azidoethyl -O-a-D-mannopyranoside (2.90 g, 6.95
mmol) in methanol (20 mL). After 30 minutes the solution was acidified with
Amberlite IR-120H+ to pH 6. The ion exchange resin was removed by filtration, and
the solvent evaporated under vacuum to afford the product as a white powder. Yield =
86 %.
IR (neat): ~ =3358 (bs), 2927, 2097, 1644, 1301, 1262, 1132, 1056, 976, 913, 881,
812 cm-1
1

H NMR (400.03 MHz, D2O, 298 K)  = 3.45 (m, 2H, CH2N3); 3.55-3.60 (m, 2H,

CH2CH2N3); 3.61-3.67 (m, 2H, CH2OH); 3.67-3.91 (m, 4H, 4CH); 4.92 (d , J = 1. 5
Hz, 1H, CH).
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C NMR (100.59 MHz, D2O, 298 K)  = 50.20 (1C, CH2N3); 60.91

(1C, CH2OH); 66.30 (1C, CH2CH2O); 66.68 (1C, CH); 69.97 (1C, CH); 70.39 (1C,
CH); 72.89 (1C, CH); 99.81 (Canomeric);
CHN Analysis. Calculated for C8H15N3O6 C, 38.55; H, 6.07; N, 16.86; Found: C,
38.35; H, 6.11; N, 16.76;
Mass Spectrometry (+ESI-MS) m/z: 272[ M+Na].

6.5.2 Synthesis of alkyne-terminal materials
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6.5.2.1 Alkyne-terminal poly(PEGMA)
O

Br
n

O
O

O
x

OMe

A sealed dried Schlenk flask containing initiator 2-bromo-2-methyl-hept-6-yn-3-one
(4) (0.41 g, 2.0 mmol), PEGMA (20 mL, 20.0 mmol), N-(n-propyl)-2-pyridyl
methanimine (0.685 mL, 4.0 mmol) and mesitylene (1.0 mL, internal 1H NMR
standard), were dissolved in 60 mL of toluene prior to degassing by four freeze-pumpthaw cycles. The solution was transferred, via cannula, to a second Schlenk tube
containing CuBr (0.287 g, 2.0 mmol), previously evacuated and refilled with N2.
Polymerisation was carried out at 50 ˚C with samples being taken periodically using a
degassed syringe for molecular weight (SEC) and conversion analysis (1H NMR,
based on the change of vinyl integrations during reaction with mesitylene being added
and employed as internal standard). Once a conversion of 90 % was achieved, the
polymerisation was quenched by opening to air. Copper salts were removed by
passing through a short neutral alumina column, and the polymer isolated via
precipitation from toluene solution to 10-fold excess of diether ether, as pale yellow
oil. The polymer was further purified by dialysis in water (molecular weight cut-off:
6000-8000).
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6.5.2.2 alkyne-terminal poly(MMA-co-HMA) (11)
O
Br
O
O

n

m

O O

OMe

O

N
S
O

A sealed dried Schlenk flask containing initiator 2-bromo-2-methyl-hept-6-yn-3-one
(4) (0.191 g, 0.934 mmol), MMA (10 mL, 93.4 mmol), HMA (0.0855 g, 0.187 mmol),
and N-(n-propyl)-2-pyridyl methanimine (0.417 mL, 1.87 mmol), were dissolved in
20 mL of toluene prior to degassing by four freeze-pump-thaw cycles. The solution
was transferred, via cannula, to a second Schlenk tube containing CuBr (0.134 g,
0.934 mmol), previously evacuated and refilled with N2. Polymerisation was carried
out at 90 ˚C with samples being taken periodically using a degassed syringe for
molecular weight (SEC) and conversion analysis (1H NMR, based on the change of
vinyl integrations during reaction with mesitylene being added and employed as
internal standard). Once a conversion of 90 % was achieved, the polymerisation was
quenched by opening to air. Copper salts were removed by passing through a short
neutral alumina column, and the polymer isolated via precipitation from toluene
solution to 10-fold excess of petroleum ether, as fine powders. Polymers were isolated
via filtration and volatiles removed in a vacuum oven overnight at 40oC.

6.5.3 Synthesis of hydroxyl-terminal PAMAM dendron409,410
6.5.3.1 3-[[2-(2-Hydroxy-ethoxy)-ethyl]-(2-methoxycarbonyl-ethyl)-amino]propionic acid methyl ester (HO-PAMAM-(COOCH3)2)
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O
O
O
HO

N
O
O

2-(2-Amino-ethoxy)-ethanol (2.10 g, 0.02 mol), MA (17.80mL, 0.20 mol) were
dissolved in 30 mL of methanol, the solution was stirred at ambient temperature for
48 h. The volatile materials were removed under vacuum, and quantitative product
was obtained as colourless oil.
IR (neat): ~ = 3431, 2951, 2851, 1733, 1438, 1197, 1122.
1

H NMR (400.03 MHz, CDCl3, 298 K)/ppm:  = 2.46 (t, J = 7.0 Hz, 4H, CH2C=O);

2.65 (t, J = 5.3 Hz, 2H, CH2N); 2.83 (t, J = 7.0 Hz, 4H, N(CH2)2), 3.53-3.56 (m, 4H,
CH2OCH2), 3.65 (s, 6H, CH3), 3.68-3.69 (m, 2H, CH2OH). 13C NMR (100.59 MHz,
CDCl3, 298 K)/ppm:  = 32.4 x 2, 50.1 x 2, 51.8 x 2, 53.8, 62.0, 69.6, 72.6, 173.1 x 2.
CHN Analysis. Calculated for C12H23NO6: C, 52.0; H, 8.4; N, 5.0. Found: C, 51.9; H,
8.4; N, 5.0.
Mass Spectrometry (+ESI-MS) m/z: 278 (M+1)

6.5.3.2 N-(2-Amino-ethyl)-3-{[2-(2-amino-ethylcarbamoyl)-ethyl]-[2-(2-hydroxyethoxy)-ethyl]-amino}-propionamide.

NH2
O
NH
O
HO

N
NH
O
NH2

3-[[2-(2-Hydroxy-ethoxy)-ethyl]-(2-methoxycarbonyl-ethyl)-amino]-propionic

acid

methyl ester (2.77g, 0.01 mol), ethylene diamine (6.70 mL, 0.10 mol) were dissolved
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in 20 mL of methanol, the solution was stirring at ambient temperature for 48h, the
ethylene diamine was removed by azeotropic distillation using toluene/methanol
mixture. The product was obtained as pale yellow oil and used directly for next step
without further purification.

6.5.3.3 3-[[2-(3-{2-{2-[Bis-(2-methoxycarbonyl-ethyl)-amino]-ethylcarbamoyl}ethyl}-2[2-(2-hydroxy-ethoxy)-ethyl]-amino)-propionylamino]-ethyl]-(2methoxycarbonyl-ethyl)-amino]-propionic acid methyl ester (HO-PAMAM(COOCH3)4).
O
O
N
O
O

NH
O

O
HO

N
O

NH

O

O
N
O
O

N-(2-Amino-ethyl)-3-{[2-(2-amino-ethylcarbamoyl)-ethyl]-[2-(2-hydroxy-ethoxy)ethyl]-amino}-propionamide (1.67 g, 0.01 mol), MA (17.80 mL, 0.20 mol) were
dissolved in 30 mL of methanol, the solution was stirred at ambient temperature for
48 h, the methanol and unreacted MA were distilled under vacuum, the crude was
purified using silica column with ethyl acetate/methanol (7:1) as solvent, the product
was obtained as a pale yellow oil. (5.33 g, 7.86 mmol, 78.6%)
IR (neat): ~ = 3325, 2951, 2831, 1735, 1649, 1542, 2437, 1358.
1

H NMR (400.03 MHz, CDCl3, 298 K)/ppm:  = 2.36-2.50 (m, 12H); 2.53 (t, J = 6.0

Hz, 4H); 2.70-2.75 (m, 10H), 2.87 (t, J = 6.8 Hz, 4H), 3.28 (m, 3.25-3.29, 4H), 3.523.54 (m, 2H), 3.58 (t, J = 5.0 Hz, 2H), 3.66 (s, 12H), 3.68-3.70 (m, 2H).

13

C NMR
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(100.59 MHz, CDCl3, 298 K, selected peaks)/ppm:  = 32.8, 33.5, 37.3, 49.3, 50.9,
51.8, 53.1, 53.2, 61.7, 69.3, 72.9, 172.4, 173.2.
CHN Analysis. Calculated for C30H55N5O12: C, 53.16; H, 8.18; N, 10.33. Found: C,
52.97; H, 8.21; N, 10.17.
MS: 678 (M+1)

6.5.3.4 HO-PAMAM-(COOCH3)8
O
O
O
N

O

O

O
NH

O

N

N

O
NH

NH

O

O

O
HO

O

N
O

O

NH

O

NH

O
N

N
NH

O

O

O
N

O
O

O

O

The product was obtained by silica column, ethyl acetate/methanol (2:1) as solvent,
yield: 71.4%.
IR (neat): ~ = 3291, 2951, 2828, 1731, 1643, 1538, 1436, 1358.
1

H NMR (400.03 MHz, CDCl3, 298 K, selected peaks)/ppm:  = 2.27-2.38 (m, 28H),

2.46-2.52 (m, 12H), 2.61-2.77 (m, 30H), 3.18-3.22 (m, 12H), 3.46-3.51 (m, 4H), 3.60
(s, 24H), 3.63-3.65 (m, 2H).

13

C NMR (100.59 MHz, CDCl3, 298 K, selected

peaks)/ppm:  = 32.7, 33.51, 33.9, 37.3, 37.6, 49.3, 49.9, 50.5, 51.8, 52.6, 53.0, 53.2,
61.5, 69.3, 72.8, 172.7, 172.9, 173.2.
MS: 1480 (M+2)
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6.5.3.5 HO-PAMAM-(COOCH3)16
O

O

O

O
N

O
O
O

NH
O

N

O

O

HN
N

O

O

O

N

O
NH

NH

O
O

N

O

N

O

O
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NH
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O
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O
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O
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NH

O

N

O

O
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N
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O

O

N

O
N
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O
O

O

N
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The product was purified by silica column, ethyl acetate/methanol (1:2) as solvent,
yield: 68.3%.
IR (neat): ~ = 3282, 2952, 2828, 1733, 1644, 1542, 1437, 1198.
1

H NMR (400.03 MHz, CDCl3, 298 K, selected peaks)/ppm:  = 2.32-2.42 (m, 60H),

2.50-2.57 (m, 28H), 2.71-2.80 (m, 62H), 3.23-3.26 (m, 28H), 3.50-3.55 (m, 4H), 3.64
(s, 48H), 3.66-3.68 (m, 2H).

13

C NMR (100.59 MHz, CDCl3, 298 K, selected

peaks)/ppm:  = 32.7, 33.8, 37.2, 37.5, 49.3, 49.9, 50.1, 50.5, 51.7, 52.5, 53.0, 61.4,
72.8, 172.4, 172.6, 173.1.
MS: 3083 (M+3)
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6.5.4 Synthesis of pyrene-terminal polymers

O
O O

m
OO

O

Br
n
O

O
O
x

O

(30) m = 0, n = 100
(31) m = 10, n = 90
(32) m = 100, n = 0

Pyrene-terminal polymers containing different ratios of PEGMA475 and DEGMA
were synthesised using SET-LRP. A typical polymerisation procedure is: a sealed
dried Schlenk flask containing initiator 2-bromo-2-methyl-propionic acid pyren-1ylmethyl ester (0.034 g, 0.09 mmol), PEGMA (0.431 g, 0.9 mmol), DEGMA (1.53 g,
8.1 mmol), Tren-Me6 (0.024 mL, 0.09 mmol) and mesitylene as internal 1H NMR
standard dissolved in 2.4 mL of toluene was degassed by four freeze-pump-thaw
cycles. The solution was then transferred via cannula to another Schlenk tube
containing Cu(0) (0.0058 g, 0.09 mmol) previously evacuated and filled with N2. The
polymerisation was carried out at 25 ˚C. Samples were taken periodically using a
degassed syringe for molecular weight (SEC) and conversion analysis (1H NMR).
Once a conversion of 90 % was reached, the polymerisation was quenched by opening
to air. The final mixture was diluted in toluene and passed through a short neutral
alumina column, and the polymer was precipitated from toluene solution to 10-fold
excess of diethyl ether as pale yellow oil. The polymer was further purified by
dialysis in water (molecular weight cut-off: 6000-8000).
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6.6 Cellulose surface modification
6.6.1 cotton surface modification through click chemistry
6.6.1.1 4-Chlorocarbonyl-butyric acid prop-2-ynyl ester (8)
O

Cl
O

O

(8)
Glutaric anhydride (1.52 g, 13.3 mmol), propargyl alcohol (0.820 g, 14.6 mmol) and
DMAP (0.12 g, 1.0 mmol) were dissolved in anhydrous CH2Cl2 (20 mL). The
solution was subsequently stirred overnight at ambient temperature. The resulting
orange solution was diluted to 100 mL with DCM, and washed with 20 mL of 0.5M
HCl solution then with brine (10 mL). The organic layer was dried over MgSO4.
Following filtration the solvent was removed under reduced pressure to give an
orange residue that was purified by flash chromatography and give a colourless oil
(1.31 g, 7.71 mmol), (7a). (7a) (1.00 g, 5.88 mmol), and 0.1 mL DMF were dissolved
in anhydrous CH2Cl2 (10 mL) prior to the addition of oxalyl chloride (1 mL, 11.62
mmol) dropwise and subsequent stirring under nitrogen at ambient temperature for
one hour. The product, (8), was isolated under high vacuum as slightly yellow oil
(1.45 g, 7.71 mmol).
IR (neat): ~ = 3280, 1791, 1736, 1387, 1156 cm-1;
1

H NMR (300.03 MHz, CDCl3, 298 K)  = 2.03 (m, 2H, CH2), 2.46 (m, 3H, C≡CH +

CH2), 3.01 (t, J = 7.2 Hz, 2H, CH2), 4.69 (d, J = 2.5 Hz, 2H, OCH2);

13

C NMR

(100.59 MHz, CDCl3, 298 K)  = 19.72 (1C, CH2), 32.90 (1C, CH2), 32.94 (1C, CH2),
52.07 (1C, CH2), 75.06 (1C, CH, C≡CH), 77.64 (1C, C), 172.18 (1C, C), 178.96 (1C,
C).
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6.6.1.2 Cotton-alkyne synthesis
Cotton sheet was cut into appropriate size squares and dried for 15 minutes at 110°C
under nitrogen. The cotton sheet (approximately 0.5 cm  1 cm) was wetted with
anhydrous pyridine (30 mL) and DMAP (15 mg) for 1 h prior to the addition of 4Chlorocarbonyl-butyric acid prop-2-ynyl ester (8) (0.5 g in 10 mL anhydrous DMF
solution). The reaction mixture was subsequently heated to 60 °C and kept at this
temperature for 20 h. The cotton sheet was removed and rinsed thoroughly with
acetone and distilled water prior to sonication in distilled water, acetone,
dichloromethane and finally methanol.
6.6.1.3 Click reaction to Cotton
A sealed dry Schlenk flask containing CuBr, N-(n-propyl)-2-pyridyl methanimine and
azide terminated polymers in toluene solution was degassed by four freeze-pumpthaw cycles. The alkyne functionalized cotton sheets were then added to the Schlenk
under nitrogen and stirred at 70 °C overnight. Depending on the type of polymers
being clicked, the cotton sheets were removed and rinsed thoroughly with
dichloromethane or distilled water prior to sonication in dichloromethane/distilled
water, acetone and finally methanol.

6.6.2 Synthesis of Metronidazole modified cotton
6.6.2.1 Metronidazole methylacrylate (MTD-MA)

O2 N

O
O

N

CH
N

MTD-MA
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Metronidazole (20g, 0.1169 mol), dichloromethane (200cm3) and triethylamine
(19.5cm3, 0.1402 mol) were added to a 3-necked round-bottomed flask and the
mixture degassed under nitrogen. The reaction was cooled to 0°C before the dropwise
addition of methacryloyl chloride (10.2cm3, 0.1402 mol). The reaction was allowed to
warm to room temperature overnight. The reaction mixture was washed with saturated
sodium carbonate solution followed by water and dried over magnesium sulphate
before the solvent was evaporated. The resulting yellow oil was eluted through a silica
frit using dichloromethane, increasing to 10% methanol. The second fraction was
evaporated to yield the product as a yellow solid (21g, 75%).
1

H NMR (CDCl3, 400MHz, 298K) δ (ppm): 8.0 (s, 1H, CHN), 6.1 (t, 1H, CH vinyl,

J=1.0), 5.6 (m, 1H, CH vinyl, J=1.5), 4.7 (t, 2H, CH2CN, J=5.27, 5.01), 4.5 (t, 2H,
CH2CO, J=5.27, 5.01), 2.45 (s, 3H, CH3CN, J=), 1.9 (t, CH3C=CH2, J=1.27).
13

C NMR (CDCl3, 400MHz, 298K) δ (ppm): 172.40 (1 C, C=O), 166.64 (1C, CNO2),

150.84 (1C, CH3CH=CH), 135.40 (1C, NC=CCH3), 133.17 (1C, NC=CCH3), 126.66
(1C, CH3CH=CH), 62.62 (1C, OCH2CH2), 45.08 (1C, OCH2CH2), 18.16 (1C,
CH3CH=CH), 14.23 (1C, NC=CCH3).
IR (neat) ν (cm-1): 2966, 1711, 1626, 1532, 1464, 1445, 1378, 1260, 1157, 1103,
1011.
Mass Spectrometry: LRMS-EI calculated for C10H13N3O4 (M+): 239.091. Found:
239.091.

6.6.2.2 Synthesis of cotton initiator (cotton-Br)
Cotton sheet was cut into appropriate size squares and dried for 15 minutes at 110C
under nitrogen. The cotton sheet (approximately 0.5 cm  1 cm) was wetted with
anhydrous pyridine (30 mL) and DMAP (15 mg) for 1 h prior to the addition of 2187

bromoisobutyryl bromide (1.2 mL, 10 mmol). The reaction was carried out at ambient
temperature for 12 h. The cotton sheets were subsequently filtered and rinsed
thoroughly with dichloromethane, methanol, water, acetone, dichloromethane and
dried in a vacuum oven overnight at ambient temperature.

6.6.2.3 Polymerisation from cotton-Br: Synthesis of cotton-(10).
Cu(I)Br (0.035 g, 0.24 mmol) and Cotton-Br were introduced in a reactor that was
then deoxygenated by three vacuum/nitrogen fill cycles. A Schlenk tube was charged
with monomer PEG300MA (4.59 g, 15.3 mmol), MN-MA (0.41g, 1.7 mmol), Bipy
ligand (0.07 g, 0.45 mmol) and anisole (20 mL). The resulting solution was degassed
by three freeze/pump/thaw cycles and the reactor was filled with nitrogen. The
solution was then added to the reactor containing cotton and Cu(I)Br via cannula. The
reactor was carried out at 25 ˚C under nitrogen and at the end of the polymerisation
the mixture was open to air. The cotton were then isolated by filtration and washed
sequentially with anisole, THF, diethyl ether, and finally dried under vacuum until a
constant weight was obtained.

6.7 Resin surface modification
6.7.1 Wang resin surface modification through click chemistry
6.7.1.1 Synthesis of Wang resin-alkyne
All the bead-related reactions in this report have been carried out in a FirstMate®
benchtop synthesizer and Wang resin (loading: 1 mmol/g, 1.0 g, 1.0 mmol) was added
to a DMAP (10 mg, 0.082 mmol) solution in anhydrous pyridine (10 mL) and after 1
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h 4-chlorocarbonyl-butyric acid prop-2-ynyl ester (0.50 g, 3.0 mmol) in
dichloromethane (10 mL) was added. The reaction mixture was subsequently heated
to 60 °C and kept at this temperature for 20 h. The resin was then filtered and rinsed
sequentially with acetone, distilled water, acetone and dichloromethane. Residual
traces of solvent were then removed under reduced pressure.
6.7.1.2 Click reactions to Wang resins
Reaction tubes containing (PPh3)3Cu(I)Br and azide or alkyne terminated poly(MMAco-HMA) in toluene solution were heated to 70 °C under nitrogen and reacted
overnight in a FirstMate® benchtop synthesizer. The beads were removed by
filtration and rinsed thoroughly with dichloromethane prior to sonication in
dichloromethane, acetone and methanol.

6.7.2 Merrifield resin surface modification through click chemistry
6.7.2.1 Synthesis of Merrifield resin-azide
Merrifield resin(1.0 g, 1.5 mmol) was treated with NaN3 (0.3 g, 4.5 mmol) overnight
in a DMSO/H2O (15 ml / 5ml) solution in a FirstMate® benchtop synthesizer. The
resins were removed prior to filtration and rinsing thoroughly with acetone and
distilled water, acetone, dichloromethane and dried under vacuum in oven.
6.7.2.2 Click reactions to Merrifield resins
Reaction tubes containing (PPh3)3Cu(I)Br and azide or alkyne terminated poly(MMAco-HMA) in toluene solution were heated to 70 °C under nitrogen and reacted
overnight in a FirstMate® benchtop synthesizer. The beads were removed by
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filtration and rinsed thoroughly with dichloromethane prior to sonication in
dichloromethane, acetone and methanol.

6.7.3 Synthesis of Glycosylated Resins
6.7.3.1 Synthesis of Wang resin initiator (14)
Wang resin (loading 1 mmol/g, 2 g, 2 mmol of OH groups) was suspended in a
triethylamine (2.8 mL, 20 mmol), DMAP (10 mg, 0.082 mmol) and 2bromoisobutyryl bromide (1.2 mL, 10 mmol) solution in dichloromethane (30 mL).
The reaction was carried out at ambient temperature for 12 h. The beads were
subsequently filtered and rinsed thoroughly with dichloromethane, methanol, water,
acetone, dichloromethane and dried in a vacuum oven overnight at ambient
temperature.

6.7.3.2 Synthesis of 2-methylacrylic acid 3-trimethylsilanylprop-2-ynyl ester
O
O
Si

A solution of trimethylsilyl propyn-1-ol (10.0 g, 78.0 mmol) and Et3N (14.2 mL,
101.3 mmol) in Et2O (100 mL) was cooled to -20 °C and a solution of methacryloyl
chloride (8.8 mL, 93 mmol) in Et2O (50 mL) was added dropwise over ca. 1 h. The
mixture was stirred at this temperature for 30 min, then at ambient temperature
overnight; the ammonium salts were removed by filtration and the volatiles removed
under reduced pressure. 1H NMR analysis of the yellow oily residue did not reveal the
presence of substantial amount of any impurity, but two additional faint spots were
observed by TLC (petroleum ether/Et2O 20:1) analysis, the crude product was
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therefore purified by flash chromatography (CC, SiO2, petroleum ether/Et2O 50:1; Rf
= 0.67 in petroleum ether/Et2O 20:1). Obtained 12.4 g (63.2 mmol, 81 %)
IR (neat) ν (cm-1): 2960, 1723, 1638, 1452, 1366, 1314, 1292, 1251, 1147, 1035, 971,
942, 842, 813, 761;
1

H NMR (400.03 MHz, CDCl3, 298 K) δ = 0.16 (s, 9H, Si(CH3)3); 1.93-1.94 (m, 3H,

CH3C=CH2); 4.73 (s, 2H, OCH2); 5.58-5.59 (m, 1H, C=CHH); 6.14 (m, 1H, C=CHH).
13

C NMR (100.59 MHz, CDCl3, 298 K) δ = -0.2 (3C, Si(CH3)3); 18.4 (1C,

CH3C=CH2); 53.0 (1C, OCH2); 92.0 (1C, C≡CSi(CH3)3); 99.2 (1C, C≡CSi(CH3)3);
126.5 (1C, CH3C=CH2); 135.8 (1C, CH3C=CH2); 166.6 (1C, COester);
CHN Analysis: Calculated C = 61.18% H = 8.21%, Found C = 60.89% H = 8.22%;
Mass Spectrometry (m/z): 219 [M+23]
6.7.3.3 Polymerisation from immobilized initiator (14): Synthesis of polymer (15)
Wang resin initiator (14) (0.1 g, 0.9 mmol) and Cu(I)Br (14 mg, 0.10 mmol) were
introduced in a reactor that was then deoxygenated by three vacuum/nitrogen fill
cycles. A Schlenk tube was charged with 2-methyl-acrylic acid 3-trimethylsilanylprop-2-ynyl ester monomer (1.0 g, 5.1 mmol), N-(ethyl)-2-pyridylmethanimine ligand
(0.029 mL, 0.20 mmol) and toluene (20 mL). The resulting solution was degassed by
five freeze/pump/thaw cycles and the reactor was filled with nitrogen. The brown
solution was then added to the reactor containing resin and Cu(I)Br via cannula. The
reactor was heated up to 70 ˚C under nitrogen and at the end of the polymerisation the
mixture was allowed to cool down to ambient temperature. The beads were then
isolated by filtration and washed sequentially with toluene, THF, diethyl ether, and
finally dried under vacuum until a constant weight was obtained.
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6.7.3.4 Preparation of resin (17)
(15) (0.2 g) was suspended in an acetic acid (1.5 mL)/THF (20 mL) mixture.
Nitrogen was bubbled for approximately 10 min and the suspension was cooled to 20 °C. A 0.20 M solution of TBAF·3H2O in THF (1.5 mL) was added slowly via
syringe (ca. 2-3 min). The resulting mixture was stirred at this temperature for 30 min
and then warmed to ambient temperature. The reaction mixture was kept at ambient
temperature overnight, the resins beads were isolated by filtration and washed
sequentially with THF and diethyl ether, and then finally dried under vacuum until a
constant weight was obtained, to give product Wang- (16) as a white powder.
(16) (0.1 g) was then added to a deoxygenated solution of (PPh3)3Cu(I)Br (150 mg,
0.160 mmol) and -2-azidoethyl mannopyranoside (424 mg, 1.60 mmol) in DMSO
(20 mL). The mixture was heated to 60 °C under nitrogen and kept in the synthesizer
for 48 h. The beads were then removed by filtration and rinsed thoroughly with
DMSO, water, methanol and dichloromethane, and then dried under vacuum until a
constant weight was obtained. (17) was isolated as an off-white solid.

6.7.3.5 Preparation of resin (13)
Similar procedures as above were used, reaction tubes containing Wang resin alkyne
(0.33 g), (PPh3)3Cu(I)Br (0.031g 0.033 mmol) and -2-azidoethyl mannopyranoside
(87 mg, 0.33 mmol) in deoxygenated DMSO solution were heated to 60 °C under
nitrogen and reacted for 48 h. The beads were then removed by filtration and rinsed
thoroughly with DMSO, water, methanol, dichloromethane and then dried under
vacuum to a constant mass.
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6.7.3.6 Lectin-interaction studies of Glycosylated Resins
(17) (100 mg) was suspended in PBS buffer (pH 7.4, 50 mM) and poured in a glass
pipette equipped with a septum at the bottom end to form a sugar beads mini-column
cartridge. A solution of FITC-Con A (1 mL, 1 mg/mL) in 50 mM pH 7.4 PBS buffer
was run through the cartridge. The average flow rate through the cartridge was
approximately 0.3 mL/min. When all the solution was eluted (the residual solution
still present in the cartridge was eluted by applying a very gentle pressure of
compressed air at the top of the column) 50 L of the starting FITC–Con A solution
and the sample solution eluted from the column were analysed by SEC HPLC in a
system equipped with a fluorescence detector (ex 495 nm, em 525 nm). The cartridge
was subsequently washed with further 1 mL of 50 mM PBS buffer (pH 7.4). The
lectin bound to the column was finally eluted with a 4.0 M solution in 50 mM PBS
buffer (pH 7.4) of -methyl-D-mannopyranoside, a competitive monovalent ligand for
Con A.

6.7.4 Aquagel resin surface modification through surface-initiated LRP.
6.7.4.1 Synthesis of Aquagel resin initiator (18)
Aquagel resin (loading 1 mmol/g, 1 g, 1 mmol of OH groups) was suspended in a 2bromoisobutyryl bromide (1.2 mL, 10 mmol) solution in anhydrous pyridine (100
mL). The reaction was carried out at ambient temperature for 24 h. The beads were
subsequently filtered and rinsed thoroughly with dichloromethane, methanol, water,
acetone, dichloromethane and dried in a vacuum oven overnight at ambient
temperature.
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6.7.4.2 Polymerisation from Aquagel resin (18): Synthesis of (19)
Aquagel resin initiator (18) (1 g, 1 mmol) and Cu(I)Br (30 mg, 0.21 mmol) were
introduced in a reactor that was then deoxygenated by three vacuum/nitrogen fill
cycles. A Schlenk tube was charged with glycerol methacrylate (2.5 g, 15.6 mmol),
Bipy ligand (65.6 mg, 0.42 mmol) and methanol (30 mL). The resulting solution was
degassed by five freeze/pump/thaw cycles and the reactor was filled with nitrogen.
The solution was then added to the reactor containing resin and Cu(I)Br via cannula.
The reactor was heated up to 25 ˚C under nitrogen and at the end of the
polymerisation, the beads were then isolated by filtration and washed sequentially
with methanol, THF, diethyl ether, and finally dried under vacuum until a constant
weight was obtained.
6.7.4.3 Synthesis of Aquagel resin (20)
(19) (1.0 g, ~ 5.6 mmol OH) was suspended in anhydrous pyridine (3.0 mL).
enantiomer (R)-(+)-1-phenylethyl isocyanate (EtPhNCO) (0.96 g, 6.5 mmol) was
added slowly via syringe. The resulting mixture was stirred and kept at ambient
temperature for 24h, the resins beads were isolated by filtration and washed
sequentially with water, methanol, THF and diethyl ether, and then finally dried under
vacuum until a constant weight was obtained.

6.8 Carbon nanotube (CNT) surface modification
6.8.1 Polystyrene modified MWCNT
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6.8.1.1 MWCNT-COOH (21)
MWCNT were converted into MWCNT-COOH by treatment with HNO3 as
previously described334,411-413. Briefly, 0.5 g of MWCNT was ultrasonicated in 50 mL
of 70% HNO3 aqueous solution for 30 minutes, and then the suspension was refluxed
for 48 h. The MWCNT-COOH was collected by filtration, washed with water,
acetone, diethyl ether, and dried in a vacuum oven overnight.
6.8.1.2 MWCNT initiator (23)
0.2 g of the MWCNT’s-COOH, 50 mL of toluene, 10 mL of SOCl2 were poured into
a 100 mL round bottom flask, the flask was ultrasonicated for 30 mins, warmed up to
70 oC under N2 and stirred at this temperature for 24 h. The excess SOCl2 was then
distilled off along with some toluene, until the volume was reduced to about half. The
suspension was then cooled down to ambient temperature under nitrogen and a
solution of 2-bromo-2-methyl-propionic acid 6-hydroxy-hexyl ester (2 g) in toluene
(20 mL) was added via syringe and the resulting suspension was stirred at ambient
temperature for 24 h then at 100 oC for further 24 h. The MWCNT initiator (23) was
collected by filtration, washed with methanol/triethylamine (9:1), methanol, DCM,
diethyl ether, and dried in vacuum oven overnight.
6.8.1.3 Polymerisation of Styrene from MWCNT surface, synthesis of (24)
The polymerisation was conducted in a flask sealed with a rubber septum under
nitrogen atmosphere. The MWCNTs (33 mg) were added to a flask containing styrene
(38.4 mmol, 4.0 g), Cu(I)Br (0.018 mmol, 2.5 mg), Bipy (0.036 mmol, 5.5 mg) and
xylene (2 mL). Nitrogen was bubbled into the solution mixture for 30 minutes before
the reaction temperature was set to 110 °C. The reaction was let to proceed at this
temperature for 22 h. The amount of grafted organic species onto MWCNTs after 22
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h was 98 wt.-% as determined by TGA analysis. The resulting organic-inorganic
hybrid particles (CNT-g-PSt) were diluted in DCM and recovered by drop-wise
precipitation in methanol and subsequent filtration.
6.8.1.4 Cleavage of polystyrene from CNT surface
A 40 mg sample of CNT-g-PSt was dissolved in 40 ml of THF in a 100 ml round
flask fitted with a condenser. 10 mL of 1M (KOH/ethanol) was then added to the flask.
The contents of the flask were boiled under reflux for three days. The carbon
nanotubes were then filtered off and the polystyrene was analysed by SEC.
6.8.1.5 Formation of isoporous membranes
In order to obtain honeycomb membranes was the following procedure used: 40 mg
of CNT-g-PSt was dissolved in CHCl3. Five drops of the solution was thereafter
applied to a glass substrate inside a closed chamber with a controlled humidity (RH
70 %) at ambient temperature. A water saturated airstream was let to pass above the
polymer solution inside the humidity chamber and the polymer started to precipitate
and an opaque film was formed within 30 seconds. The quality of the grey/black film
was thereafter analysed with optical microscope, SEM and AFM.

6.8.2 Modification of MWCNT with PAMAM dendron
6.8.2.1 PAMAM Dendron-MWCNT
0.2 g of the MWCNTs-COOH, 50 mL of toluene, 10 mL of SOCl2 were poured into a
100 mL round bottom flask, the system was ultrasonicated for 30 mins, warmed up to
70 oC under N2 and stirred at this temperature for 24 h. The excess SOCl2 was then
distilled off along with some toluene, until the volume was reduced to about half. The
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suspension was then cooled down to ambient temperature under nitrogen and a
solution of hydroxyl-dendron (2 g) in toluene (20 mL) was added via syringe and the
resulting suspension was stirred at ambient temperature for 24 h then at 100 oC for
further 24 h. The PAMAM-MWCNTs was collected by filtration, washed with
methanol/triethylamine (9:1), methanol, diethyl ether, and dried in vacuum oven
overnight.
6.8.2.2 Silver particles deposition experiments: PAMAM-MWCNT-Ag(0)
PAMAM-MWCNT (10 mg) and 1.0 mL of 0.5 M AgNO3 aqueous solution were
mixed in a brown vial and the mixture was ultrasonicated for 20 mins in the dark. The
solid present in suspension was isolated by centrifugation, and the isolated solid was
suspended in pure water and ultrasonicated again. This procedure was repeated
several times, until no visible AgCl precipitate was observed upon addition of NaCl
aqueous solution. The Ag+/PAMAM-MWCNT’s complex was suspended again in 1.0
mL of pure water, subjected to ultrasonication, then 0.10 mL of 37% formaldehyde
aqueous solution was added. The mixture was ultrasonicated for 20 mins, and then
centrifuged and the solid was washed with pure water, methanol, diethyl ether, and
finally dried in vacuum over overnight. The control reaction was performed following
the same procedure, using MWCNT-COOH instead of PAMAM-MWCNT.

6.8.3 Thermo-responsive water-dispersible MWCNTs
6.8.3.1 Non-covalent attachment of pyrene-terminal polymer to MWCNT surface
In a typical experiment, 5.0 mg of pyrene-terminal polymer was dissolved in 5.0 mL
of de-ionised water in a small vial. 1.0 mg of MWCNT was then added to the polymer
solution. After sonication for 5 minutes, the solution was used for TEM analysis. The
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modified nanotubes were further recovered by centrifuge and washed with water
several times in order to eliminate the unattached polymer. The modified nanotubes
were dispersed again in water by sonication for 5 minutes.
6.8.3.2 Thermal-responsive test
The thermal-responsive test was carried out in a clear oil bath with temperature
control. The MWCNT-polymer solution was heated gradually to above the cloudy
point, until the MWCNTs started to aggregate and precipitate. The vial was then taken
out and immersed in a cool water bath. After the mixture was cooled down, the vial
was taken out and given a gentle agitation, a re-dispersion of the MWCNTs was then
observed.
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