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SUMMARY

Hydrogels are a unique class of polymer which swell, but do not dissolve in, water. A
range of 2-hydroxyethyl methacrylate based copolymer hydrogels containing both cyclic
and linear polyethers have been synthesised and are described in this thesis. Initially,
cyclic polyethers were occluded within the polymer matrix and the transport properties
investigated. The results indicated that the presence of an ionophore can be used to
modulate ion transport and that ion transport is described by a dual-sorption mechanism.
However, these studies were limited due to ionophore loss during hydration. Hence, the
synthesis of a range of acrylate based crown ether monomers was considered. A pure
sample of 4-acryolylaminobenzo-15-crown-5 was obtained and a terpolymer containing
this monomer was prepared. Transport studies illustrated that the presence of a 'bound’
ionophore modulates ion transport in a similar way to the occluded systems. The transport
properties of a series of terpolymers containing linear polyethers were then investigated.
The results indicated that the dual-sorption mechanism is observed for these systems with
group II metal cations while the transport of group I metal cations, with the exception of
sodium, is enhanced.

Finally, the equilibrium water contents (EWC) surface and mechanical properties of these
terpolymers containing linear polyethers were examined. Although subtle variations in
EWC are observed as the structure of the polyether side chain varies, generally EWC is
enhanced due to the hydrophilicity of the polyether side chain. The macroscopic surface
properties were investigated using a sessile drop technique and FTIR spectroscopy. Ata
molecular level surface properties were probed using an in vitro ocular spoilation model
and preliminary cell adhesion studies. The results indicate that the polyethylene oxide
side chains are expressed at the polymer surface thus reducing the adhesion of biological

species.

Keywords: hydrogel, cyclic polyether, linear polyether, transport
properties, surface properties




To my family




ACKNOWLEDGEMENTS

I would like to take this opportunity to express my thanks to the following:

Firstly, I would like to thank my supervisor Dr. Ann Jarvie and my associate supervisor
Dr. Brian Tighe for their advice, encouragement and enthusiasm throughout the course of

this work.
Dr. Val Franklin for undertaking the in vitro ocular spoilation studies, Dr. Mike Perry for
running the NMR spectra, Dr. Steve Holding at RAPRA for performing the GPC's and

Miss Helen Fitton for completing the cell adhesion studies described in this thesis.

Dr. Colin Hamilton, Dr. Sheila Murphy and Dr. Megan Davies for their help during the

early months of this work.

All the staff and students who have worked with me in the Speciality Materials Group for

helping to make my time at Aston so enjoyable.

SERC for financial support.

Finally, special thanks go to Dr. Phil Corkhill for his patience, support and understanding

during the course of this work and in particular while I have been 'writing up'.



TITLE PAGE
SUMMARY
DEDICATION
ACKNOWLEDGEMENTS
LIST OF CONTENTS
LIST OF TABLES
LIST OF FIGURES
LIST OF ABBREVIATIONS
CHAPTER 1 INTRODUCTION AND LITERATURE SURVEY
1.1 General Introduction
1.2 Hydrogels
1.3 Water in Hydrogels
1.4 Biocompatibility of Hydrogels
1.5 Tonophores for Group I and II Metal Cations
1.5.1 Nomenclature of Crown Ethers
1.5.2 Characteristics of Crown Ethers
1.5.3 Synthesis of Crown Ethers
1.5.4 Crown Ethers in Polymers
1.6 The Transport Properties of Hydrogels
1.6.1 The Fundamentals of Permeation and Diffusion
1.6.2 Transport and Permeability Phenomena in

Hydrogels

12

15

22

23

24

25

26

29

32

36

37

37

38

44

44

47



1.7

CHAPTER 2
2.1
2.2
2.2.1

2.2.2

223
2.2.4

2.3

2.3.1
232

233

2.4

2.5

2.5.1

252

2.53

2.6

Aims and Scopes of the Project

MATERIALS AND METHODS

Introduction
Reagents

Crown Ethers

Miscellaneous Reagents Used in

Monomer Synthesis

Salts

Reagents Used in Polymer Synthesis

The Preparation of 4-acryloylaminobenzo-

15-crown-5

The Preparation of 4-nitrobenzo-15-crown-5
The Preparation of 4-aminobenzo-15-crown-5

The Preparation of 4-acryloylaminobenzo-

15-crown-5

The Preparation of 4-acetylbenzo-15-crown-5

The Preparation of 4-acryloylmethylbenzo-

15-crown-5

The Synthesis of 4-formylbenzo-15-crown-5
The Preparation of 4-hydroxybenzo-15-crown-5

The Preparation of 4-acryloylmethyl-benzo-

15-crown-5

The Synthesis of 4,4'-diacryloylaminodibenzo-

18-crown-6

53

54

54

54

56

56

56

59

59

60

62

63

64

64

65

67

67



2.6.1

2.6.2

2.7

2.7.1

2.7.2

2.7.3

2.8

2.9

2.9.1

29.2

2.9.3

2.10

2.11.1

2.11.2

2.11.3

2.12

The Synthesis of 4,4'-dinitrodibenzo-18-crown-6
The Preparation of trans 4.,4'-diamino-
dibenzo-18-crown-6
The Preparation of 4,4'diacryloylmethyldibenzo-
18-crown-6
The Preparation of 4,4'-diformyldibenzo-
18-crown-6
The Preparation of 4,4'-dihydroxymethyl-
dibenzo-18-crown-6
The Preparation of 4,4'diacryloylmethyl-
dibenzo-18-crown-6
The Preparation of Hydrogel Membranes
Determination of Equilibrium Water Content (EWC)
The Effect of Salt on EWC
The Measurement of Partition Coefficients
The Leaching of Membrane Components
Measurement of Surface Properties
Permeability Studies
Design and Set-Up of the Ton Permeability
Apparatus
Operation of the Ion Permeability Apparatus
Errors Associated with the measurement of
Permeability Coefficients

Measurement of Mechanical Properties

69

70

70

71

72

73

74

74

76

76

77

77

80

81

82



CHAPTER 3

3.1

3.2

3.2.1

3.2.2

3.2.3

3.3

3.3.1

332

3.3.3

3.4

TRANSPORT PROPERTIES OF UNMODIFIED
AND CROWN MODIFIED HYDROGEL
MEMBRANES
Introduction
Ion Permeation Studies Through a Crosslinked
HEMA Membrane
Effect of Cation Variation on the Transport of
Chloride Salts
Permeation of a Mixed Salt Solution
Effect of Anion Variation on the Transport of
Potassium lons
Transport Phenomena in Hydrogels Containing
Occluded Crown Ethers
Effect of Cation Variation on the Transport of
Chloride Salts Through a dicyclohexyl-18-
crown-6 Modified Membrane

Effect of Anion variation on the Transport of

Potassium Through dicyclohexano-18-crown-6

Modified Membranes
Occlusion of Other Crown Ethers in
Hydrogel Membranes

Conclusions

85

86

86

90

92

94

94

97

101

103



CHAPTER 4

4.1

4.2

4.3

4.4

4.5

CHAPTER 5

5.1

5.2

5.3

5.3.1

532

533

5.4

5.5

SYNTHESIS AND PRELIMINARY TRANSPORT
STUDIES OF MONOMERIC CROWN ETHERS
Introduction

Synthesis of Crown Monomers

Summary of Monomer Synthesis

Hydrogels Containing 4-acryloylamino-
benzo-15-crown-5

Conclusions

CHARACTERISATION OF 2-HYDROXYETHYL
METHACRYLATE COPOLYMERS CONTAINING
LINEAR POLYETHERS
Introduction
Assessment of the Purity of Linear
Polyether Monomers
The Effect of Linear Polyethers on EWC
Effect of Linear Polyethers on the EWC of
HEMA:EGDM (99:1)
Effect of Linear Polyether on the EWC of
HEMA:EGDM (90:10)
Effect of Crosslinker Content on EWC
Effect of Salt on EWC
Partition Coefficients of HEMA:EGDM (90:10)

Containing Linear Polyethers

106

106

113

113

118

119

120

122

122

122

128

133

134

138



{7:3“
o
¢

5.6 Mechanical Properties of Hydrogels Containing 142

Linear Polyethers
5.7 Conclusions 144
CHAPTER 6 TRANSPORT STUDIES OF LINEAR POLYETHER 145

MODIFIED HYDROGEL MEMBRANES

6.1 Introduction 146

6.2 Effect of Linear Polyethers on the Transport of Group 147
I Metal Cations Across HEMA:EGDM (90:10)

6.3 Effect of MPEG 200 MA Content on Sodium 155
Transport Across HEMA:EGDM (90:10)

6.4 Effect of Linear Polyethers on the Transport of 157

Group II Metal Cations Across HEMA:EGDM

(90:10)
6.5 Discussion and Conclusions 165
CHAPTER 7 SURFACE PROPERTIES OF HYDROGELS 168

MODIFIED WITH LINEAR POLYETHERS

7.1 Introduction 169

7.2 Determination of Surface Energy 170

7.3 Horizontal ATR FTIR of Poly (ethylene oxide) 177
Terpolymers

7.4 Lipid and Protein Deposition Studies 181

7.4.1 Effect of Poly (ethylene oxide) Chain Length on 186

Ocular Spoilation

-10-



Effect of Crosslinker Content on the

7.4.2
Deposition of Proteins and Lipids
7.4.3 Effect of Structural Variations in the Polyether
Side Chain on Ocular Compatibility
7.4.4 Ocular Spoilation Studies on Novel Soft
Contact Lenses
7.5 Cell Adhesion to Poly (ethylene oxide) Terpolymers
7.6 Conclusions
CHAPTER 8 CONCLUSIONS AND SUGGESTIONS FOR
FURTHER WORK
8.1 Conclusions
8.2 Suggestions for Further Work
APPENDICES
Appendix 1 Nomenclature of Crown Ethers
Appendix 2 Spectral Data for Synthesis of Crown Ether
Monomers
Appendix 3 Gel Permeation Chromatograms for Linear
Polyether Monomers
LIST OF REFERENCES

-11-

192

196

198

199

203

204

209

212

214

222

227



Table 2.1

Table 2.2

Table 2.3

Table 3.1

Table 3.2

Table 3.3

Table 3.4

Table 3.5

Table 3.6

Table 3.7

Table 3.8

Crown ethers used in this work

Reagents used in monomer synthesis

Molecular weights and suppliers of monomers

Permeability coefficients for cation ransport across
HEMA:EGDM (90:10)

Jonic radii for Group I and II metal cations

Permeability coefficients for the transport of potassium salts
across HEMA:EGDM (90:10)

Permeability coefficients Pq and P7 for cation transport across
a dicyclohexano-18-crown-6 modified membrane

Extended 'lag-times' for the transport of cations across a
dicyclohexano-18-crown-6 modified membrane

Effect of anion variation on the 'lag-time' for potassium
transport across a dicyclohexano-1 8-crown-6 modified
membrane

Permeability coefficients P1 and Py for the transport of
potassium salts across a dicyclohexano-18-crown-6
modified membrane

Effective reduction in the permeability coefficient for the
transport of potassium across a dicyclohexano-18-crown-6

modified membrane

-12-

57

88

89

93

96

96

98

99

100



Table 4.1

Table 4.2

Table 4.3

Table 5.1

Table 5.2

Table 5.3

Table 5.4

Table 5.5

Table 5.6

Table 5.7

Table 5.8

Table 6.1

The effect of bound crown on the EWC of HEMA:EGDM
(90:10)

The effect of 4-acryloylaminobenzo-15-crown-5 on the EWC
of HEMA:EGDM (90:10)

The effect of 0.25M NaCl on the EWC of HEMA:EGDM
(90:10)

The effect of polyether content on the EWC of
HEMA:EGDM (99:1)

The effect of increasing HPHPMA content on EWC

Effect of polyether chain length on the EWC of
HEMA:EGDM (90:10)

The effect polyethers on the EWC of HEMA:EGDM (90:10)
The effect of salt on the EWC of HEMA:EGDM (90:10)
The effect of salt on the EWC of MPEGMA modified
membranes

Partition coefficients, Sm, for 0.25M solutions of NaCl and
CaCly

The effect of MPEG 200 MA content on the EWC of modified
HEMA :EGDM (90:10) in 0.25M NaCl at room temperature
The effect of polyether chain length on the calculated
permeability coefficients, P, for the transport of 0.25 M
solutions of NaCl, KCl and LiCl across HEMA:EGDM

(90:10)

-13-

116

116

123

127

129

131

134

137

140

142

150




Table 6.2

Table 6.3

Table 6.4

Table 7.1

Table 7.2

Table 7.3

Appendix 1

Table 1

Page
Effect of MPEG 200 MA content on the permeability 156
coefficient for the transport of 0.25M NaCl at 37°C across
HEMA:EGDM (90:10)
Calculated values of the permeability coefficients, P and Py 161

for the transport of group II metal chlorides across

HEMA:EGDM (90:10) modified terpolymers

Extended 'lag-times' for the permeation of group II chlorides 163
through MPEG MA modified membranes

Polar and dispersive components of water and methylene iodide 171
Polar, dispersive and total surface energies for dehydrated 172
poly (ethylene oxide) modified copolymers

Calculated values for the polar, dispersive and total surface 176
free energies of hydrated poly (ethylene oxide) modified

terpolymers in their hydrated state

Nomenclature of crown ethers 213

-14-



Figure 1.1

Figure 1.2

Figure 1.3
Figure 1.4
Figure 1.5
Figure 1.6
Figure 1.7
Figure 1.8
Figure 1.9
Figure 1.10
Figure 2.1
Figure 2.2
Figure 2.3
Figure 2.4
Figure 2.5

Figure 3.1

Figure 3.2

IS F RES

A diagramatic representation of the three phase model of
imbibed water

The interaction of blood components with hydrated poly
(ethylene oxide) chains at the polymer surface
dibenzo-18-crown-6

[2,2,2] cryptand

bis-tetrakis (hydroymethyl) ethylene or bis-THYME
valinomycin

p-tert-butylcalix[4]arene

The synthesis of dibenzo-18-crown-6

The synthesis of 18-crown-6

An immobilised crown ether

Structures of crown ethers

Structures of reagents used in polymer synthesis
Membrane mould

Diagramatic representation of the permeability cell
Schematic representation of permeability apparatus
Primary data for the transport of group I metal chlorides
across HEMA:EGDM (90:10)

Primary data for the transport of group II metal chlorides

across HEMA:EGDM (90:10)

-15-

31

33

34

34

35

35

38

39

42

54

58

72

78

79

g7

87



Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 5.1

Figure 5.2

Primary data for the transport of a mixed salt solution across
HEMA:EGDM (90:10)

Effect of anion variation on cation transport through
HEMA:EGDM (90:10)

Effect of cation variation on ion transport through a
dicyclohexano-18-crown-6 modified membrane

Effect of anion variation on potassium ion transport across a
dicyclohexano-18-crown-6 modified membrane

Transport of sodium chloride across a benzo-15-crown-5
modified membrane

Average weight loss from unmodified and benzo-15-crown-5
modified membranes

The synthesis of 4-acryloylaminobenzo-15-crown-5

The synthesis of 4-acryloylacetylbenzo-15-crown-5

The synthesis of 4-acryloylmethylbenzo-15-crown-5

The synthesis of 4,4'-diacryloylaminodibenzo-18-crown-6
The synthesis of 4,4'-diacryloylmethyldibenzo-1 8-crown-6
Transport of NaCl across HEMA:EGDM (90:10) modified with
2.5% 4-acryloylaminobenzo-15-crown-5

Transport of NaCl across HEMA:EGDM (90:10) modified with
5% 4-acryloylaminobenzo-15-crown-5

Structures of poly (ethylene oxide) monomers

Effect of polyether chain length on the EWC of

HEMA:EGDM (99:1)

-16-

93

95

98

102

103

107

109

110

111

112

115

117

121

124



Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

Figure 5.10

Figure 5.11

Figure 5.12

Figure 5.13

Figure 6.1

Effect of hydroxy vs methoxy end groups on the EWC of
terpolymers with 4,5 repeating ether groups in the polyether
side chain

Effect of hydroxy vs methoxy end groups on the EWC of
terpolymers with 9,10 repeating ether groups in the polyether
side chain

Effect of HPHPMA on the EWC of HEMA:EGDM (99:1)

Effect of polyether chain length on the EWC of HEMA:EGDM

(90:10)

Effect of polyether content on the EWC of HEMA:EGDM
(90:10)

Effect of crosslinker concentration on the EWC of
polyether terpolymers

Effect of salt on the EWC of HEMA:EGDM (90:10)
Effect of salt on the EWC of MPEG 200 MA modified
HEMA:EGDM (90:10)

Effect of salt on the EWC of MPEG 400 MA modified
HEMA:EGDM (90:10)

Effect of salt on the EWC of MPEG 1000 MA modified
HEMA:EGDM (50:10)

Typical load / extension curves for (a) HEMA:EGDM (99:1)
and (b) HEMA:EGDM (99:1) + 5% MPEG 1000 MA

The structure of the MPEG MA's used in this study

-17-

126

128

130

131

133

135

136

136

137

143

146



Figure 6.2

Figure 6.3

Figure 6.4

Figure 6.5

Figure 6.6

Figure 6.7

Figure 6.8

Figure 6.9

Figure 6.10

Figure 6.11

Primary transport data for the permeation of NaCl across
methoxy polyethylene glycol methacrylate modified
HEMA:EGDM (90:10)

Primary transport data for the permeation of KCl across
methoxy polyethylene glycol methacrylate modified
HEMA:EGDM (90:10)

Primary transport data for the permeation of LiCl across
methoxy polyethylene glycol methacrylate modified
HEMA:EGDM (90:10)

Plot of P vs H for the transport of group I metal chlorides through
MPEG MA modified membranes

Plot of LnP vs 1/H for the transport of group I metal chlorides
through MPEG MA modified membranes

Effect of composition on the permeability coefficients, P,

for the transport of group I metal cations across modified and
unmodified HEMA:EGDM (90:10)

Effect of MPEG 200 MA content on the transport of NaCl
Plot of Ln P vs 1/H for the transport of NaCl across

MPEG 200 MA modified terpolymers

Primary transport data for the permeation of CaCly across
methoxy polyethylene glycol methacrylate modified
HEMA:EGDM (90:10)

Primary transport data for the permeation of MgCl, across
methoxy polyethylene glycol methacrylate modified

HEMA:EGDM (90:10)

18-

148

149

151

153

154

156

157

158

159



Figure 6.12

Figure 6.13

Figure 6.14

Figure 7.1
Figure 7.2
Figure 7.3
Figure 7.4

Figure 7.5

Figure 7.6

Figure 7.7

Figure 7.8

Figure 7.9

Figure 7.10

Primary transport data for the permeation of BaCl, across
methoxy polyethylene glycol methacrylate modified
HEMA:EGDM (90:10)

Plot of LnP7 vs 1/H for the transport of group II metal chlorides
through MPEG MA modified membranes

Effect of composition on the permeability coefficient, P, for the
transport of group II metal cations across modified and
unmodified HEMA:EGDM (90:10)

Effect of composition on ysd of poly (ethylene oxide) terpolymers
Effect of composition on ysp of poly (ethylene oxide) terpolymers
Effect of composition on yst of poly (ethylene oxide) terpolymers
Horizontal ATR FTIR of HEMA:EGDM (99:1)

Horizontal ATR FTIR of HEMA:EGDM (99:1) modified with

5% MPEG 200 MA

Horizontal ATR FTIR subtraction spectra for HEMA:EGDM (99:1)

with 5% MPEG 200 MA and HEMA:EGDM (99:1)
Fluorescence spectra excited at 360nm

Fluorescence spectra excited at 280nm

Typical deposition of lipid on a poly (ethylene oxide)
modified HEMA copolymer with time

Effect of polyether chain length on lipid deposition to
methoxy polyethylene glycol methacrylate modified

HEMA:EGDM (99:1) terpolymers

-19-

162

164

174

178

179

180

184

185

186

187



Figure 7.11

Figure 7.12

Figure 7.13

Figure 7.14

Figure 7.15

Figure 7.16

Figure 7.17

Figure 7.18

Figure 7.19

Effect of polyether chain length on lipid deposition to
methoxy polyethylene glycol methacrylate modified
HEMA:EGDM (90:10) terpolymers

Effect of polyether chain length on protein deposition to
methoxy polyethylene glycol methacrylate modified
HEMA:EGDM (99:1) terpolymers

Effect of polyether chain length on protein deposition to
methbxy polyethylene glycol methacrylate modified
HEMA:EGDM (90:10) terpolymers

Effect of crosslinker concentration on lipid deposition to
methoxy polyethylene glycol methacrylate modified
terpolymers

Effect of crosslinker concentration on protein deposition to
methoxy polyethylene glycol methacrylate modified
terpolymers

Effect of hydroxy vs methoxy end groups on lipid deposition
to poly (ethylene oxide) modified HEMA:EGDM (99:1)
Effect of hydroxy vs methoxy end groups on protein deposition
to poly (ethylene oxide) modified HEMA:EGDM (99:1)
Effect of a methyl substituent in the polyether side chain on lipid
deposition to poly (ethylene oxide) modified

HEMA:EGDM (99:1)

Effect of a methyl substituent in the polyether side chain on
protein deposition to poly (ethylene oxide) modified

HEMA :EGDM (99:1)

20-

189

190

191

191

193

194

195

196



Figure 7.20

Deposition of lipid with time on novel contact lenses containing

poly (ethylene oxides)

Figure 7.21 Adhesion of 3T3 cells to poly (ethylene oxide) modified
terpolymers

APPENDICES

Appendix 1

Figure 1 Infra-red spectrum of 4-nitrobenzo-15-crown-5

Figure 2 TH nmr spectrum of 4-nitrobenzo-15-crown-5

Figure 3 13¢C spectrum of 4-nitrobenzo-15-crown-5

Figure 4 A two dimensional COSY spectrum of 4-nitrobenzo-15-crown-5

Figure 5 13¢C spectrum of 4-formylbenzo-15-crown-5

Figure 6 Infra-red spectrum of contaminated 4-acryloylaminobenzo-
15-crown-5

Appendix 3

Figure 1 Gel permeation chromatograms for the methoxy polyethylene
glycol methacrylates (MPEG MA's)

Figure 2 Gel permeation chromatogram for ethoxylated hydroxyethyl
methacrylate (HEMA 4,5 EO)

Figure 3 Gel permeation chromatogram for polyethylene glycol
methacrylate (PEGMA 10 EO)

Figure 4 Gel permeation chromatogram for hexapropoxylated

hydroxypropyl methacrylate (HPHPMA)

21-

g:
I~
(¢4

197

199

216

217

218

219

220

221

223

224

225

226



AZBN
COSY

DCH-18-C-6

DTA

b

EGDM

HPHPMA

HEMA 4,5 EO

MPEGMA

PEGMA 10 EO

Sb

LIST OF ABBREVIATIONS

Azo-bis-isobutyronitrile
Correlation Spectroscopy

dicyclohexano-18-crown-6

Differential Thermal Analysis
Elongation to break

Ethylene glycol
dimethacrylate

Dispersive component of
surface free energy

Total surface free energy
Hexapropoxylated
hydroxypropyl methacrylate

Ethoxylated hydroxyethyl
methacrylate

Methoxy poly ethylene
glycol methacrylate

Polyethylene glycol
monomethacrylate 10
moles EO

Tensile strength

22

B-15-C-5 benzo-15-crown-5

DB-18-C-6 dibenzo-18-crown-6

DSC

E

EMA

EWC

GPC

HEMA

MMA

NMR

Sm

TFA

Differetial Scannining
Calorimetry

Youngs modulus

Ethyl methacrylate

Equilibrium Water
Content

Polar component of the
surface free energy

Gel Permeation
Chromatogram

2-Hydroxyethyl
methacrylate

Methyl methacrylate
Nuclear magnetic resonance
spectroscopy

Partition coefficient

Trifluoracetic acid



CHAPTER 1

Introduction and Literature Survey

23



1.1 General Introduction

Hydrogels are a unique class of polymer which swell, but do not dissolve, in water.
Hence many naturally occurring materials, such as gelatin, may be classed as hydrogels.
The preparation of a synthetic hydrogel was first reported in the early 1960's by two
Czechoslovakian workers Wichterle and Lim!. These workers synthesised a poly
hydroxy methacrylate, namely poly 2-hydroxyethyl methacrylate or poly HEMA and
highlighted the potential biomedical applications of this material. Since this discovery
synthetic hydrogels have been used for a wide variety of biomedical applications ranging
from contact lensesZ, drug delivery systems3, wound dressings4 and fertility control

devicesd through to synthetic articular cartilage6.

However, poly HEMA is not a universally compatible biomaterial7. Thus, although the
fabrication of soft contact lenses is one of the most successful applications of these
materials, ocular incompatibility is observed with the formation of 'white surface films'8
and 'white spots‘9 on the lens surface. There have been many attempts to improve the
biocompatibility of poly HEMA by copolymerising it with a range of vinyl monomers.
To date no universally compatible material has been found but both Graham!0 and
Merrilll] have described hydrogels containing poly(ethylene oxide) which exhibit

enhanced biocompatibility.

The imbibed water present in hydrogels plays a significant role not only in contributing to
the overall structure of these materials but also in influencing their surface, transport and
mechanical properties. Water structuring effects within hydrogels are known to play an
important role in influencing the biocompatibility of these materials. Although water
structuring in hydrogels has not been investigated experimentally in this thesis, the water

binding properties of hydrogels containing both poly(ethylene oxides)10 and poly

24-




hydroxyalkyl acrylates and methacrylates7 have been discussed in the literature.  This
thesis is primarily concerned with attempts to harness both the water-structuring
properties and enhanced biocompatibility of poly (ethylene oxide) units in vinyl based
hydrogels. As both cyclic and linear polyethers form complexes with metal cations, this
property may be advantageous in the design of permselective membranes, particularly for
use in sensor applications. However, if these ligands sequester metal cations, particularly
calcium ions, from biological solutions, this may lead to biointolerence. Hence, particular
emphasis has been placed on the transport properties of these materials. This introductory
chapter will, therefore, discuss some of the fundamental properties of hydrogels including
their transport properties and review some aspects of the coordination chemistry of group

I and II metal cations.

1.2 Hydrogels

The term hydrogel has been used to describe a variety of materials ranging from naturally
occurring polymers such as gelatin, through semi-synthetic materials such as cellulose
acetate, to those entirely synthetic in nature. A small family of polyether-polyurethane
copolymers is included in this last category. However, most synthetic hydrogels are
based on the poly hydroxy acrylates and methacrylates. The common characteristics that
all these materials possess are that they are hydrophilic in nature and exhibit the ability to
form water swollen gels. This work is predominantly concerned with synthetic,
crosslinked hydrogel networks based on poly(2-hydroxyethyl methacrylate) often

abbreviated to poly HEMA with ethylene glycol dimethacrylate (EGDM) acting as the

crosslinking agent.

Many of the properties of hydrogels are influenced by the water within the polymer

matrix. It is the ability of this water to facilitate the transport of aqueous species,

25-




particularly group I and I metal cations, which is of most interest within the context of

this project. Thus, one of the most important properties of a hydrogel is its equilibrium

water content (EWC) whereby;

EWC = weight of water present in the hydrated gel ~ x 100 (%) (1.1
total weight of hydrated gel

The equilibrium water content of a hydrogel is in turn governed to a large extent by
chemical structure. Copolymerisation of HEMA with more hydrophilic monomers, such
as N-vinyl pyrrolidone, increases the EWC, conversely copolymerisation with
hydrophobic monomers, for example styrene, will cause a net decrease in EWC. Other

factors such as environment, temperature, pH and tonicity can all affect the EWC.

Variations in the EWC have pronounced effects on the bulk, surface, mechanical and
transport properties of the gel. The effect of EWC on transport properties will be
discussed in more detail in Section 1.6, while Barnes and coworkers12 have discussed
the variation in bulk, surface and mechanical properties with EWC. At this point it is
sufficient to note that as EWC increases, there is generally a fall in tensile strength of the
hydrogel. Furthermore, an increase in surface energy is observed as EWC increases due

to the contribution of the polar water molecules.

1.3 Water_in Hydrogels

The nature of water imbibed within a hydrogel matrix is important since it not only
‘nfluences the surface and interfacial properties of the material, but also affects the
transport of aqueous species across the polymer matrix. Hence, it is important to have

some understanding of the ‘nteractions involved between the polymer and the imbibed

water.
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A variety of techniques have been used to study water in hydrogelsl3'35. These include
specific conductivityB, differential scanning calorimetry, (DSC)22‘27, differential

thermal analysis, (DTA)28: 29, dilatometry3Y and nuclear magnetic resonance

spectroscopy, (NMR)31-35,

There is a great deal of evidence to suggest that water in hydrogel membranes can exist in
more than one state13-37. Initially, studies were restricted to cellulosic membranes, in
particular cellulose acetate membranes, which are of interest in reverse OSmMOSIS
applications. Workers generally agreed that at least two different states of water are
present in such membranes. The first of these states involves 'non-freezing' water or
'bound’ water which is thought to interact strongly with or bind to the polymer. The
second involves freezing water which has only weak interactions with the polymer
backbone. Frommer and Lancet2 illustrated that in such cellulosic membranes the
proportion of 'non-freezin g' or 'bound’ water 1s dependent upon the polymer morphology
and increases with decreasing packing density of the polymer membrane. However,
Taniguchi and Horigome36 suggested that there might be as many as four states of water
within these membranes. The first three of these states can interact with salts and are
classified as completely free water, free water which interacts weakly with the polymer

and bound water which can contain salts. Finally, the last of these states involved bound

water which rejects salts.

Andrade, Jhon and coworkers 13,17-19,37 pave studied synthetic hydrogels of the type
considered in these studies. These workers favour a model which contains three distinct
phases of water classified by the letters, X, Y and Z, where X represents bound water, Y
represents interfacial water and Z represents bulk water. This model is represented by

Figure 1.1 and has been confirmed by a variety of experimental techniques.
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[ ] - Hydrogel segment 3 - Interfacial water fraction

. - Bound water fraction 7///, - Bulk water fraction

Figure 1.1 A diagramatic representation of the three phase model of

imbibed water (redrawn from reference 39)

Several Dutch workers have recently suggested that the presence of non-freezing water
within poly HEMA 1s not a thermodynamic phenomenon caused by interactions or
'vonding’ between the polymer and water 28,29,35 These workers attribute the presence
of such water to kinetic factors and suggest that since the polymers are well below their
Tg at the temperatures used for DSC studies water molecules are prevented from diffusing
to the ice crystals forming within the gel and hence remain unfrozen29. Further evidence
to support this theory is provided by their NMR relaxation studies which suggest that
there are no thermodynamically different classes of water within the gels studied
irrespective of their crystalline water content35. However, these workers have
concentrated on poly HEMA and have neglected the contributions that variations in

chemical structure will have on both the water binding and the Tg of the polymer.
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To date studies of the effect of salts on the ratio of 'freezing' to 'non-freezing' water have
been limited. Hamilton3%+40 studied the effect of potassium salts on the imbibed water in
poly HEMA using DSC. He found that structure making anions such as Cl " and SO42‘
reduce the free or freezing water content, whereas structure breaking anions for example

I- increase the freezing water content.

These studies have in the main been concerned with polymers containing hydroxyl as the
dominant water-structuring group. Since this thesis is concerned with hydrogels
containing poly(ethylene oxide) units, it is important to consider the contributions this
group will make to the overall water-structuring of these hydrogels. The interactions of
poly ethylene glycols with water have been studied by numerous workers41'57. Several
studies have illustrated that both mono and trihydrates are formed between each ether unit
and water molecules41’46’52. More recently, Schreiner and coworkers have studied the
stoichiometry of poly (ethylene glycol 400) hydrates using proton NMR>. These studies
indicated that two water molecules are associated with each ether group. In addition,
other workers have suggested that poly(ethylene oxide) exists in a helical conformation in
water45’56’57. Finally, Graham and coworkers have studied the interactions of water
with poly (ethylene oxide) based hydrogels5 1,53,54 4nd have illustrated that both mono

and trihydrates are present in these hydrogels.

1.4 Biocompatibility of Hyvdrogels

Since the thromboresistant properties of poly HEMA were first reported by Wichterle and
Lim!, there have been extensive studies of the interaction of body fluids with hydrogel
surfaces. To date, there is no clear cut theory which may be used to predict whether a
material will be biocompatible or biotolerant, however, several workers have indicated

that the surface energy may be an important parameter. In 1970, Baier and coworkers
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suggested that blood compatibility might be dependent upon a material having a moderate
surface energysg. This theory was based on measurements of the surface tension of
materials which exhibit reasonable biotolerance. Such measurements indicated that these
materials all have a critical surface tension in the range of 20-30 mN/m, thus suggesting
that materials which have a critical surface tension in this range will exhibit
biocompatibility. However, there are several exceptions to this theory including

hydrogels.

Andrade>8 proposed an alternative hypothesis of minimal interfacial energy, which
suggested that a low interfacial tension between the implant material and the host
environment would improve biocompatibility. Ratner and coworkers®0 studied the
interaction of blood with a range of HEMA:EMA (ethyl methacrylate) copolymers and
suggested that since the non-thrombogenic reactions were improved in these copolymers a
balance between the apolar and polar sites might lead to enhanced biotolerance. Andrade
and coworkers61 have more recently studied a range of surfaces including HEMA:MMA
(methy! methacrylate) copolymers and concluded that their results could not be accounted
for on the basis of a minimum free energy. They indicated that whilst a multi parameter
approach may be required to rationalise these results, an optimum balance between apolar

and polar sites is important for biocompatibility.

It has been known for some time that poly(ethylene oxide) plays a significant role in
reducing the adsorption of biological species to substrates®2. These properties have been
exploited by numerous workers in the fabrication of a range of hydrogels based on poly
(ethylene oxides) and polyure:thanes]()>1 1,63-66  More recently, poly (ethylene oxides)
have been grafted onto a variety of polymers including polyurethanes67, copolyether

7

urethanes68, poly(vinyl chloride)69’70, HEMA:styrene copolymers 1 and poly
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ethylene’2. Nagaoaka, Nakao and coworkers have studied the interaction of blood
components with hydrogel copolymers based on methoxy poly(ethylene oxide)
monomethacrylates and methyl nicthacrylatc73. These workers suggest that the presence
of long (at least 100 repeating OCH,CH, units in the polyether side chain) flexible
poly(ethylene oxide) chains at the surface restrict protein adsorption and hence reduce
thrombogenic reactions. This process may be visualised as illustrated in Figure 1.2 with
the flexible poly ethylene oxides providing an excluded volume which prevents the

adsorption of protein molecules at the polymer surface.

Protein

Flexible Hydrated
Polyether Chain

Surface

Figure 1.2 The interaction of blood components with hydrated poly

(ethylene oxide) chains at the polymer surface (redrawn

from reference 70)
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Finally, Andrade and coworkers have prepared a range of copolymers of alkyl

methacrylates with methoxy (polyethylene glycol) monomethacrylates74.' These

copolymers were studied as both protein resistant coatings and as polymeric surfactants

for the removal of proteins.

Having discussed hydrogels and linear polyethers the next section will examine some

aspects of the chemistry of cyclic polyethers.

1.5 JIonophores for Group I and IT Metal Cations

The term ionophore when strictly translated means ‘ion-bearer', but in this thesis it is used
to describe a neutral chelating agent which facilitates the selective binding and transport of
a specific ion. For many years little was known about the coordination chemistry of
solvated group I and II metal cations because of the lack of convenient magnetic and
spectroscopic properties available to study such interactions. However, the occurrence of
weak interactions between these ions and ethereal solutions such as tetrahydrofuran,
ethylene and diethylene glycol were well known. This situation radically changed with
the discovery of a class of ionophoric cyclic ethers, known as crown ethers, in 1967 by
Pedersen’2 70 which form stable complexes with metal cations. For example
Frensdorff and Pedersen77’78 measured the stability constants (K) for the formation of
potassium complexes between 18-crown-6 and its open chain analogue, pentaglyme;
values for log K of 6.1 and 2.2 were obtained respectively indicating the enhanced
stability of the metal cation:crown ether complex. Soon many other macrocyclic chelating
systems were reported in the literature. This chemistry has recently been reviewed by

Bajaj and Poonia79 and several books have also been dedicated to this topicgo'gs.

Crown ethers are a unique class of cyclic compounds which are built up from repeating
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OCH,CH» units, an example, dibenzo-18-crown-6, is illustrated in Figure 1.3. The
oxygen atoms may then be successively replaced by nitrogen or sulphur atoms to give a
range of azacrown ethers and thiacrown ethers respectively. Macrocyclic crown ethers
containing oxygen, nitrogen and sulphur are known as azathiacrown ethers. Systems
based on these ligands have been synthesised with an increasing degree of sophistication.
A range of crowns incorporating heterocyclic donor groups such as tetrahydrofuran and
furan have been reported®4. Several workers have synthesised and studied crowns
containing interannular donor atoms83-86 and pendant donor groups, a class known as
the lariat ethers87-88. More recently, crown ether systems containing chromophoric
groups have been synthesised by Vogtle and Dix to allow the colourimetric determination

of group I and II metal cations89:90.

e
n

Figure 1.3 dibenzo-18-crown-6

Further progress was made by Lehn and coworkers, with the synthesis of multicyclic
crown compounds known as cryptands or cryptanoidsgl. These compounds have a cage
like structure which is held in place by two tertiary amino groups at the bridgehead. An

example of this type of compound is represented in Figure 1.4.
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Figure 1.4 [2,2,2] cryptand

This class of compounds not only exhibits a higher ion selectivity than crown ethers, but
also forms more stable complexes. The cavity type structure of cryptands has recently
been adapted in the synthesis of a three dimensional analogue of 18-crown-6, the bis-
tetrakis (hydroxymethyl) ethylene or bis-THYME cylinder®2. The structure of this

molecule is illustrated in Figure 1.5.

Figure 1.5 bis-tetrakis (hydroxymethyl) ethylene or bis-TYHME

Other macrocyclic ionophores for the group I and II metal cations include several naturally

occurring antibiotics, containing repeating ester or amide linkages. Of this group
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valinomycin (Figure 1.6) is perhaps the most important.  This compound binds selectively

1o potassium93 and hence has been used extensively in the fabrication of potassium ion-

selective electrodes.

X/ / N/

CH CH (lfH3 CH

I I
O O

| I I
O—CH—- l(li—NH" CH—C—0—CH—C—NH—CH—C

Figure 1.6 valinomycin

A further range of ligands known as the calixarenes are obtained via an internal

cyclisation, condensation reaction between phenol and formaldchyde92‘94. An example

of this type of compound is illustrated below in Figure 1.7.

OH
t-Bu / \ OH O / \ t-Bu

t-Bu

Figure 1.7 p_-Le_LL-butylcalix[4]arene
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If the phenolic hydroxyl groups are reacted with an alkyl acetate, a further sub-class-of
compounds known as the alkyl calixaryl acetates are obtained?7.98 . Recently an ion-
selective electrode for sodium based on such a compound, p-tert-butylcalix[4] aryl acetate,

has been fabricated by Diamond er al 99.

Finally, a further range of ionophores based on a non-cyclic crown ether, which forms a
cavity on complexation has been studied100. Of all these ionophores crown ethers are
most readily available from chemical suppliers and hence their chemistry has been studied

extensively.

1.5.1 Nomenclature of Crown Ethers
The term 'crown' was first applied to cyclic polyethers by Pedersen’5-76. Such
terminology resulted from the physical appearance of their molecular models and the fact

that the cyclic polyether sits on the cation rather like a crown on a head.

The naming then consists of, in order:
i) the number and kind of hydrocarbon ring,
ii) the total number of atoms in the polyether ring,
iii) the class name, crown and finally,

iv) the number of oxygens in the ring.

For example a cyclic ether containing 6 oxygen atoms in an 18 member ring would be 18-
crown-6. In most cases the placement of hydrocarbon rings and oxygen atoms are
symmetrical, the exceptions, however are indicated by the prefix asym. Names derived
from Pedersen's nomenclature rapidly replaced those derived from the more accurate

TUPAC nomenclature, due to their ease of use and brevity.
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Unfortunately Pedersen's nomenclature can lead to confusion thus an alternative
nomenclature was proposed, by Weber and Vogtlel01, to circumvent such problems’. In
this terminology, multidentate monocyclic ligands with any type of donor atom, aré
referred to as coronands. The different types of nomenclature are illustrated in Table 1,

Appendix L

1.5.2 Characteristics of Crown Compounds.
The most important characteristic of a crown compound is the ability to form stable
complexes with cations. The complexation process involves the cationic portion of either
a metal salt, ammonium salt or an ionic organic species, the 'guest’, being held in place by
donor atoms, such as O, N and S, within the crown, the 'host ', thus giving rise to the
concept of 'guest-host' interactions. The stability of the resulting complex is dependent
on various factors:
i) the relative sizes of the diameter of the cavity within the crown and the diameter
of the cation,
ii) the charge and 'hardness’ of the cations and finally,
iii) the nature of the donor atoms within the crown; this affects the 'hardness’ and

the basicity of the donor atom.

In addition, the structures of these complexes may vary in the ratio of crown ether:cation
over the range 1:1, 2:1, 3:2 and 1:2. This is dependent upon the relative sizes of the

crown cavity and the ionic diameter of the cation.

1.5.3 Synthesis of Crown Ethers
Crown ethers may be synthesised via a relatively simple condensation reaction

(Williamsons synthesis). Cyclisation typically involves the nucleophilic displacement of
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either halide or tosylate ions from a disubstituted ethylene oxide by alkoxide or
pheonoxide ions. An example of this synthesis is given in Figure 1.8 which illustrates the

preparation of dibenzo-18-crown-6.

OH

2 + 2 ClCHZCHZOCH2CH2C1 + 4 NaOH
OH

~

+ 4 NaCl +4 H20
O
O
Figure 1.8 The synthesis of dibenzo-18-crown-6

Alternatively, alkali metal cations may be used in the reaction to play a template role. An

example is given in Figure 1.9 where the synthesis of 18-crown-6 is illustrated.

1.5.4 Crown Ethers in Polymers.
Crown ethers are relatively inexpensive ionophores but their generally high solubility in

both water and organic solvents means that it is often necessary to recycle these
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ionophores to reduce the costs of using them on an industrial scale.
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Figure 1.9 The synthesis of 18-crown-6



To circumvent this problem several workers have considered the synthesis of polymeric
or immobilised crown systems and the interest in this chemistry has been sufficient to

warrant its inclusion in several book380‘83.

Immobilised crown ether systems have been considered for use in a broad range of

104

3

applications including: reverse osmosis membranesloz’lm, ion selective electrodes
solid state electrolyteslo5 , chromatographic stationary phasele6’107 and liquid crystal
polymerslog»lo(). Crown ethers have also been immobilised to produce photoreactive
polymers1 10-112 454 1o provide artificial ion channels in a synthetic biomembranes! 13,

However, to date crown ethers have almost exclusively been immobilised within

hydrophobic polymer matrices.

Polymeric crown ethers have been obtained using a variety of methods and starting
materials but these methods generally fall into the following categories
i) polymerisation reactions involving the polycondensation or polyaddition
reactions of diaminodibenzo-18-crown-6
ii) polymerisation or copolymerisation of vinyl derivatives either by free radical or
ionic polymerisation
ii) utilisation of the reactions of functional groups on either the crown ethers or the
polymer substrate and finally
iv) forming a crown ether in the polymer backbone during the polymerisation.

These methods will now be discussed in greater detail.

One of the first attempts at binding a crown ether into a polymer matrix was reported by
Feigenbaum and Michel114. This work involved the synthesis of various polyamides via

a polycondensation reaction with the two isomeric forms of diaminodibenzo-18-crown-6.
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These polyamides along with film cast poly (vinyl pyrrolidone) blends or ‘alloys’ have
been studied for potential use as reverse osmosis membranes by Shchori and Jagur-
Gradinski102,103 Diaminodibenzo-18-crown-6 has also been used to prepare both
polyurea and polyurethane based polymer582. More recently, a polyimide containing
diaminodibenzo-18-crown-6 has been prepared by Ergozhin coworkers using N'N-

bismaleimides1 15.

A further range of polymeric crown ethers have been obtained by polymerising a range of
vinyl derivatives. Smid and coworkers reported the synthesis and cation binding
properties of a range of polymers based on the vinyl derivatives of monobenzo-15-crown-
5, dibenzo-18-crown-6 and monobcnzo—l8—cr0wn—61 16-118  1p general, these workers
observed an increase in the cation binding abilities with the polymeric crown ethers and
suggested that this might be attributable to the formation of 2:1 crown ether to metal cation
complexes. Vinyl derivatives of benzo-15-crown-5 and benzo-18-crown-6 have also
been used by these workers to produce a range of styrene copolymers1 18, Liquid
membranes were then prepared from these copolymers and the diffusion of sodium
picrates studied. Poly (vinylbenzo-15-crown-5) and its styrene copolymers were found to
be more effective at extracting potassium than 15-crown-5, due to the preferential
formation of a 2:1 crown:cation complex with potassium. Finally, various other routes to

120

vinyl derivatives have been reported by Reinhoudt!19, Kikukawa and coworkers" <" and

Tomoi et al 121,

A variety of poly crown acrylates and methacrylates have also been reported in the
literature 122-126_ These monomers have all been prepared by reacting the corresponding
amino or hydroxy crown with methacryloyl chloride or acryloyl chloride. Smid and

coworkers reported that the cation binding abilities of polymers derived from acrylate and
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methacylate derivatives of benzo-15-crown-5 and monobenzo-18-crown-6 were similar to

those obtained for the poly vinyl crown ether styrene based copolymers'1 22,

Chujo and coworkers!27 used mercapto-16-crown-5 as a chain transfer agent and
produced an alternative route to a poly(methylmethacrylate) terminated crown ether.
These workers reported the selective extraction of sodium cations using this thioester
terminated poly (methylmethacrylate). However, the efficiency of the extraction was
reported to be strongly influenced by the molecular weight, Mn, of the polymer with

increases in Mn above 1x104, giving rise to a decrease in the efficiency of the extraction

process.
——"'CHz——- CHz:Jl—%CI%—-CHZ}
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Figure 1.10 An immobilised crown ether
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Immobilised crown ethers have also been synthesised by utilising the reactive functional
groups of polymers (Figure 1.10). Molinari, Montanri and Tundo immobilised a crown
ether on polystyrene via a condensation reaction with a chloromethylated polystyrene,
commercially available as Merrifields resin, and a ® ethylaminononyl—18—crown—6128.
The polymer was then evaluated for phase transfer catalytic activity. However, the
reaction rates were noticeably slower for the immobilised systems because of the
difficulties associated with bringing the reactive species into contact with the catalytic site.
Similarly polymers of the type illustrated in Figure 1.10 can be prepared by reacting either
a hydroxy crown ether or a poly ethylene glycol with Merrifields resin 129,130,

Alternatively, the crown ether unit may be formed as a pendant group, by reacting pendant

catechol groups with an a,w-glycol dihalide. This idea has been exploited by Kahana ez

al 130

Finally, a range of chiral polymers containing chiral crown ethers have also been
produced by Kakuchi and coworkers 131133 These polymers were all synthesised via
the cationic polymerisation of optically active divinyl ethers producing polymers
containing crown ethers within the polymer backbone. In the long term it was hoped that

such polymers might be developed to separate racemic mixtures.

This literature survey has illustrated that the immobilisation of crown ethers within
hydrophobic membranes is well established. Hydrophilic polymers can imbibe water and
therefore facilitate the transport of aqueous species. Thus, it is suprising to note that there
have been few attempts to exploit the unique properties of both hydrophilic polymers and
the selective chelating agents, crown ethers, in the design of permselective membranes.
Kimura and coworkers, however, have produced an interesting range of crown ether

containing polymers via a 'pseudo grafting’ type reaction 134, This involved the reaction
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of a formyl derivative of the crown with poly (vinyl alcohol) in the presence of p-
toluenesulphonic acid. Membranes were cast from these polymers and the transport of
alkali metal picrates studied. These workers reported that the transport of alkali metals
was retarded when compared with the results obtained for the unmodified polymer, poly
(vinyl alcohol). The authors attributed this to the formation of intramolecular sandwich-
type complexes. Yagi and coworkers produced a range of hydrophilic polymers based on
methacrylamide derivatives of benzo-15-crown-5 and dibenzo-1 8-crown-6123. Finally,
preliminary studies within the Speciality Materials Group at Aston have illustrated that it is
possible to occlude certain crown ethers within hydrogel membranes39. Transport
studies on membranes containing dicyclohexano-18-crown-6 indicated that potassium ion
transport is suppressed. However, these studies are limited due to ionophore loss during

hydration.

1.6 The Transport Properties of Hydrogels

An understanding of the transport properties of hydrogels is important in a wide variety of
applications including controlled release systems, contact lenses, reverse OSmMOosis,
haemodialysis and the design of permselective membranes. However, before the results
obtained from transport studies can be rationalised it is important to understand some of

the fundamentals of permeation and diffusion.

1.6.1 The Fundamentals of Permeation and Diffusion

The term 'permeation’ is generally used to define the mass transport of a certain species or
component through another species. Diffusion is an example of a permeation process and
in this case the driving force is a concentration gradient. Under such conditions, the
random motion of molecules, causes matter to be transferred from the region of highest

concentration to that of the lowest. This statement may be described mathematically using
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Fick's First Law of Diffusion (Equation 1.2)135. Here the quantity of material diffusing
across a plane of unit area in unit time is the flux, Jx. This flux is proportional to the

concentration gradient normal to this plane (dc/dx), giving rise to the equation;

J,=-D F (1.2)

de=-F
dx S
where D is the diffusion coefficient or the diffusivity,

F is the total flow rate and finally,

S is the area.

For membrane diffusion when a steady state is attained then Equation 1.2 may be

rewritten to give;

DS (L-T, )
o2 1 (1.3)
L

where, 17 is the concentration of solute just inside the membrane at the low side,

I'5 is the concentration of solute just inside the membrane at the high side and

finally L is the membrane thickness.

Additionally, if Henry's Law is applicable then ;
ry=8,¢C. (1. 4)
and

=S, C2 (1.5)
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where, S, is the partition coefficient
C1 is the concentration of the bulk solution at the low side and finally,

C is the concentration of the bulk solution at the high side.

Furthermore, since the partition coefficient is defined by Equation 1.6,

P=DS,, (1.6)

where, P is the permeability coefficient, then Equation 1.3 may be rewritten and

rearranged to give an expression for P of the form,

pP= FL .7
S(Cy2-C1)

In this thesis permeability has been studied using the apparatus outlined in Section 2.13.
Here C1 relates to the concentration of species present at the low side of the permeability
cell, and since this is significantly lower than the concentration at the high side Equation

1.7 is effectively reduced to;

P=FxL (1.8)
SCy

Additionally, the flow rate, F, may be obtained from the gradient, G, of a graph showing
concentration at the low side with time, and the volume, V, of the permeability half cell by

substitution into the following equation;

F=GV (1.9)
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thus the permeability coefficient may be calculated from the equation;

P=GVL (1.10)
SCy

1.6.2 Transport and Permeability Phenomena in Hydrogels.

Several studies have been made of the transport properties of hydrogels particularly for
the transport of small molecular Speciesl36'157. A universally acceptable model for
transport is yet to be realised, however, all models derived to date relate permeability or
diffusivity to the overall equilibrium water content of the matrix. For example, Tighe and
Ng noted that the logarithm permeability coefficient for the transport dissolved of oxygen

is proportional to the EWC and is unaffected by the chemical nature of the polymer142.

This empirical relationship was later confirmed by Refojo and Leong143.

The first studies of transport properties were prompted by an interest in the design of
membranes for desalination and haemodialysis applications. Yasuda and coworkers
studied the diffusion of sodium chloride 38 and water soluble organicsl39 through
hydrogels. Membranes were cast from a broad range of hydrophilic polymers and
copolymers and the partition, diffusion and permeability coefficients calculated. The
results were then examined using a model based on the free volume of diffusion theory in
which it is assumed that :
i) the effective free volume for diffusion corresponds to the free volume of the
aqueous phase,
ii) the solute permeates through 'holes’ which fluctuate both in size and in location
with time and finally,
iii) the solute permeates through the aqueous phase only, implying that the solute-

polymer interactions are minimal.
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The diffusion constant D, is then related to the degree of hydration, H, by the equation

log D =log Dy - C ((1/H) - 1) (1.11)

where Dy is the diffusion constant for the solute in pure water at a defined temperature
C is the constant of proportionality and is related to the characteristic volume and

the free volume occupied by the water.

This theory, therefore, predicts a linear relationship between log D and 1/H, which has

been observed for a range of solutes 138,139,

The relationship between the partition coefficient, Sy,, and the degree of hydration was
found to be more complex, with S, being more dependent on polymer structure. At
higher values of H, S, is nearly equal to H whereas at lower values of H, S, deviates
significantly from the value of H. Since the permeability coefficient, P, is defined as the
product of the diffusion constant and the partition coefficient, then log P exhibits a linear
relationship with 1/H at higher values of H, but deviations are observed with lower values

of H due to the dependence of S, on 1/H.

According to Yasuda et al 157 the free volume model also predicts a linear relationship
between the hydraulic permeability, Ky, and the degree of hydration, H, (above H = 0.4)

of the form;

KW/H:Aexp(BHVfW) (1.12)
where A and B are constants

Vfw is the free volume function of water in the membrane.
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Kojima and coworkers tried to extend this free volume model to data obtained from the
permeability of water through poly (vinyl alcohol) membranes 148,149 However, with
these membranes the expected linear relationships between log P and 1/H and K/H and
H were not obtained. These workers found that a linear relationship was obtained for
permeability studies on a range of membranes with H between the limits 0.4 and 0.9.

This may be described by Equation (1.13)

LnK,/H=A+BH (1.13)

where A and B are again constants.

By recalling Ogstons159 model for the diffusion of spheres through a random suspension

of fibrils, the authors expanded Equation 1.13 as follows;

K, /H=K,Cexp[-(1-H)(1+1/Rg)*] (1.14)

where T is the radius of the solute
Rf is the radius of the fibre in the membrane and

KWO is the reduced permeability of water in the hydrogel.

This equation predicts a linear relationship between Ln K, /H and 1-H and has been
successfully applied to the permeation of the NaCl, congo red and sunset yellow through

poly (vinyl alcohol) membranes 149,

More recently, Peppas and Moynihan151 derived a further model which extends the free
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volume model to incorporate topological characteristics of the membrane. An equation
was derived which links the diffusion coefficient to the equilibrium swelling, the
hydrodynamic radius of the solute, the number average molecular weight Mn between
crosslinks and a function of the mesh size which accounts for barriers due to crosslinks
and chain entanglements. This theory was later applied to the diffusion of phenylalanine

through poly HEMA 152,

These transport models tend to relate the permselectivity to the overall EWC. However in
Section 1.3 the experimental evidence which suggests water in hydrogels exists in more
than one state was discussed. Several workers have, therefore, attempted to study the
effect that water structuring within the hydrogel network has on the transport
propertiesz3’25’145’153’158. Wisienski and Kim studied the diffusion of a variety of
water soluble species through poly HEMA and poly HEMA containing 1% EGDM
crosslinker!43 and concluded that the solute permeation occurs in the freezing or free
water fraction of the gels imbibed water. Uragami and coworkers illustrated that
hydrophilic solutes such as NaCl require the presence of freezing water in order to
partition in the membrane 23, Similarly, the ratio of freezing water to non-freezing water
strongly influences the transport properties of hydrogels, for example it has been known
for a long time that salt rejection is enhanced when freezing water content is low23 .

Oxygen transport was also found to be negligible in styrene-HEMA copolymers which

have no freezing water2>.

In this thesis the transport of group I and II cationic species 1s of particular interest. A
systematic study of the permeability of poly HEMA based hydrogels to a range of group 1
and II metal cations has been reported by Hamilton and coworker5156. Here it was found

that the counter anion has a significant role to play in the permeability process. Metal
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cations with counter anions which act as structure-breakers, for example SCN =, 1~ and
Br - are observed to permeate more rapidly than those with structure-making anionse.g F
- and SO4 2- Furthermore, the general order of salt permeability decreases in the order

of a spectrochemical series, given below, similar to the Hofmeister series.

SCN" > I" > NO3 > Br > CI' > F > $04%

The transport properties of a range of copolymers based on poly HEMA with either
styrene or methyl methacrylate have been studied by Murphy and coworkers40. In these
studies the permeability of a range of group I and II metal cations were studied in the
presence of a fixed anion, chloride. The results from this work indicated that both the
cation size and the water structuring phenomena within the polymer matrix (which is
controlled by the combined water structuring effects of the anion, the cation and the
polymer itself) contributed to the overall transport process and that situations arise when
either can play a dominant role. The free volume model was found to account reasonably
well for differences in cation permeation in which diffusional size effects are a critical
factor. However, the deviations from the free volume model observed at lower EWC's
could be accounted for by water-structuring effects since decreases in EWC are mirrored

by decreases in the fraction of free’ or 'unbound' water.

1.7 Aims and Scopes of the Project

The initial aim of this project was to synthesise a range of vinyl based hydrogels
containing poly(ethylene oxide) units. The reasons for this were twofold; the literature
survey had illustrated that poly(ethylene oxide) units can enhance the biocompatibility of
hydrogels, hence by combining this property with the synthetic versatility offered by vinyl

monomers it should be possible to prepare a novel range of hydrogels with interesting and
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varied surface properties. In addition, both linear polyethers and cyclic polyethérs can
complex with metal cations, thus their presence within a hydrogel matrix may have a
significant effect on the transport properties of these materials. In particular since the
cyclic crown ethers selectively chelate with metal cations their inclusion may produce
permselective membranes which are of interest for aqueous separations in general but in

particular for use in the design of chemical sensors.

Initially, crown ethers were occluded within hydrogel membranes and the transport
properties of these materials were studied. However, the range of ionophores which
could be used was limited by ionophore loss during hydration. Hence attempts were
made to synthesise monomeric crown ethers and to study the effects these 'bound’
crowns have on the transport properties. Finally, a range of hydrogels were prepared
containing a variety of linear polyethers and a systematic study of the effects of both
variations in the polyether concentration and polyether chain length on the transport
properties were studied. The linear polyethers used in this study were chosen so that the
effect of structural variations in the polyether side chain on the EWC, surface and

mechanical properties of a range of HEMA based copolymers could also be evaluated.
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CHAPTER 2

Materials and Methods
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2.1 Introduction

This chapter deals with the synthetic details for the preparation of the monomers based on
crown ethers outlined in Figures 4.1-4.5, Section 4.2 and lists the reagents involved. It
also includes details of membrane fabrication and discusses the techniques used to
characterise these membranes. Particular attention has been paid to the design and

operation of the permeability apparatus and the measurement of contact angles.

2.2 Reagents

2.2.1 Crown Ethers

The crown ethers supplied were refrigerated until required and used without any further
purification. These compounds are listed in Table 2.1 and their structures are illustrated in

Figure 2.1.

Table 2.1 Crown ethers used in this work

Crown Ether MW!1 (g/mole) Abbreviation Supplier
Benzo-15-crown-5 268.3 B-15-C-5 Aldrich
Dibenzo-18-crown-6 360.4 DB-18-C-6 Aldrich
Dicyclohexano-18-crown-6  372.5 DCH-18-C-6 Lancaster
4-Nitrobenzo-15-crown-5 314.3 S Aldrich

Figure 2.1 Structures of crown ethers used in this work
(\0/\l
: :O 0]
0 oi j
o
dibenzo-18-crown-6
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Figure 2.1 (continued) Structures of crown ethers used in this work
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2.2.2 Miscellaneous Reagents Used in Monomer Synthesis

The reagents tabulated in Table 2.2 were used as supplied.

Table 2.2 Reagents used in monomer synthesis

Compound MWt (g/mole) Abbreviation Supplier
Acetic acid 61.1 —_— BDH
Acetyl chloride 78.1 B BDH
Acryloy! chloride 90.5 _ Aldrich
Lithium aluminium

hydride 38.0 LiAlHg4 BDH
Sodium borohydride 37.8 NaBH4 BDH
Nitric acid 60.0 HNO3 BDH
Palladium charcoal _ Pd/C BDH
Triethylamine 101.2 Et3N Aldrich
Trifluoroacetic acid 114.0 TFA Lancaster
2.2.3 Salts

All salts used in this study were of analytical grade and were supplied either by Fisons or
BDH. The salts were used without any further purification. Salt solutions were prepared

using distilled water of conductivity 1.3 uS em L.

2.2.4 Reagents Used in Polymer Synthesis

Optically pure 2-hydroxyethyl methacrylate, HEMA was supplied by Ubichem Ltd. The
crosslinking agent ethylene glycol dimethacrylate , EGDM (BDH) and the initiator o- azo-
bisisobutyronitrile, AZBN (Aldrich) were refrigerated until required and used as supplied.
Methoxy polyethylene glycol monomethacrylates of nominal molecular weights 200, 400
and 1,000 (Polysciences) were used without further purification. Methoxypolyethylene
gylcol-550-methacrylate, ethoxylated hydroxyethyl methacrylate (HEMA 4,5 EO) and

hexaproxylated hydroxypropylmethacrylate (HPHPMA) were obtained from R&hm
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GMBH (UK distributors Cornelius Chemicals Co. Ltd) and used without further
purification. These reagents are summarised in Table 2.3 and their structures are

illustrated in Figure 2.2.

Table 2.3 Molecular weights and suppliers of monomers

Monomer MWt (g/mole)  Abbreviation Supplier
ethylene glycol

dimethacrylate 198 EGDM BDH
o-azo-bisisobutyronitrile 164 AZBN Aldrich
2-hydroxyethyl methacrylate 130 HEMA Ubichem Ltd

methoxy polyethylene glycol
200 methacrylate 330* MPEG 200 MA Polysciences

methoxy polyethylene glycol
400 methacrylate 710%* MPEG 400 MA Polysciences

methoxy polyethylene glycol
550 methacrylate 910* MPEG 550 MA Rohm GMBH

methoxy polyethylene glycol

1000 methacrylate 1650* MPEG 1000 MA  Polysciences
polyethylene glycol
monomethacrylate 10 moles EO 540%* PEGMA 10 EO Polysciences

ethoxylated hydroxyethyl
methacrylate 450* HEMA 4,5 EO Rohm GMBH

hexapropoxylated hydroxypropy!
methacrylate 7740 HPHPMA Rohm GMBH

[*Values are polystyrene equivalent molecular masses as determined by GPC at RAPRA
using a PL gel 2 x mixed gel column, tetrahydrofuran as the solvent, a flow rate of 1
ml/min and a refractive index detector. ** This value is a polyethylene glycol/poly
(ethylene oxide) molecular weight as determined at RAPRA using the same column, flow
rate and detector but DMF as the solvent]
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Figure 2.2 Structures of reagents used in polymer synthesis
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ethoxylated hydroxyethyl methacrylate (HEMA 4,5,EOQ) and polyethylene

glycol methacrylate 10 moles EO

T

Csz‘C n=5 to 6 HEMA 4,5 EO
=0 n=10 PEGMA 10 EO
s
('CHZCHzO)nH

hexapropoxylated hydroxypropyl methacrylate (HPHPMA)

CH,==

n =7 HPHPMA

——o——fl?——o—;m)

(CHCHzO)nH

2.3 The Preparation of 4-acryloylaminobenzo-15-crown-3S

This Section is concerned with the synthesis of the compounds outlined in Figure 4.1.

2.3.1 The Preparation of 4-nitrobenzo-15-crown-5§

The synthesis of this compound closely follows that reported by Ungaro et al 160,

Benzo-15-crown-5 (20.0g, 75 mmol) was dissolved in chloroform (500 cm3). Acetic
acid (240 cm?) was added. This mixture was then stirred whilst, nitric acid (68 cm3,
70%) was added, and the resulting mixture stirred at room temperature overnight. TLC
(CHClj and silica gel / iodine stain) indicated the presence of starting material so the

mixture was stirred for a further 4 days. The reaction was neutralised with sodium

-59-



bicarbonate and the organic layer separated. The aqueous phase was extracted with
chloroform (3x300 cm3) and the combined organic extracts dried over CaCly.
Evaporation gave a pale yellow oil which rapidly crystallised to give a pale yellow solid.

This solid was recrystallised from ethanol.

Yield: 18.7g (80%); m.p.95-960C (Ref100 m.p. 84-850C)

IR: 3083cm-1 (aromatic C-H stretch), 2868cm-1 - 2928cm-! (alkane C-H stretch),
1587cm-1 and 1516cm™1 (aromatic C=C stretch and N=O stretch).

14 NMR, (CDCl3), 6 1.1 and 2.4 (impurities), 3.7 (CH impurity in CDCI3), 3.8

(t, -CH»), 4.1 (t, -CHp), 6.8 (d, aromatic H), 7.2 (impurity), 7.6 (d, aromatic H) and
finally 7.8 (d d, aromatic H).

13C NMR (CDCl3) 68.74, 68.80, 68.88, 68.93, 70.00, 70.07 and 70.98 ppm.
(‘'secondary', CHy , C atoms in the crown ring), 108.22, 111.12 and 117.88 ppm.
(‘tertiary', CH, C atoms in the aromatic ring) and finally 142.5, 148.47 and 154.53 ppm

(‘quaternary’ C atoms in the aromatic ring).

Elemental analysis: C H N 0]
Found (%): 53.68 6.13 4.43 34.26
Calculated (%): 53.67 6.07 4.47 35.78

2.3.2 The Preparation of 4-aminobenzo-15-crown-5

Two methods were used to prepare this compound.

Method A: Reduction with tin and hydrochloric acid.

4-Nitrobenzo-15-crown-5 (1.0 g, 3.16 mmol) and tin (3.0 g, 25.3 mmol) were placed in
a round bottomed flask. This mixture was then stirred whilst concentrated HCI (10 cm3)

was slowly added. The resulting mixture was refluxed for 2 hours, allowed to cool and
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neutralised with ammonium hydroxide. This mixture was then extracted with chloroform
(3x30 cm3). The combined organic extracts were dried over MgSO4 and evaporated to

leave a brown oil which was used without further purification.

Yield: 0.18g, (20%); the sample melted over a broad temperature range (Ref1 60 m.p. 73-
740C)

IR: 3431 cm'l, 3554 cm~! and 3224 cm-! (NH stretch for a primary amine), 2925 cm-1
and 2871 cm-1 (alkane CH stretch), 1613 em-! and 1536 cm-! (NH def and aromatic

C=C stretch) and finally 1515 cm -1 (aromatic C=C stretch).

Method B: Catalytic hydrogenation of 4-nitrobenzo-15-crown-5.

4-Nitrobenzo-15-crown-5 (2.0 g , 6.4 mmol) and palladium on charcoal, Pd/C, (0.32 g,
10 %) were placed in a hydrogenation flask. The sides of the flask were washed down
with ethanol (50 cm3). The mixture was then hydrogenated under reduced pressure and
the IR spectrum of a sample of this mixture was taken at regular intervals. The reaction
appeared to be complete when approximately 1.7L of hydrogen had been adsorbed. The
flask was then removed and the mixture filtered. The solvent was removed under vacuum
to yield a pinky, brown oil. A pinky brown solid was obtained on scratching in

diethylether.

Yield: 1.23g (63%); m.p 72-74°C (Ref160 m_p. 73-74°C)

IR: 3395 cm- L, 3345 cm-! and 3224 cm™! (NH stretch of primary amine) 2921cm™! and
2878cm'1 (alkane CH stretch) 1613 and 1590 cm’l(NH deformation and aromatic C=C
stretch) and finally 1575 cmL (aromatic C=C stretch)

1H NMR (CDCl3) & 1.9 (impurity), & 3.4 (NH), & 3.7 (impurity in CDCI3), 6 3.8-3.9

(multiplet, CH, protons in crown ring), & 6.1 (d,d aromatic CH proton), 8 6.2 (d,
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aromatic CH proton), 8 6.7 (d, aromatic CH proton) and finally & 7.2 (aromatic
impurity).

13¢c NMR (CDCly) 68.55, 69.85, 70.37, 70.68, 70.75 and 70.85 ppm ('secondary'
CH, C atoms in the crown ring), 102.47, 107.14 and 117.39 ppm (tertiary', CH, C
atoms in the aromatic ring) and finally 141.51, 141.78 and 150.39 ppm ('quaternary’ C

atoms in the aromatic ring)

Elemental analysis: C H N O
Found (%): 60.94 7.46 4.85 28.04
Calculated (%): 59.35 7.47 4.94 28.21

2.3.3 The Preparation of 4-acryloylaminobenzo-15-crown-5

4-Aminobenzo-15-crown-5 (1.0 g, 3.5 mmol) was placed in a 3 neck round bottomed
flask, equipped with two dropping funnels and a condenser. The amine was then
dissolved in dry tetrahydrofuran, THF, (50 cm3, dried over sodium wire and distilled
from LiAlH4). Dry triethylamine (0.3 cm3, 2.2 mmol, dried over KOH pellets) was
dissolved in dry THF (20cm?) and was added to the flask via a dropping funnel.
Nitrogen gas was then blown over the top of the mixture via the condenser. Acryloyl
chloride (0.29 cm3, 3.5 mmol) was dissolved in dry THF (20cm3). This mixture was
added slowly via the second dropping funnel over a period of approximately 15 minutes
and the resulting mixture was stirred at room temperature overnight. The reaction mixture
was centrifuged to remove the triethylamine hydrochloride. This precipitate was washed
twice with THF, (2x10 cm3). The combined organic phases were evaporated to give a

pale brown solid. This material was used without further purification.
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Yield: 0.92g (78%); m.p. 127-1300C

IR: 3273 cm-1 (NH stretch for a primary amine), 2936 cm-1 and 2861 cm™! (alkane -CH
stretch), 1658 cm- 1 (carbonyl from amide C=0), 1631 cm-1 (C=C stretch), 1607 cm-1
and 1515 cm-1 (aromatic C=C stretch) and 1135 cm-1 (C-0O stretch).

1H NMR (CDCl3) 6 0 (impurity), & 1.3 and 2.1 (impurities), 8 3.(0 9 impurity or NH
proton), & 3.7 (impurity in CDCl3) & 3.8 and 4.0 (multiplets, CH; protons in crown
ring), 8 5.6 (d,d vinylic CH proton), & 6.3 (multiplet, vinylic CH5 protons), d 6.7 and
6.9 (d, coupled aromatic CH protons), 6 7.2 (impurity), 8 (s, aromatic CH proton) and
finally 6 7.9 (impurity or NH proton)

13C NMR (CDClg) 2.55 ppm (Si impurity), 34.77 ppm (impurity), 57.56, 58.27, 58.43,
58.51, 59.24, 59.39, 59.77, and 59.86 ppm (‘secondary’ CH,, C atoms in the crown
ring), 98.84, 101.33, 103.56 and 120.21 ppm (‘tertiary' CH, aromatic and vinylic C
atoms), 116.17 ppm (‘secondary' CH», vinylic C atom), 121.14, 134.62 and 138.11

ppm (‘quaternary’ aromatic C atoms) and finally 152.44 ppm (carbonyl C atom).

Elemental analysis: C H N
Found (%): 60.53 6.82 4.15
Calculated (%): 59.99 6.93 4.14

2.4 The Preparation of 4-acetvlbenzo-15-crown-5

In this Section the synthetic details for the preparation of 4-acetylbenzo-15-crown-5 will
be given. This compound is the first intermediate in the synthesis of 4'-

acryloylacetylbenzo-15-crown-5 which is outlined in Figure 4.2.

Aluminium chloride (0.33g, 2.48 mmol), was added to dichloromethane (5 cm3). This

solution was cooled in an ice-water bath and stirred for thirty minutes. Acetyl chloride

-63-



solution was cooled in an ice-water bath and stirred for thirty minutes. Acetyl chloride
0.14 cm3, 2.0 mmol) in dichloromethane (2.5 cm3) was added slowly and stirred for
fifteen minutes, before a solution of benzo-15-crown-5 (0.5g, 1.86mmol) in
dichloromethane (2.5 cm3) was added. This mixture was then stirred at this temperature
for half an hour and then for twenty four and a half hours at room temperature. A mixture
of ice and concentrated HCI (1g, 0.5 cm3) was added and the resulting mixture stirred for
fifteen minutes. The organic phase was separated from the aqueous phase which was
then washed with dichloromethane (3x25 cm3). The combined organic extracts were then
dried over MgSO4 and evaporated to leave a pale yellow oil which rapidly solidified to

give pale yellow crystals.

Yield: 0.17g, (29%); m.p. 80-810C (Ref!19 m.p. 96-97°C)
IR: 3300 cm-1- 3500 cm-1 (C=0 overtone), 2880 cm-1 and 2960 cm™! (alkane C-H
stretch), 1680 cm™1 (small ill-defined C=O stretch), 1600 cm-! and 1500 cm-1 (aromatic

C=C stretch) and 740 cm-1 (C-H def. for o substituted benzene)

2.5 The Preparation of 4-acryloylmethylbenzo-15-crown-5

This Section is concerned with the synthesis outlined in Figure 4.3.

2.5.1 The Synthesis of 4-formylbenzo-15-crown-5

The synthesis of this compound follows the method reported by Wada ez al 161,

Benzo-15-crown-5 (2.0g, 7.5 mmol), was dissolved in dry THF (10 cm3). The solution
was purged with nitrogen. Hexamethylenetetraamine, hexamine, (2.0g, 5 mmol) in THE
(10 cm3) was added followed by a solution of trifluoroacetic acid, TFA, (32 cm3) in THF

(10 cm3). This mixture was refluxed for 36 hours under a N9 atmosphere. The THF and
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water (150 cm3) for 90 minutes. The aqueous phase was extracted with toluene (3x100
cm?) and the combined organic extracts dried over MgSO4. Evaporation gave a pale
browny orange oil which solidified on standing. This material was extracted with hot n-
heptane (3x100 cm3) using a Soxhlet to leave a very pale yellow oil which solidified on

standing.

Yield: 0.51g (22%); m.p. 78-80°C (Ref161 m.p 78-800C)
IR: 3508 cm~1 (C=0 overtone or water), 2927 em-! and 2869 cm-1 (alkane -CH stretch),

1784 cm-1 (C=0 stretch), 1595 em-! and 1505 cm~! (aromatic C=C stretch)

2.5.2 The Preparation of 4-hydroxymethylbenzo-15-crown-5

Two methods were used to effect this synthesis.

Method A: Reduction of 4-formylbenzo-15-crown-5 with lithium aluminum hydride.
Lithium aluminium hydride, lithal, (0.04 g, 1 mmol) was added to dry diethyl ether (20
cm3). This mixture was then stirred, whilst a solution of 4-formylbenzo-15-crown-5
(0.2g) in dry diethyl ether (30 cm3) was added slowly over a period of 5 minutes. The
resulting mixture was then refluxed for five hours. The excess lithal was decomposed
with ice-water (20 cm3). The resulting solid was filtered off and the aqueous phase was
then extracted with diethyl ether (3x25 ¢m3). The combined organic extracts were dried
over MgSQOy4 and evaporated to leave a trace amount of a clear oil which crystallised on

standing.

Yield: 0.1g (50%); m.p. 78-80°C (Ref!22, m.p. 80°C).
IR: 3200 cm-! - 3490 cm-1 (OH stretch), 3031 cm™! and 3002 cm-1 (aromatic CH
stretch), 2953 cm-1 and 2916 cm-1 (alkane CH stretch), 1596 cm-1 and 1505 cm-1

(aromatic C = C stretch).
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NMR

IH (CDCl3) & 1.3 (s), 3.9 (t, CHp), 4.1 (t, CHp), 6.8 (d, d, CH).

13¢ (CDCI3) 29.9 ppm (impurity), 68.99 ppm, 69.56 ppm, 70.46 ppm, and 70.99 ppm
('secondary', CHy, C atoms within the crown ring), 114.15 ppm and 121.32 ppm
(‘tertiary’, CH , C atoms in the benzene ring), and finally 149.11 ppm (‘quaternary’, C,

atoms in the benzene ring).

Method B: Reduction with sodium borohydride.

The method followed is based on that outlined by Varma in the literature1 22, 4-
Formylbenzo-15-crown-5 (0.26g, 0.9 mmol), was dissolved in ethanol (10 cm3).
Sodium borohydride (0.4 g, 1.1 mmol) was added and this mixture was then stirred at
room temperature for 24 hours. The reaction mixture was poured onto water (7.5 cm?)
and neutralised with acetic acid (25 %). The resulting solution was extracted with
chloroform, (4x10 cm3) and the combined organic extracts dried over MgSOy4.
Evaporation of the filtered solution gave a very pale pink coloured oil from which pink
crystals were precipitated on addition of petroleum ether 60-80 (10 cm3). The pink
coloured impurity was removed by recrystallisation from a hot, filtered solution of

chloroform and decolourising charcoal.

Yield : 0.11g (42%); m.p. 78-80°C (Ref122 m.p. 80°C)

IR : 3300-3600 cm-! (OH stretch), 2920 cm-1 and 2860 cm-1 (alkane CH stretch), 1730
cm- 1 (C=0 stretch), finally 1595 em-1 and 1505 cm~1 (aromatic C=C stretch).

NMR

1y (CDCl3) & 1.8 (small OH peak), 3.7 (impurity in CDCl3), 3.9 (t, CH2), 4.1 (t,

CH)»), 6.8 (aromatic CH) and 7.2 (impurity).
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13 C The spectrum obtained matched that obtained for the previous product.

2.5.3 The Preparation of 4-acryloylmethylbenzo-15-crown-5

The synthesis of this compound was attempted using the procedure outlined by Varmal22
Acryoyl chloride (0.1 cm3, 1.2 mmol) was dissolved in THF (5 cm3). A solution of 4-
hydroxybenzo-15-crown-5 (0.1 g, 0.34 mmol) and triethylamine (0.7 cm3, 0.48 mmol)
in THF (10 cm3) was added dropwise to the solution containing the acryloyl chloride.
The mixture was then stirred for four hours at room temperature and heated for a further
hour on a water bath. After cooling, the mixture was filtered. The THF was removed
and the residue partitioned between chloroform and water (20 cm3 of each). The aqueous
phase was then extracted with chloroform (2x15 cm3). The organic phases were dried

and evaporated to leave a clear oil which crystalised when petroleum ether was added.
Yield: 0.02 g, (17%) ; m.p. 67-68 °C (Ref!22 m.p. 49-50 °C)
IR: 2910 cm-! and 2840 em] (alkane CH stretch), 1730 cm1 (C =0 stretch), 1590 cm-l

and 1490 cm-! (aromatic C = C stretch).

2.6 The Synthesis of 4.4'-diacyloylaminodibenzo-18-crown-6

This Section deals with the synthesis of the functionalised crown ether, dibenzo-16-

crown-6 illustrated in Figure 4 4.

2.6.1 The Synthesis of 4,4'-dinitrodibenzo-18-crown-6
This compound was synthesised following the procedure outlined by Feigenbaum and

Michell14,

Dibenzo-18-crown-6 (3.0 g, 8.3 mmol) was placed in a round bottomed flask and
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dissolved in chloroform (10 cm3). Glacial acetic acid (90 cm3) was added and then
fuming nitric acid (9 cm3> 98%) was added dropwise over a period of about ten minutes.
The temperature was maintained at room temperature by immersing the flask in a water
bath. This mixture was then stirred at room temperature for 24 hours. The chloroform
layer was reduced and a tan solid precipitated on standing. This was removed by
filtration. The mother liquor was poured onto water (100 cm3) and neutralised with
sodium bicarbonate. This mixture was washed with chloroform (3x100 cm3) and the
combined organic extracts dried over MgSO4. Evaporation of the organic extracts yielded
an orange coloured solid. All solid fractions were then combined and the mixture boiled
in 2-methoxyethanol. The hot solution was filtered to remove the insoluble tan coloured
crystals, the zrans isomer. Evaporation of the 2-methoxyethanol gave the pale yellow cis

derivative.

Yield: 2.63g, (70%)

trans Isomer

Yield: 2.32g; m.p. 237-2450C (Refl14 m.p. 237-2460C)

IR: 3631 cm-! and 3417 cm-! (water from KBr), 3092 cm-1 (aromatic CH stretch), 2953
cm-1 2063 cm-! (alkane CH stretch), 1754 em-! and 1673 cm~1 (impurity), 1591 cm-1
and 1510 cm-1 (aromatic C = C and NO?p)

NMR

g (DMSO) & 2.5 (s, DMSO), 3.3 (d, CHp in the crown ring), 3.9 (d, CH» in the crown
ring), 4.2 (d, CHp in the crown ring), 7.1 (d, CH in the aromatic ring), 7.2 (d, CH in the
aromatic ring), 7.8 (d, d, CH in the aromatic ring).

13C (DMSO) 38.67 ppm-40.34 ppm (DMSO), 67.96 ppm, 68.32 ppm, and 66.46 ppm
(‘secondary', CHp, C atoms in the crown ring), 106.52 ppm, 111.17 ppm, 117.54 ppm

(‘tertiary', CH, C atoms in the benzene ring), 140.54 ppm, 147.63 ppm, and153.71 ppm
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(‘quaternary’, C atoms in the benzene ring)

cis Isomer

Yield: 0.31g; m.p. 220-230 0C (Ref102 m.p. 206-232 ©C)

IR: The IR obtained for this sample is similar to that obtained for the trans isomer.

NMR

1H (CDCl3) 8 0.9, 1.3, 2.1, 2.8, and 2.9 (impurities), 2.7 (d, small peak assigned to
CH> in the crown ring),4.0 (d,d, CHj in the crown ring), 4.2 (d,d, CH7 in the crown
ring), 6.8 (t, t, CH in the aromatic ring)

13C (CDCl3) 68.45 ppm, 68.59 ppm and 68.21 ppm (‘secondary', CH», C atoms in
crown ring), 107.19 ppm, 110.56 ppm and 117.61 ppm (‘tertiary', CH, C atoms in
benzene ring), 141.42 ppm, 148.16 ppm and 153.88 ppm ('quarternary', C atoms in the

benzene ring).

2.6.2 The Preparation of trans 4,4’ diaminodibenzo-18-crown-6

trans-Dinitrodibenzo-18-crown-6 (1.5 g, 0.52 mmol), was placed in a hydrogenation
flask with Pd/C (0.15 g) and DMF (180 cm3). This mixture was then hydrogenated
under pressure. Hydrogenation was terminated once 400 cm3 of H» had been absorbed,
(theoretical volume required 236 cm3). The mixture was filtered and the solvent removed
by distillation. A glassy tar was obtained. This was redissolved water and chloroform
(150 cm3 of each). The aqueous phase was extracted with chloroform (4x100 cm3) then
the combined organic phases were dried over MgSO4 and evaporated to leave a trace

amount of a brown oil from which it was impossible to obtain an IR spectra.

3.7 The Preparation of 4.4' diacrvlovimethvldibenzo-18-crown-6

The preparation of the compounds illustrated in Figure 4.5 are described below.
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2.7.1 The Preparation of 4,4'-diformyldibenzo-18-crown-6

Dibenzo-18-crown-6 (1.0 g, 2.8 mmol), was dissolved in dry THF (15 cm3). A solution
of hexamine (0.79 g, 5.6 mmol) in THF (5 cm3) was then added followed by a solution
of trifluoroacetic acid, TFA (0.5 cm3, 5.6 mmol) in THF (5 cm3)< This reaction mixture
was stirred and heated under a Ny atmosphere for 2 hours. More (35 cm3) solvent was
added since most of the initial solvent had evaporated. This mixture was then heated for a
further 14 hours. The reaction mixture was poured onto water (30 cm3) and the resulting
mixture was stirred for an hour at room temperature. A white precipitate was obtained
which was filtered off. The aqueous phase was extracted with toluene (3x75 cm3) and
the combined extracts were then dried over MgSQ4. Evaporation left a pale yellow solid.
This material was combined with the white precipitate obtained earlier and extracted with

hot n-heptane in Soxhlet extractor. On cooling a white crystalline product was obtained.

Yield: 0.82g, (70%); m.p. 162-164 OC.

IR: 3433 cm-1 (impurity), 3064 cm™! and 3087 cm~! (aromatic CH stretch), 2949 cm1 -
2745 cm-1 (alkane CH stretch), 1736 cm~! (small, ill-defined C = O stretching band),
1597 cm-1 and 1510 cm-! (aromatic C = C stretch).

NMR

1H (CDCI3) & 1.7 (impurity), 4.0 (d,d, CHp), 4.1 (d.d, CH»), 6.8 (t,t, aromatic CH) ,
7.2 (s, aromatic CH).

13¢ (CDCl3) 68.8 ppm and 69.9 ppm ('secondary’, CHp, C atoms in the crown ring),
113.6 ppm and 121.ppm ('tertiary ', CH, C atoms in the aromatic ring) and finally 149.8

ppm (‘quaternary’ C atom in the aromatic ring).

2.7.2 The Preparation of 4,4'-dihydroxymethyldibenzo-18-crown-6

The experimental procedure used to synthesise this compound is outlined in Section
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2.5.1. However, in this case 4,4-diformyldibenzo-18-crown-6 (0.54 g, 1.2 mmol) was
used with sodium borohydride, NaBHy (0.104 g, 2.8 mmol). Themlxturewasreﬂuxed \
for 2 hours after stirring for 24 hours. “Approximately 0.5 g of NaBHy were added and

the mixture refluxed for a further 2 hours. The resulting mixture was then worked up as

outlined in Section 2.4.1. A white crystalline material was obtained.

Yield: 0.44¢g, (88%); m.p. 160-163 OC

IR: 3410 cm-! (OH stretch), 3065 cm-1 (aromatic CH stretch), 2950 cm-1 - 2890 cm-1
(alkane CH stretch), 1740 cm1 (small, ill-defined C = O stretching band), 1600 cm1 and
1510 cm-! (aromatic C = C stretch).

NMR

1H (CDCI3) 8 0.9, 1.3 and 2.0 (impurities), 4.1 (d,d, CH2), 6.8 (t,t, aromatic CH), 7.2
(s, aromatic C).

13¢ (CDCl3) 68.8 ppm and 69.9 ppm (‘'secondary’, CH2 C atoms in the crown ring),
113.6 ppm and 121.ppm (‘tertiary ', CH, C atoms in the aromatic ring) and finally 149.8

ppm (‘quaternary’ C atom in the aromatic ring).

2.7.3.The Preparation of 4,4'-diacryloylmethyldibenzo-18-crown-6.

The experimental method used to synthesise this compound is outlined in Section 2.5.3.
However, 4',4-dihydroxydibenzo-l8-crown—6 (0.3 g, 0.71 mmol) was used in place of
4'-formylbenzo-15-crown-5. This diol was then reacted with acryloyl chloride (0.12

cm3, 1.43 mmol) and triethylamine (0.2 cm3, 0.12 mmol) to obtain the diacryolyl

derivative. A white solid was obtained.

Yield: 0.14g, (77%); m.p. 162-164 °C.

IR: the spectrum matches dibenzo-18-crown-0.
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2.8 The Preparation of Hydrogel Membranes

Hydrogel membranes were prepared by a free radical, bulk polymerisation of the

constituent monomers in a membrane mould which is illustrated in Figure. 2.3.

Figure 2.3 Membrane mould (reproduced form reference 39)

lustration removed for copyright restrictions

Two glass sheets (8x13 cmZ2) were each covered by a Melinex (polyethylene terephthalate)

sheet. This eases the separation of the plates once the polymerisation process is complete

and also provides a smooth, clean surface. The covered plates were then wiped with

acetone and placed together with three polyethylene gaskets (each 0.2 mm thick with a
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rectangular hole 5x9 cm?2) separating the Melinex sheets. A G22 syringe needle was

inserted between the gaskets and the whole mould was held together using bulldog clips.

The monomer mixtures used were based on solutions containing HEMA and a
crosslinking agent, EGDM. These monomers were used in ratios of either 90:10, 95:5 or
99:1 wi/wt HEMA:EGDM. A free radical initiator, azo-bis-isobutyronitrile 0.5 % wt/wt
was added to the HEMA mixture. Other monomers were then added in varying amounts
to this basic mixture (usually in 5 to 20% wt/wt of HEMA comonomer mix). Once a
homogeneous solution had been obtained the solution was outgassed with nitrogen for 10
minutes. The mixture was then slowly injected into the gasket, taking care to ensure that
air bubbles were not introduced to the mould. Once the cavity was almost full the mould
was laid horizontally and the needle was removed, thus allowing the monomer solution to
fill the mould. The mould was then placed in an air oven at 60 OC for 3 days followed by

2/3 hours postcuring at 90 °C.

After postcuring, the mould was removed from the oven and the membrane was carefully
removed from the Melinex sheets and allowed to soak in distilled water. Care was taken
to ensure that this process was completed efficiently whilst the mould was still warm
otherwise the membrane stuck to the Melinex sheets. When this problem arose the
hydrogel was generally released from the Melinex sheets by soaking in distilled water.
All hydrogel membranes were then soaked in distilled water for 3 weeks prior to use (NB

for the first week the soaking water was changed daily).

2.9 Determination of Equilibrium Water Content (EWCQC)

A gravimetric technique has been used to determine the EWC of hydrogel samples. A

cork borer (size 7) was used to cut five discs from a hydrogel sample which had generally
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been hydrated for at least three weeks. However, in the case where the membrane

contained an unbound crown ether, hydration was assumed to be complete after a few
hours. These discs were then placed in distilled water overnight. A disc was transferred
to a piece of filter paper and the surface water was removed from the exposed surface by
running a piece of filter paper over it. This process was repeated for the other surface.
The sample was then weighed and its hydrated weight, Wy, , recorded. Once all the discs
had been weighed they were dehydrated in a microwave oven for 10 minutes. The
dehydrated weight, W, was then obtained for each disc. The equilibrium water content

could then be calculated using Equation 1.1, Section 1.2.1 whereby;

EWC = total weight of water present in the hydrogel x 100 (%)

total weight of hydrated hydrogel

= Wp- Wﬁd x 100 (%)

Wh

Previously, this technique has been used for a statistical analysis of 100 samples of poly
HEMA39. The results indicated that a mean EWC of 37.6 % is obtained with 2,.1=0.42.

Similar errors were obtained in these determinations with Zn_1=0.5.

2.9.1 The Effect of Salt on EWC

The method outlined in Section 2.9 was followed, however, in this case the discs were

initially wiped to remove the surface water and then allowed to equilibrate overnight in the

salt solution prior to the determination of EWC.

2.9.2 The Measurement of Partition Coefficients

The partition coefficient, Sy, is defined in Equation 2.1 and has been determined using
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the methods outlined by Yasuda and coworkers 138 and Hamilton32.

Sm=___concentration of salt in membrane / (mMole/g) 2.1)
concentration of salt in equilibrating solution / (mMole/g)

A disc (size 7 cork borer ) was cut from the hydrated membrane. The surface water was
removed and the disc transferred to 10 cm3 of a 250 mM solution of the test salt. The
sample was then allowed to equilibrate at either room temperature or 37 °C for a few
days. The disc was then removed, the salt solution carefully wiped from the surface and
the weight of the membrane and its thickness were determined. The disc was placed in 10
cm?3 of distilled water and left at 37°C for a few days to allow the salt to leach out. The
concentration of leached salt was then determined conductimetrically. Since the volume of
water added was known, the amount of salt present in the membrane could be calculated,
assuming of course that all the salt is leached from the membrane. Finally, if the amount
of salt present in the membrane was assumed to have no effect on the overall
concentration of the soaking solution then the partition coefficient could be determined

using the equation derived by Yasuda and coworkers (Equation 2.2)

Sm = weight of salt in membrane / volume of membrane (2.2)

weight of salt/ volume of solution

and the equation used by Hamilton (Equation 2.3)

Sm = moles of salt in the membrane / weight of membrane (2.3)

moles of salt /g of equilibrating solution

The partition coefficient was determined using three discs from each sample in each of salt

solutions and the average value was then taken as the partition coefficient.
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2.9.3 The Leaching of Membrane Components.

When a hydrogel is hydrated components are leached from the membrane. These include
not only unreacted monomers and crosslinker, but perhaps more significantly in this study
'unbound' components such as crown ethers. Hence, it is important to study the leaching

properties of these membranes. This property has been studied in this work by

determining weight loss during leaching.

Membranes were prepared as outlined in Section 2.8, however, in these studies smaller
gaskets (1cm by 4cm) were used and an aliquot (5% wt/wt) of B-15-C-5 was added to the
basic mixture, HEMA:EGDM (90:10) before polymerisation. The leaching profile was

then obtained by determining the dry weight of the sample after specific leaching times.

2.10 Measurement of Surface Properties

This Section deals with the experimental techniques used to measure contact angles. The
theory used to determine the surface energies from contact angles, however, will be dealt

with in Chapter 7.

The surface energies of the hydrogels studied were determined in the dehydrated state
using the conventional sessile drop technique. Before any measurements were made the
polymer surface was cleaned. The sample was first washed with a Teepol detergent
solution, rinsed with distilled water and allowed to soak thoroughly in distilled water.
The hydrogel samples were then dehydrated in a microwave oven for ten minutes and left
in a desiccator overnight. The contact angles with both distilled water and methylene

iodide were measured directly using a Rame-Hart contact angle Goniometer (model 100-

00). A minimum of four measurements were made and the average value determined.
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The experimental error on this data was of the order of + 2°. The surface energy was

then calculated using Macintosh Works™ which had been'progranr‘xmed with the Owens

and Wendt equation.

2.11 Permeability Studies

The permeability cell used in these studies is designed so that the membrane is held
vertically. This is important since it reduces the hydrostatic head and bubble formation.
The surface layer is constantly stirred by means of magnetic couples linked to an external
mechanical stirrer motor. This is particularly important since it reduces the stagnant layer

formation at the membrane surface.

2.11.1 Design and Set-Up of the Ion Permeability Apparatus

The original permeability cell used was obtained from D.C Sammon of AERE Harwell.
Later, copies were made to this design specification so that simultaneous permeability
studies could be made. The cell is illustrated in Figure 2.4 and the system is represented
schematically in Figure 2.5. The cell used was cylindrical in shape (9 cm diameter, 14 cm
long) and was constructed mainly from Perspex. Inside the cell there were two chambers
approximately 6 cm in length and 4 cm, in diameter, which were separated by a membrane
gasket. The test membrane was held in place by 2 silicone rubber gaskets (9 cm outer
diameter, 4 cm inner diameter). The whole cylinder was then held in place by six bolts. It
should be noted that the pressure applied by these bolts was critical. If the bolts were too
loose then leakage between chambers occurred, whereas 1f they were too tight the

membrane could be damaged. Each chamber had an inlet and outlet ports to allow the

continuous circulation of fluid.
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Figure 2.4 Diagramatic representation of the permeability cell

(Reproduced from reference 39)







These ports were diametrically opposed to ease the removal of air bubbles. A standard
salt solution was passed through the chamber on the right hand side. Initially, distilled
water is passed through the left hand side. The solutions on each side of the membrane
were continually stirred by paddles positioned close to the membrane surfaces. The
paddles were driven, via a magnetic coupling system, by an external stirrer motor. The
cell once assembled was immersed in a thermostated water bath set at 37°C. This bath

had been specially designed to allow the stirring system to function properly.

Each chamber was connected to a specially adapted separating funnel (250 cm3). These
funnels acted as a reservoir, once the tap had been opened, through which the system
could be filled. Once the taps were closed solution simply flowed through the "T" piece.
The separating funnels were linked to the bottom ports of the channels via two sampling
tubes. Samples could be taken from these tubes by inserting a syringe needle through the
suba-seal at the top. However, in the course of this study when the permeation of single
ions was studied, the conductivity of the solution at the low side (i.e. the chamber on left
hand) was monitored. This was achieved by placing a conductivity flow-through cell
(K=1), in between the top port of the chamber on the left hand side. The conductivity

was then displayed on an olpha 800 conductivity meter (range 200 ps cm-1).

The closed fluid loops of each chamber were continually circulated by a peristaltic pump

with a flow rate of (30 cm3min“1). The stirring rate was approximately 150 rev min - 1

2.11.2 Operation of the Ion Permeability Apparatus
The permeability cell was sealed and placed in a thermostated water bath (37 0C)
overnight. A 5 cm diameter disc was cut from the membrane and was allowed to

equilibrate in the distilled water at 37 OC overnight. The disc was then sandwiched
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between the silicone rubber gaskets. The cell was assembled and immersed in the water

bath as quickly as possible, to minimise cooling. Each chamber was then filled from the
respective reservoirs, the right hand side containing the standard ion solution and the left
hand side initially distilled water. The peristaltic pump was switched on and the sample
tubes carefully filled. The hydrostatic pressure in each chamber was controlled by
pinching the tubes connecting the outlet ports at the top of the cell to the reservoir. Great
care was taken at this stage since the membrane easily bursts under an unequal pressure.
The stop clock was started as soon as the cell was half full. Once the cell was virtually
full the bubbles were eliminated from the chambers by tilting the cell, gently. The final
adjustments to the hydrostatic pressure were made by alternating the height of the sample
tubes. Finally, the stirrer motors were switched on. A speed setting in the order of 150

rpm was used.

For the first few hours the hydrostatic pressure was observed and adjustments made as
necessary. Conductivity readings were made at least every fifteen for the first hour or so
and care was taken to ensure that there were no air bubbles in the flow through cell when
the reading was recorded since this would invalidate the reading. Once the system had

become stable readings were taken every half hour or so over a period of 6-10 hours.

2.11.3 Errors Associated with the Measurement of Permeability
Coefficients

The effects of experimental parameters upon permeation rates have been investigated so

that any effects can be eliminated from these studies. Previous permeability studies on

similar systems have indicated that the stirring rate at the membrane is not critical at 30

Tpm or abovel02. Subsequent studies have illustrated that in particular it is essential to

stir the membrane at the side with the highest ion concentration to remove any surface
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layer effects 163,164 spydies using this system have illustrated that there is a decrease of
3% for the final permeability coefficient if the membrane is stirred at the high side only
and a decrease of 10% if the low side or neither side is stirred 130, Similarly changes in
the flow rate between 30 and 90 ml/min do not appear to be a critical factor!30. The
errors which arise from the swelling and deswelling effects of hydrogels in salt solutions
were eliminated by measurement of the individual thickness at the end of each

permeability run.

The reproducibility of the experimental data was also considered. The effects that
dismantling, cleaning and reassembling the apparatus used in these studies have on the
permeability coefficient was studied3®. The permeability of KCI through poly HEMA
under identical experimental conditions gave values for the permeability coefficient with a
reproducibility of 2.5%39. Similarly, if a different sample membrane was used the
experimental errors were again of the order of 2-3% . Finally, the reproducibility of the
data over time and between workers was considered. The permeation of KCI through a
crosslinked HEMA membrane of composition HEMA:EGDM (90:10) was studied. A
value of 2.4 x10-8cm2s71 has been reported previously39 and a value of 2.3x10"8cm?2s"1
was obtained in this study. This corresponds to a difference of 4% and reflects the long

term reproducibility of the permeability data obtained using this apparatus.

2.12 Measurement of Mechanical Properties

The mechanical properties of the hydrogels in tension were investigated using a
Hounsfield HTi tensometer interfaced to an IBM 555X computer. Dumbbell shaped
specimens of gage length 8mm and width 3.3mm were cut from the hydrated sample
under test. These test specimens were then equilibrated in distilled water to ensure

complete hydration prior to testing. The mechanical testing of hydrated specimens of this
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type presents problems which have been discussed in detail elsewherel63. However,

these problems have been overcome and a standard test method was developed which
involves the use of a fine spray to ensure complete hydration during the test. The samples
were tested to break at an extension rate of 20mm/min and the reported values of tensile

strength, initial modulus and elongation to break were calculated from the average of a

minimum of six tests.
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CHAPTER 3

Transport Properties of Unmodified and Crown
Modified Hydrogel Membranes
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3.1 Introduction

Crown ethers are a unique class of polyether which can selectively bind to iéﬁs,
particularly alkali and alkaline earth metal cations. The concept of occluding ionophores
within a polymer matrix has been exploited for many years in the design of permselective
membranes for chemical sensor applications!06,167 However, whilst the concept of the
physical immobilisation of species within a hydrogel matrix is well known, there have
been few attempts to study hydrogel systems which contain occluded crown ethers. As
hydrogels contain imbibed water, through which aqueous species are transported, it is
interesting to consider the effects of the inclusion of an ionophoric crown ether on the

transport properties of these materials.

Previous studies within the Speciality Materials Group at Aston have investigated the
possibility of preparing a range of hydrogel membranes in which crown ethers have been
dispersed within the polymer matrix3?. These studies have illustrated that a lipophilic
crown ether, dicyclohexano-18-crown-6, DCH-18-C-6, could be dispersed within a poly
HEMA membrane containing 10% ethylene glycol dimethacrylate ( EGDM) crosslinker by
weight, to produce a homogeneous membrane. In addition, these studies illustrated that
ionophore loss whilst the polymer hydrates 1s insignificant within the duration of the
permeability experiments39_ A 5% (wt/wt) loading of this crown ether was used in the
initial transport studies since the addition of this crown ether at this loading has a
negligible effect on EWC (values of 24.3% and 24.6% at 379C for the unmodified and
modified systems were reported39). Hence, direct comparisons could be made between
the transport properties of both modified and unmodified membranes. A preliminary
investigation of the transport properties of this membrane indicated that the crown has a

significant effect on the transport of KCI. Initially, induction periods or 'lag-times' were



observed, where relatively little ion permeation occurred, which were followed by steady

state diffusion in which ion permeation was significantly lower than for an unmodified

membrane.

As the transport properties of the unmodified membrane HEMA:EGDM (90:10) had not
been studied previously, the initial studies described in this Chapter consider the effects of
both cation and anion variation on ion transport through this membrane. In addition, the
reproducibility of the earlier studies of the cation transport through a DCH-18-C-6
modified membrane was examined and this study has been extended to look at the effect

anion variation has on ion permeation through crown modified membranes.

3.2 Ion Permeation Studies Through a Crosslinked HEMA Membrane

This section will deal with the results obtained from the permeability studies on the

unmodified membrane system.

3.2.1 Effect of Cation Variation on the Transport of Chloride Salts

The effect of cation variation on ion permeability through a poly HEMA membrane with
10% crosslinker, EGDM, referred to as HEMA:EGDM (90:10) was investigated using a
range of chloride salts of the group I and II metal cations, namely Nat, Li*, KT, Ca2+,
Mg2+ and Ba2*. The chloride salts were chosen for historical reasons. The initial
studies of transport phenomena in hydrogels arose from attempts to design reverse
osmosis membranes for desalination purposes138 and hence the chloride salts were of
particular interest. The primary ion transport data obtained from these studies is illustrated
in Figures 3.1 and 3.2. The gradients of these graphs were used to calculate the

permeability coefficients by substituting the appropriate values into Equation 1.10

(Section 1.6.1).
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The data obtained for the transport of group II metal cations (Figure 3.2) illustrates that

initially there is a period where a relatively rapid increase in ion concentration is observed
before ion permeability reaches a steady state. Since this may be attributed to the system

attaining equilibrium the permeability coefficients were calculated from the gradient once

this steady state has been reached.

The values obtained for the calculated permeability coefficients for group I and II metal
cation variation are given in Table 3.1. These results illustrate that in all cases ion
permeation is significantly lower for group 11 metal cations than for group I metal cations

and that cation transport through these membranes decreases in the order :

Nat > K+ > Li+ >> Ba2+ > Ca2+ > Mg2+

Table 3.1 Permeability coefficients for cation transport across
HEMA:EGDM (90:10)

Salt (0.25M) Px108 (cm2s1)
KCl 2.3
NaCl 2.7
LiCl 1.6
CaCly 0.14
MgCly 0.08
BaCl, 0.19

In addition, both the calculated permeability coefficients and Figure 3.2 illustrate that the
concentration of group II metal cations which permeate across the membrane over a period
of & hours is extremely small. This implies that the transport of these ions 1s effectively
blocked by this membrane system. This result might have been predicted since previous

studies on HEMA:MMA (methyl methacrylate) copolymers illustrate that as the MMA
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content 1s increased and EWC is reduced, 'cut-off' points in ion transport are

observed39:40. The valye predicted from these studies for the CaCl, cut-off point occurs
when the EWC at 370C is approximately 27% . Since the EWC of HEMA:EGDM
(90:10) is 24.3% at 37°C39, CaCl, permeation would, in fact, be expected to be
minimal. Additionally, studies of the transport properties of poly HEMA based MMA and
styrene c:opolymers39 have illustrated that ion transport decreases in the order:
K+>Nat>Li*>>Ca2*. This behaviour has been related to the size of the cation
permeating across the membrane. Although the crystallographic radii of these ions
increases with an increase in atomic number, both the Stokes and Nightingale hydrated
radii can be used to account for this trend. Table 3.2 gives the values for inoic radii

quoted by Nightingalelég.

Table 3.2 Ionic radii of group I and II metal cations
(reproduced from reference 168)

Ion Crystallographic ~ Stokes' Hydrodynamic ~ Nightingale's Hydrodynamic

Radii/ A Radii /A Radii/ A
Lit 0.60 2.38 3.82
Na+ 0.95 1.84 3.58
K+ 1.33 1.25 3.31
Mg2t 0.65 3.47 4.28
CaZt 0.99 3.10 4.12
BaZt 1.13 2.90 4.04

Thus, if the permeability coefficients are compared with the values quoted in Table 3.2 for
the hydrodynamic radii of these cations, the rate of ion permeability through
HEMA :EGDM (90:10) appears to be influenced by the hydrated ionic radii of the cation
with the exception of the transport of sodium ions. Initially, as the values obtained for the

permeability coefficients for NaCl and KClI transport were similar it was thought that the
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observed reversal in order might be attributed to the errors associated with the

measurement and determination of the permeability coefficient, P. However, since these
experimental errors are of the order of + 4% (Section 2.11.3) the values quoted in Table
3.1 for group I metal cation transport are reproducible to + 0.1x10-8cm2s-1. Hence, this
reversal in the rate of cation permeation cannot be fully attributed to errors incurred during
the measurement and calculation of the permeability coefficient, P. However, this
copolymer contains a relatively high proportion of crosslinker, EGDM, and it is not
unreasonable to expect the ion transport phenomena to be inherently complex. Previous
studies have illustrated that water structuring effects play a dominant role in ion
transport39’40 for membranes with an EWC of about 25% measured at at 37°C. Thus,
the transport of ions through HEMA:EGDM (90:10) would not be expected to be
governed by diffusional size effects alone. Furthermore, as the proportion of crosslinker
increases there will be an increase in both the number of chain entanglements and the
stiffness of these chains; thus ion permeation might be expected to be further restricted by
chain interference. Such considerations imply that it is perhaps unwise to place to much
emphasis on this reversal in the order of sodium and potassium ion permeation.
However, this study has illustrated that cation permeation through HEMA:EGDM (90:10)
is generally influenced by diffusional size effects and has shown that group Il metal cation

transport is inhibited by this copolymer.

3.2.2 Permeation of a Mixed Salt Solution

The results discussed in the preceding Section refer to data obtained from permeation
studies of single salt solutions. Such results highlighted some of the factors which affect
ion transport and implied that group II ion transport through a membrane of composition
HEMA:EGDM (90:10) is inhibited. In order to test this observation the mixed ion

permeability of 0.25M solutions of KCI and CaCl, was studied. The increase in ion
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concentration with time was monitored using flame ionisation atomic absorption

spectroscopy and the primary ion transport data is illustrated in Figure 3.3.
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Figure 3.3 Primary data for the transport of a mixed salt solution across

HEMA:EGDM (90:10)

These results indicate that although there is a broader degree of scatter in the experimental
data than is observed with conductivity measurements, particularly at the lower ion
concentrations, CaCl, permeation through this membrane is effectively blocked.
Additionally, there appears to be a period of approximately four hours before the
concentration of KCI at the low side increases linearly with time, i.e before a steady state
of permeation is observed. The permeability coefficient was calculated once this steady
state had been reached. A value of 3.1 x 108 cm2s~! was obtained. Since the value for
single ion permeability 1s 2.3 x 10-8 cm2s71, this result suggests that ion permeability in
the steady state with mixed cations is greater than would be predicted on the basis of single

salt studies. These results reflect the complex situation which arises when a mixed salt

solution permeates across a hydrogel membrane. In addition to the factors described in
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Section 3.2.1 the relative solubilities of these salts will also influence salt permeability.

However, this study has demonstrated experimentally that it is possible to inhibit the

transport of calcium ions and highlights the potential of hydrogels for use in a range of

permselective applications.

3.2.3 Effect of Anion Variation on the Transport of Potassium Ions

Studies of the transport of a range of potassium salts through both poly HEMA and
HEMA based MMA and styrene based copolymers have illustrated that anion variation has
a significant effect on ion permeation39’156. In particular, anions which are said to
structure water, for example 8042“, were found to reduce potassium ion permeation,
whereas if the co-anion is SCN™ which acts as a water structure breaker, potassium ion
transport is enhanced. The studies of the effect cation of variation on ion transport
through HEMA:EGDM (90:10) described in Section 3.2.1, have illustrated that ion
transport may be influenced further by chain interference and water structuring effects.
Hence, it is important to study the effects of a high concentration of crosslinking agent
within a hydrogel membrane on the transport of anions. A range of potassium salts were
used to study the effect of anion variation has on ion transport across a HEMA:EGDM
(90:10) membrane (Figure 3.4). The primary ion transport data illustrated in Figure 3.4

was then used the calculate the permeability coefficients given in Table 3.3.
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Figure 3.4
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Table 3.3 Permeability coefficients for the transport of potassium salts

across HEMA:EGDM (90:10)

Px108 (cmzs‘l)

6.4
3.6
2.5
2.3
0.01

These permeability coefficients may be used to arrange these anions in an order which

reflects decreasing ion permeation. This series is g

SCN- > NO3~ > Br™ ~ CI >> S04%°

iven below;

These results follow the same order observed in previous permeability studies where

water structure breaking anions permeate more rapidly than water structure making anions
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such as 8042‘. However, the value of P obtained for the transport of K5SOy illustrate

that in a highly crosslinked hydrogel the sulphate anion effectively inhibits cation

transport.

3.3 Transport Phenomena in Hvdrogels Containing Qccluded Crown

Ethers
Preliminary studies at Aston by Hamilton3? have illustrated that it is possible to occlude a
K selective crown ether, dicyclohexano-18-crown-6, DCH-18-C-6, within a crosslinked
HEMA membrane and that the presence of this crown has an interesting effect on the
transport of cations across the membrane. It was essential, therefore, to test the
reproducibility of these earlier observations and then to extend these studies to describe
the effect of the nature of the anion on the transport properties of the membrane. In
addition, attempts were made to extend the range of crown ethers which can be occluded
in a crosslinked poly HEMA membrane. The results obtained from these studies will be

presented and discussed in this below.

3.3.1 Effect of Cation Variation on the Transport of Chloride Salts
Through a dicyclohexano-18-crown-6 Modified Membrane

In the introduction to this Chapter the occlusion of a potassium selective ionophore
dicyclohexano-18-crown-6, DCH-18-C-6, in a crosslinked HEMA membrane of
composition HEMA:EGDM (90:10) wt/wt was discussed. A 5% wt/wt loading of this
crown ether was used and the transport of 0.25M solutions of NaCl and KCl was studied
so that direct comparisons could be made with previous studies. The EWCs of both the
unmodified and modified membranes were determined at room temperature and values of

26.8 + 0.5 and 26.7 £ 0.5%, respectively, were obtained. The primary ion transport data

is illustrated in Figure 3.5.
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Figure 3.5 Effect of cation variation on ion transport through a

dicyclohexano-18-crown-6 modified membrane

The results obtained from this study exhibit similar trends to those observed in the earlier
study and indicate that the presence of this crown ether has a significant effect on the
transport properties of this material. In both studies linear induction periods where ion
transport is inhibited were observed, these were then followed by a final steady state of
ion permeation. It is interesting to note that this behaviour contrasts with the enhanced ion
transport which occurs with crown ethers dispersed in organic liquid membranes and
reflects the competition between the imbibed water and the crown ether in the ion transport
process. The gradients of the initial, and final slopes, my and my, of the graphs
illustrated in Figure 3.5 have been used to calculate the permeability coefficients P and

P, (Equation 1.10, Section 1.6.1). These values are compared with the values reported

by Hamilton3? in Table 3.4
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Table 3.4 Permeability coefficients Py and P, for cation transport across

a dicyclohexano-18-crown-6 modified membrane

Source of Data 0.25M KC] 0.25M NaCl
Pyx108/  Pyx108/ Pyx108/  Ppyx108/
cm2s-! cm2s-1 cm2s-1 cm2s1

Figure 3.5 0.4 1.4 0.6 1.3

Hamilton 0.3 1.4 1.1 1.7

The duration of the initial induction period has also been determined and these values have
been compared with those previously reported by Hamilton3? (Table 3.5). In general
there is good agreement between the two sets of data given in Tables 3.4 and 3.5. The
discrepancies which do arise however, can be accounted for by considering the

experimental errors.

Table 3.5 Extended 'lag-times' for the transport of cations across a

dicyclohexano-18-crown-6 modified membrane

Source of data 0.25M KClI 0.25M Na(l
[]ag/hrs L]ag/ hrs

Figure 3.5 7.3 1.7

Hamilton 4.5 2.0

Previous analyses of experimental error demonstrated that slight variations in membrane
composition have little effect on the overall transport properties (Section 2.11.3). In
contrast, it is anticipated that since the crown ether plays a dominant role in the ion
transport process slight variations in the crown ether concentration of this system will
affect the overall ion transport process. The crown ether is dispersed within the polymer
matrix and will leach slowly from the membrane whilst the polymer hydrates. Since the

pre-soaking times may vary it is difficult to produce an identical crown ether concentration
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in each permeability experiment. Furthermore, assumin g that the crown ether is dispersed

evenly within the gel, variations in the membrane thickness will also alter the localised
crown concentration. In fact the observed differences in the lag-times of 7.3 and 4.5
hours for KCI transport may, in part, be attributed to the differences in crown
concentration caused by the variations in membrane thicknesses of 0.045 and 0.038 cm
respectively. However, despite these considerations the results obtained in this study
illustrate that the effects the presence of crown ether imparts on ion transport within a

hydrogel membrane are reproducible.

3.3.2 Effect of Anion Variation on the Transport of Potassium
Through dicyclohexano-18-crown-6 Modified Membranes
Variations in the counter anion have a significant effect on cation transport through
unmodified membranes. Thus, it is important to consider the effects of anion variation on
cation transport through crown ether modified membranes. A range of potassium salts
were chosen to study this effect. This was in part due to the fact that potassium salts had
been used in previous studies39>156, but primarily because the crown ether, DCH-18-C-
6, binds selectively to potassium ions. This section, therefore, will discuss the results
obtained in a study of the effect of anion variation on the transport of K* ions through a

membrane, HEMA:EGDM (90:10) containing 5% (wt/wt) DCH-18-C-6.

The primary ion permeability data is shown in Figure 3.6. This figure illustrates quite
clearly that variations in the counter anion will affect the transport properties of this
membrane. In general, there is a 'lag-time' or induction period followed by final steady
state diffusion. However, the most obvious feature illustrated by this graph is the
differences in the lag-times' as the anion is varied. Values for these 'lag-times' or

induction periods were determined by taking the point at which the initial slope intersects
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the slope of the final steady state and these values are presented in Table 3.6.
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Figure 3.6 Effect of anion variation on potassium ion transport across a
dicyclohexano-18-crown-6 modified membrane
Table 3.6  Effect of anion variation on the 'lag-time' for potassium

transport across a dicyclohexano-18-crown-6 modified

membrane
Salt (0.25M) Lag-time / hrs
KSCN 0.9 +0.25
KCl 45+ 1.0
KNO3 531 1.0
KBr 6.0+ 1.0
K7SOy > 24

The errors quoted for these 'lag-times arise since the change in the rate of jon permeation

from the initial to final steady state occurs gradually. When these errors are considered

the values for the 'lag-time' are observed to increase in the order;

SCN" <NOj3™ ~ Br ~ Cl<< S04%"
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The linearity of both the induction period and the final steady state indicates that this
membrane may be regarded as having two permeability rates, one during the induction
period, Py and the second, Py, once a final steady state has been reached. Using the data

illustrated in Figure 3.6 values for Pl and P2 were calculated and these values are

presented in Table 3.7.

Table 3.7 Permeability coefficients Py and P, for the transport of

potassium salts across a dicyclohexano-18-crown-6 modified

membrane
Salt Py x 108/ Py x 108/
sz S_1 sz S'l
KSCN 0.8 6.0
KNO3 0.2 2.0
KBr 0.2 1.6
KCl 0.4 1.4
K»SO4 0.02 _

Previous studies of the effect of cation variation on ion transport through crown modified
membranes (Section 3.3.1) indicated that the experimental error associated with the
determination of permeability coefficients in these systems is higher than for the unmodified
hydrogel copolymer systems. Thus, it 1s difficult to distinguish between the effects that
Cl°, Brrand NO3"~ impart on potassium ion transport through crown ether modified
membranes. However, the results in Table 3.7 show several similarities with those
obtained for the unmodified membrane (Section 3.2.3) in that permeation appears to be

greater when a structure breaking counter anion such as SCN™ is present and that the ion

permeation in both systems is effectively zero with the water structure making anion SO42'.
In addition. if the values quoted for ion permeation in the unmodified membrane are

compared with those obtained for permeation in the final steady state in the modified
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membrane (Table 3.3 and 3.7) it is obvious that ion perme'ation is suppressed in the crown

modified membranes. The values for the effective reduction in permeation in the final state

are given in Table 3.8.

Table 3.8 Effective reduction in the permeability coefficient for the

transport of potassium across a dicyclohexano-18-crown-6

modified membrane

Anion Effective reduction in P (%)
SCN - 6

NO3 - 44

Br- 36

Cl- 38

The values in Table 3.8 reflect the earlier observation and imply that K™ ion transport in
the final state is relatively unaffected by the presence of the crown ether when a highly
soluble counter anion is present. Additionally, there is little distinction between the effect

of CI', Br™ and NO3~ on ion permeation in the final state.

Previously, it has been postulated that the induction period might result from the gradual
filling of ionophore sites3?. A simple calculation may be used to determine the
concentration of salt in the membrane at the 'lag-time' and this may be used to estimate the
ratio of salt to crown ether at this point. The same ratio of 2:5 is observed for CI”, Br~
and NO3y~ taking into account the errors involved 1n this calculation. Since this ratio
implies that each cation interacts with two crown ether molecules, this result suggests that
the initial 'lag-time' might arise from partioning between the crown ether and the metal
cations and that after the initial induction period cations participate in a site-hopping

mechanism.
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3.3.3 Occlusion of Other Crown Ethers in Hydrogel Membranes

The studies described in the precedin g Sections illustrated that the presence of an occluded
crown ether will influence the transport properties and in particular will inhibit the
transport of the ion to which it selectively chelates. Thus, attempts were made to occlude
two further crown ethers within a hydrogel membrane of composition HEMA:EGDM
(90:10). This copolymer composition was used to facilitate comparisons with previous
studies. The crown ethers benzo-15-crown-5 and dibenzo-18-crown-6 were chosen since
these crowns were both available and are relatively inexpensive. However, dibenzo-18-
crown-6 is insoluble in both monomers and hence could not be evenly dispersed within
the hydrogel membrane. Attempts to occlude benzo-15-crown-5, a sodium selective
crown ether, proved more successful and clear, homogeneous membranes were prepared.
A loading of 5% by weight of this crown was used so that comparisons could be made

with the work described in the preceding section.

Membranes were prepared and allowed to hydrate overnight before being used. The
permeation of 0.25 M NaCl through this membrane was studied. The primary ion
transport data is illustrated in Figure 3.7. This data appears to indicate that with this
membrane system the 'lag-time' or induction period is no longer present. The
permeability coefficient has been calculated and a value of 2.8x10°8 cm?s™! was obtained.

Since a value of 2.7x1078 cm2s™! was obtained for the unmodified system this result

indicates that the majority of the ionophore might have leached from the membrane during

hydration.
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Figure 3.7 Transport of sodium chloride across a benzo-15-crown-5

modified membrane

In order to confirm this theory attempts were made to determine the rate of loss of crown
ether from the membrane. At first, since neither of the unreacted monomers absorb at the
same wavelength as the crown ether, efforts were made to monitor the loss of crown ether
using UV spectroscopy. Unfortunately, this method proved to be inaccurate as the
concentration of crown ether determined was dependent upon whether the sample of
leaching water was removed from the bulk of the solution or from nearer the membrane
surface. These results implied that the crown ether leaches from the membrane fairly
quickly but tends to remain close to the polymer surface and does not diffuse into the bulk
of the solution. A weight loss study as described in Section 2.9.3 was therefore used.
The average weight loss from two samples was determined for both the modified and
unmodified membranes and these values are illustrated in Figure 3.8. Although, there is
an error of approximately +1% in these results it would appear that the average weight

loss from the unmodified membrane is lower from the membrane containing the crown
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ether. In addition, these results indicate that after three hours soaking the majority: of the

crown ether, benzo-15-crown-5, has leached from the membrane. It is, therefore,
reasonable to conclude that the primary transport data illustrated in Figure 3.7 is in fact
that of the unmodified membrane since the ionophore would have leached from the

membrane during the overnight soak.

1 B unmodified
modified

Weight loss (%)
N

Time (hrs)

Figure 3.8 Average weight loss from unmodified and benzo-15-crown-35

modified membranes

3.4 Conclusions
The transport properties of the unmodified membrane HEMA:EGDM (90:10) have been

reported and discussed in this Chapter. The results indicated group I and II metal cation

transport through this membrane generally decreased as the hydrated ionic radii of the

cation increased and that any deviations which arise are attributable to the presence of a

high proportion of crosslinking agent. Additionally, the results illustrated that group II
cation permeation through this membrane is significantly lower than that of group I metal

cations. The mixed cation permeation study confirmed that for the transport of a mixed
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solution of 0.25 M KCl and 0.25M CaCly, the permeation of Ca2* ions was effectively
blocked or screened by this membrane. These studies have highlighted the potential of

hydrogel copolymers for use in the design of permselective membranes for group I metal

cations.

The transport studies of the DCH-18-C-6 modified membrane, have illustrated that the
presence of an ionophore will affect the transport properties of the material. However,
this study suggests that the transport properties of this system might be more susceptible
to slight variations in membrane composition than the unmodified system. The effect of
the counter anion variation on the rate of K ion transport was also studied. The results
indicated that the induction period or 'lag-time' might be caused by an ionophore filling
mechanism and that once approximately half the sites are occupied ions may be

transported via a site-hopping mechanism.

Finally, this study has also illustrated the range of crown ethers which may be occluded
within these membranes is limited by ionophore loss during hydration. Thus, in order to

extend this study it is important to consider the physical immobilisation of these species

within a hydrogel matrix.
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CHAPTER 4

Synthesis and Preliminary Transport Studies of

Monomeric Crown Ethers
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4.1 Introduction

It was shown in the previous Chapter that the inclusion of crown ethers within a hydrogel
matrix will affect the transport properties of the material, but it was apparent that these
systems are limited by ionophore loss during hydration. It was decided, therefore, that

compositions in which the crown ether was physically immobilised within the hydrogel

should be studied.

Initially, two crown ethers, benzo-15-crown-5 and dibenzo-18-crown-6 were chosen.
These crown ethers bind selectively to sodium and potassium ions respectively. Two
factors determined this choice, firstly the relative cheapness and ready availability of these
materials and secondly, these ionophores could be modified easily and attached to a
hydrophilic polymer. Several routes to the synthesis of either acrylate or methacrylate
monomers were considered and potential routes to the acrylate monomer are shown in
Figs 4.1 to 4.5. Once synthesised it was intended that these monomers could be
polymerised with HEMA via a free radical polymerisation. It was hoped that the reactivity
ratios of these monomers might be similar to those of HEMA and EGDM so that a
uniform distribution of the crown ether within the hydrogel matrix would be obtained.
Furthermore, polymers obtained from these benzo-15-crown-5 and dibenzo-18-crown-6
derivatives would give an insight into differences between the properties of pendant and
backbone chelating groups. In the following Sections the results obtained from the

synthetic work and from the studies of the transport properties of these materials will be

considered.

4.2 Svnthesis of Crown Monomers

Several routes were investigated to obtain a suitable derivative which could be

polymerised with HEMA. Of these the route via the nitro derivative of benzo-15-crown-5
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was the most successful and this will be discussed below. The following synthetic route

to 4'acryloylaminobenzo-15-crown-5 was followed (Figure 4.1);

(\ /\ HNO CH CO H
CHCl

[ \)

_°

1) Sn, HCI
or

2) P4/C, H, DMF or EIOH

0 (\
H]
H,C-CHCHN /\ Ac— CHCCI

Et, N, THF

v

Figure 4.1 The synthesis of 4-acryloylaminobenzo-15-crown-5

The first stage in this reaction involves the aromatic nitration of benzo-15-crown-5.

Although the IR and NMR spectra (Figures 1-3, Appendix 2) and the elemental analysis

indicated that a pure product had been obtained, the melting point and aromatic proton

splitting were initially thought to be anomalous.

Ungaro et al 160 reported a melting point of 84-85 OC for 4-nitrobenzo-15-crown-5,

whereas the product obtained in this reaction had a melting point of 95-96 °C. However,
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it would appear that these workers had obtained an impure sample of this material since
the melting point obtained in these studies is consistent with the value quoted and
observed for a sample of this compound supplied by Aldrich. The 'H NMR contained
two pairs of doublets in the aromatic region when a singlet and a doublet had been
expected. A two dimensional COSY (correlation spectroscopy) NMR was obtained to
resolve this splitting (Figure 4, Appendix 2). This spectrum and some decoupling
experiments illustrated clearly that the product was substituted in the 4 position and that

the splitting could be accounted for by long range coupling via the nitro group.

Tin and hydrochloric acid were initially used for the reduction, but it was apparent that the
reduced product was impure and had been obtained in a low experimental yield. Catalytic
hydrogenation was much more successful and a pure product was obtained using ethanol
as the solvent. Previous workers had suggested that DMF (dimethyl formamide) was a
suitable solvent for this reductionl14. However, in these studies it was found that DMF

was difficult to remove at the end of the reaction and hence contaminates the product.

The final stage in this synthesis involves a nucleophilic substitution to form a vinyl amide.
The first attempts at this reaction produced products of varying purity. Initially, the purity
of the monomer was not considered to be a critical factor, since it was hoped that any
impurities present would leach out of the membrane whilst the polymer hydrated. Hence,
hydrogels were prepared from samples which appeared from IR data to contain some
monomer. However, the major contaminant in all cases was later found to be acrylic acid,
obtained as acryloyl chloride hydrolyses, which will affect the properties of the polymer.

It was necessary, therefore, to obtain the monomer in a pure form, this was achieved by

carrying out the reaction under anhydrous conditions.
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Other routes were investigated in an attempt to obtain other derivatives which could be

copolymerised with HEMA. However, in each case rather surprisingly it was in the initial

stages of the synthesis that problems arose. Some of these problems are discussed

below.

The following synthetic scheme was considered for the synthesis of 4-

acryloylacetylbenzo-15-crown-5 (Figure 4.2);

(\O ) %) (\O
H.CCCl, AICI HyCC
O

3 3
0
CHC13
L [
l\/O k/o
LiAlH4 s Et20
[
CI)H
0
o) ? j
? ’/\ ® L/O
H2C=CHCOC|H 0 H2C= CHC(l
CH3 o) Et_ N, THF

VA

Figure 4.2 The synthesis of 4-acryloylacetylbenzo-15-crown-5

The first stage of this reaction involved the Friedel Crafts acylation of benzo-15-crown-5.

Several attempts were made to prepare 4-acetylbenzo-15-crown-5, however, it was
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apparent from both the spectra and the melting point data that each of the products still

contained a significant amount of the starting material. Since it appeared difficult to obtain
a pure product from this method a reaction scheme which would ultimately lead to the

formation of a more reactive primary alcohol was considered. This scheme is illustrated

in Figure 4.3;

PO
1) TFA, Hexamine, THF ~ HC
2) H,0
j [ )
k/ L/o\/

1) LiAlH, , Et,0
or
2) NaBH, , E©OH

qH ’/\O
H,C O

2

HZC-CH('EO(:H2 /\ / C—CHCCI
EL,N, THF

Figure 4.3 The synthesis of 4-acryloylmethylbenzo-15-crown-5

The formylation of benzo-15-crown-5 was attempted using a method reported by Wada
and coworkersl61. However, the initial attempts produced impure products in low yields

which were contaminated with the starting material, benzo-15-crown-5 (Figure 5,
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Appendix 2). It was found that purer products could be obtained if the reaction time was
extended from 12 to 36 hours and if a greater excess of trifluoroacetic acid, TFA was

used. Attempts were made to synthesis both the hydroxyl and acryloyl derivatives but at

no time was a pure product obtained.

Dibenzo-18-crown-6 was used in attempts to prepare suitable derivatives which could be
polymerised as part of a poly HEMA backbone. Initially, attempts were made to
synthesise 4,4'-diacryloyldiaminobenzo-18-crown-6 using the route outlined below in

Figure 4.4.

r\O/ﬁ HNCHCOOH r\/w
SO LS Gl e

CHCl

oS o

cis and trans isomers

Pd/C, H2,
DMF

o
O O
H,N—
G v ©
H2C= CHCCl, k/o\/l
EI3N, THF
o
C“) 0] 0] o
H2C=CHCHN ‘—@ D——NH&CH: CH2
0] 0]

cis and trans isomers

cis and trans isomers

Figure 4.4 The synthesis of 4,4'-diacryloylaminodibenzo-18-crown-6
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The preparation and separation of the cis and frans isomers of 4,4'-dinitrodibenzo-18-
crown-6 was carried out using the method outlined by Feigenbaum and Michell 14 The
spectral data obtained for the two isomers illustrated that although the rrans isomer had
been obtained in a pure form the cis isomer was contaminated with the startin g material
dibenzo-18-crown-6. The subsequent catalytic reduction of the trans isomer, however,
proved unsuccessful. Although there was insufficient time to investigate this reaction it is
likely that both the yield and purity of the products might be improved if ethanol is used in

place of DMF, as with the reduction of 4-nitrobenzo-15-crown-5.

Or\O/j) 1) TFA, Hexamine, THF r\ /ﬁ
T O =3¢ pei

k/O\JO 2) HzO '\/ \)

cis and trans isomers

NaBH4 , EtOH

o
ot ¢ @i :@ o
H2C=CHCC1, L/ \)

EI3N, THF

[~

H C:CHCOH S -—q :@— CHZOCCH CH
Lo

cis and trans isomers

cis and trans isomers

Figure 4.5 The synthesis of 4,4'-diacryloylmethyldibenzo-18-crown-6
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An alternative route to a divinyl derivative was considered and is illustrated in Figure 4.5.
The initial stage in this reaction scheme involves the bis formylation of dibenzo-18-
crown-6. Several attempts were made to synthesise this derivative, however, although
the IR spectra illustrated the presence of a small carbonyl peak, both the melting points
and NMR data confirmed that the product had not been obtained and that the starting
material had been recovered. Hence, the syntheses of both the bis hydroxy and the bis
formyl derivatives were unsuccessful. It is likely, however, that the yield and purity of
the bis formyl derivative could be improved if the same reaction conditions described for

the synthesis of 4-formyl derivative were followed.

4.3 Summary of Monomer Synthesis

The results discussed in the preceding section illustrate some of the difficulties
encountered during the synthesis of the monomers illustrated in Figures 4.1 to 4.5. After
extensive preliminary investigations efforts were concentrated on the synthesis of 4-
acryloylaminobenzo-15-crown-5. This was in part due to the fact that this synthesis
appeared to be the most facile, but also resulted from the limited finance available for
developing the other syntheses. The results described in the following Section were

obtained from a range of 4-acryloylaminobenzo-15-crown-5 modified hydrophilic

copolymers.

4.4 Hydrogels Containing 4'-acrvlovlamingbenzg-15-crown-5

Initially, membranes were prepared by adding the monomer to a mixture of HEMA and

crosslinker EGDM, 90:10 (wt/wt). This composition was chosen to allow comparisons
with the earlier work on occluded crown systems. Different batches of the monomer were

used to prepare membranes with crown loadings of 2.5 and 5 %. The effect of this

comonomer on the EWC's of the membranes was determined and the results are
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illustrated in Table 4.1.

Table 4.1 The effect of bound crown on the EWC of HEMA:EGDM

(90:10)
Polymer Composition EWC (%)
HEMA:EGDM (90:10) 26.8 £ 0.5
HEMA:EGDM (90:10) + 2.5% 4-acrylolyaminobenzo-15-crown-5 27.4+0.5
HEMA:EGDM (90:10) + 5% 4-acrylolyaminobenzo-15-crown-5 25.4 £ 0.5

Initially, this variation in EWC was explained by a competitive contribution between the
‘chain stiffening' effect and the hydrophilicity of the monomer. However, with hindsight
this effect is most likely attributable to the differences in purity between batches of the
monomer. Higher concentrations of the acrylic acid impurity would enhance EWC.
Thus, it would appear in retrospect that the terpolymer prepared with a 2.5% loading of
the monomer contains a higher concentration of acrylic acid. This was confirmed by the
IR spectrum of this monomer (Figure 6. Appendix 2) where the carbonyl stretch at

1732em-1 is attributable to acrylic acid.

After studying EWC the transport properties of these membranes were examined. The
transport of sodium across the membrane containing a 2.5% loading of the monomer was
studied (Figure 4.6). The results suggest that when a crown 1s immobilised within a
hydrogel matrix the ag-time' or induction period shown by the occluded system is no
longer present. The permeability coefficient was calculated from the primary ion transport
data and a value of 3.87(10'8cm23'1 was obtained. Since the value for the unmodified

membrane is 2,7x10”8cm25'1, it would appear that sodium ion transport across this
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crown modified membrane is enhanced. This result, however, may in part be explained
by the higher water content of this membrane. Since the monomer used to prepare this
membrane was impure this result illustrated that the purity of the crown monomer is a
critical factor. It was, therefore, felt that a pure sample of the monomer had to be obtained

before any further conclusions could be drawn from this study.
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Figure 4.6 Transport of NaCl across HEMA:EGDM (90:10) modified

with 2.5% d4-acryloylaminobenzo-15-crown-5

Further membranes were prepared from a pure sample of the crown monomer. Again the
monomer was added to a mixture of HEMA:EGDM (90:10) to allow comparisons with
earlier studies. Monomer loadings of 1 and 5% (wt/wt) were used. Sufficient crown
monomer had been synthesised to extend this range, however, as the sample proved to be
relatively insoluble in the comonomer mixture the range of compositions available for
study was restricted. The effect the addition of this pure crown monomer to comonomer
mix has on the EWC of the polymer was determined. The results obtained are given in

Table 4.2 and indicate that at these loadings the addition of crown monomer has little
effect on EWC.
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Table 4.2 The effect of 4-acryloylaminobenzo-15-crown-5 on the EWC

of HEMA:EGDM (90:10)

Polymer Composition EWC (%)
HEMA:EGDM (90:10) 26.8 £ 0.5
HEMA:EGDM (90:10) + 1% 4-acryloylaminobenzo-15-crown-5 26.5+0.5
HEMA:EGDM (90:10) + 5% 4-acryloylaminobenzo-15-crown-5 26.0£0.5

The effect of sodium chloride solution on EWC has also been studied and the results are
shown in Table 4.3. It is interesting to note that a 1% loading of crown monomer gives
rise to a slightly greater suppression in EWC in the presence of sodium chloride.
However, when a 5% loading of the pure monomer is added to the comonomer mix, there
is effectively no change in EWC of the resultant membrane in the presence of sodium
chloride. One possible explanation for this result is that at higher loadings the sodium
ions interact preferentially with the crown hence reducing the effective water rejection

observed in other hydrogel systems.

Table 4.3 The effect of 0.25M NaCl on the EWC of HEMA:EGDM

(90:10)
Polymer Composition EWC (%)
HEMA:EGDM (90:10) 253+ 0.5

HEMA:EGDM (90:10) + 1% 4-acryloylaminobenzo-15-crown-5 245+ 0.5
HEMA-EGDM (90:10) + 5% 4-acryloylaminobenzo-15-crown-5 259+0.5

The transport of sodium chloride across a membrane with a 5% loading of the crown

monomer was also studied (Figure 4.7)
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Figure 4.7 Transport of NaCl across HEMA:EGDM (90:10) modified

with 5% d4-acryloylaminobenzo-15-crown-5

Figure 4.7 illustrates that for the transport of 0.25m NaCl across this membrane there
appears to be a short induction or 'lag-time’ period which 1s followed by a steady increase
in sodium ion concentration. The permeability coefficient was calculated once the final

28‘1 was obtained . The value for

steady state had been reached. A value of 1.7 x 10-8cm
sodium chloride transport through the unmodified membrane is 2.7 x 1()'8cm23'1, which
suggests that in the final steady state sodium lon permeation through the modified
membrane is inhibited. The initial lag-time' could arise from the gradual filling up of
ionophore sites, implying that sodium ion transport is inhibited until these sites are
occupied. However, since this lag-time' is less than 1 hour it might simply be
attributable to the system reaching equilibrium. If this site filling hypothesis is correct
then a reduction in the initial concentration of sodium chloride should give rise to an

extended 'lag-time'. The subsequent steady state shows reduced ion permeation when

compared with the unmodified membrane and since this result cannot be accounted for on
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the basis of EWC it suggests that the presence of an immobilised crown ether has a

significant effect on the transport of sodium chloride.

4.4 nclusion

Although several problems were encountered with the synthesis of the monomers a pure
sample of 4-acryloylaminobenzo-15-crown-5 was obtained. The studies to date on the
bound crown systems have produced some interesting results and such systems appear to

show some similarities in their transport properties with the unbound systems discussed

in Chapter 3.

The problems encountered with the synthesis mainly arose from attempting these reactions
on a relatively small scale, which in turn led to the associated problems observed in
purifying these products in sufficient quantities of be use in further reactions. The
preliminary transport studies highlighted some of the problems associated with using
impure monomers in these studies. The initial results for the transport of NaCl across a
hydrogel membrane containing a pure sample of 4-acryloylaminobenzo-15-crown-5,

show that the crown ether significantly inhibits ion transport in the final steady state.
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CHAPTER 5

Characterisation of 2-hydroxyethyl methacrylate

Copolymers Containing Linear Polyethers
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5.1 Introduction

Linear polyethers have been shown to be relatively inert toward biological species!!.
Additionally, diglyme and other poly(ethylene oxides) can form complexes with metal
cations. Thus, it was hoped that the inclusion of monomeric linear polyethers within
vinylic based hydrogel membranes might enhance their biocompatibility and influence
their permselectivity. This Chapter is, therefore, primarily concerned with the use of
linear polyethers in the synthesis of methacrylate based hydrogels. However, since these
are novel hydrogel systems a detailed study of the effects of polyethers on some of the
fundamental properties of vinylic hydrogels is of primary importance and will also be

discussed in this Chapter.

A range of methacrylate based poly(ethylene oxide) monomers was initially chosen which
could be copolymerised with other acrylate or methacrylate monomers, such as HEMA,
via a free radical polymerisation. Their inclusion within a hydrogel matrix should yield
some information about the effect of variations in the structure of the polyether side chain
on the properties of hydrogel polymers. For example, these monomers would not only
illustrate the effect of increasing polyether chain length on the properties of the polymer,
but should also facilitate comparisons between the effects of hydroxyl and methoxy
terminated poly(ethylene oxide) chains on the polymer's properties. Finally,
hexapropoxylated hydroxypropylmethacrylate, HPHPMA, was chosen to illustrate the

effect of the addition of a methyl substituent on the polyether chain on the properties of

these materials.

The monomers used in this study are illustrated overleaf in Figure 5.1.
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polyethylene glycol monomethacrylate 10 moles EO (PEG MA 10 EQ)
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Figure 5.1 Structures of poly(ethylene oxide) monomers used in this

work
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5.2 Assessment of the Puritv of Linear Polyvether Monomers

The monomers illustrated in Figure 5.1 were used as supplied. However, gel permeation
chromatograms, GPC's, were obtained for all of these monomers to provide some
indication of the molecular weight distribution and purity of these monomers. The GPC
traces for these monomers are illustrated in Appendix 3, Figures 1 to 4. The
chromatograms illustrate that the molecular weight distributions are fairly narrow for the
monomethoxy polyethylene glycol methacrylate derivatives of molecular weights 200,
400 and 550 (Figure 1, Appendix 3). However, the trace for the sample of molecular
weight 1000 appears to indicate that lower molecular weight species may be present. The
traces for both HEMA 4,5 EO, PEGMA 10 EO and HPHPMA (Figures 2, 3, and 4
respectively, Appendix 3) are slightly broader than those obtained for the monomethoxy
polyethylene glycol methacrylate monomers which suggests that these polymers contain

material with a broader range of molecular weights.

5.3 Eff f Lin

This section deals with the results obtained from a systematic study of the effects of each
of the monomers illustrated in Figure 5.1 on the EWC of HEMA based hydrogel
membranes. A broad range of hydrogels were prepared which were based on HEMA
containing either 1 or 10 % crosslinking agent, ethylene glycol dimethacrylate (EGDM).
The compositions based on HEMA are referred to as HEMA:EGDM (99:1) and
HEMA :EGDM (90:10) respectively for convenience. In addition, a few hydrogels based

on HEMA :EGDM (95:5) were also studied. The effects of linear polyether monomers on

the EWC of these copolymers will be discussed.

5.3.1 Effect of Polyethers on the EWC HEMA:EGDM (99:1)

A range of copolymers were prepared by adding 5 to 20% by weight, of each of the
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monomers illustrated in Figure 5.1, to HEMA:EGDM (99:1) before copolymerising the

mixture as described previously. The EWC's of these membranes were determined and

the values are given in Table 5.1.

Table 5.1 The effect of polyether content on the EWC of
HEMA:EGDM (99:1)

Membrane Composition EWC (%)
HEMA:EGDM (99:1) 36.9
HEMA:EGDM (99:1) + 5% MPEG 200 MA 37.6
HEMA:EGDM (99:1) + 10% MPEG 200 MA 38.8
HEMA:EGDM (99:1) + 15% MPEG 200 MA 41.1
HEMA:EGDM (99:1) + 20% MPEG 200 MA 43.0
HEMA:EGDM (99:1) + 5% MPEG 400 MA 39.0
HEMA:EGDM (99:1) + 10% MPEG 400 MA 40.6
HEMA:EGDM (99:1) + 15% MPEG 400 MA 42.6
HEMA:EGDM (99:1) + 20% MPEG 400 MA 46.4
HEMA:EGDM (99:1) +5% MPEG 550 MA 40.6
HEMA:EGDM (99:1) +10% MPEG 550 MA 42.7
HEMA:EGDM (99:1) +15% MPEG 550 MA 45.8
HEMA:EGDM (99:1) +20% MPEG 550 MA 48.5
HEMA:EGDM (99:1) +5% MPEG 1000 MA 41.0
HEMA:EGDM (99:1) +10% MPEG 1000 MA 44 .4
HEMA:EGDM (99:1) +15% MPEG 1000 MA 48.5
HEMA:EGDM (99:1) +20% MPEG 1000 MA 49 4
HEMA:EGDM (99:1) +5% HEMA 4,5 EO 37.7
HEMA:EGDM (99:1) +10% HEMA 4,5 EO 39.9
HEMA :EGDM (99:1) +15% HEMA 4,5 EO 40.6
HEMA:EGDM (99:1) +20% HEMA 4,5 EO 41.4
HEMA:EGDM (99:1) + 5% PEGMA 10 EO 38.4
HEMA:EGDM (99:1) + 10% PEGMA 10 EO 39.6
HEMA:EGDM (99:1) + 15% PEGMA 10 EO 41.0
HEMA:EGDM (99:1) + 20% PEGMA 10 EO 42.1
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The results presented in Table 5.1 will be discussed in terms of the effect of both
polyether chain length and polyether content on the EWC of these membranes. Finally,
the effect variations in polyether structure impart on the EWCs of these membranes will

also be discussed.

Methoxy polyethylene glycol methacrylates of molecular weights 200, 400, 550 and 1000
were chosen to illustrate the effect of increasing polyether chain length on the EWC of a
series of terpolymers based on HEMA:EGDM (99:1). These monomers are referred to by
the acronyms MPEG 200 MA, MPEG 400 MA, MPEG 550 MA and MPEG 1000 MA for
convenience and contain 4 t0 5, 9 to 10, 12 to 13 and 22 to 23 repeating CH,CH, O units
respectively. The EWCs of copolymers have been presented in Table 5.1 but are plotted

in Figure 5.2 to illustrate this effect more clearly.
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Comonomer

Figure 5.2 Effect of polyether chain length on the EWC of

HEMA:EGDM (99:1)
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Figure 5.2 illustrates that the HEMA terpolymers containing poly(ethylene oxide) have a
higher EWC than the unmodified polymer HEMA:EGDM (99:1) and that this effect is
more pronounced as the poly(ethylene oxide) chain length increases. This result might
have been predicted since the CHyCH,O repeat unit is hydrophilic and can interact with
water to form a range of hydratesl()’41’46’52’55. Hence, increases in the number of
polyether repeat units would be expected to enhance both the water bindin g and the EWC

of these membranes.

The results in Table 5.1 also indicate that in all cases increasing the concentration of each
poly(ethylene oxide) comonomer enhances the EWC of the membrane. Again such
results are not unexpected since increasing the number of polyether groups within the gel
would result in an increase in both the number of sites which can interact with water and

the EWC of the membrane.

The monomers methoxy polyethylene glycol 200 methacrylate, MPEG 200 MA and
ethoxylated hydroxyethyl methacrylate (HEMA 4,5 EO) are structurally similar since they
both contain the same number of CH2CHZO repeat units. However, in the former case
the polyether chain is terminated by a methoxy group whilst in the latter, it is terminated
by a hydroxyl group. Similarly, the methoxy terminated methoxy polyethylene glycol
400 methacrylate (MPEG 400 MA) contains the same number of repeating CH,CH,O
units as the hydroxy terminated polyethylene glycol methacrylate (PEGMA 10 EO).
Hence, the EWC's of these two sets of copolymers were compared to illustrate the effects
hydroxy and methoxy terminated polyether chains impart on EWC. The values obtained
for the EWCs of membranes containing these monomers have been given in Table 5.1,

however, these values are plotted in Figures 5.3 and 5.4 so that comparisons may be

made more easily.
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Figure 5.3 Effect of hydroxy vs methoxy end groups on the EWC of

terpolymers with 4,5 repeating ether groups in the polyether

side chain

50
MPEG 400 MA

{ B PEGMA10EO

EWC (%)

S 10 15 20
Polyether Concentration (wt%)

Figure 5.4 Effect of hydroxy vs methoxy end groups on the EWC of

terpolymers with 9,10 repeating ether groups in the polyether

side chain
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When the errors associated with the measurement of EWC(+ 0.5%) are taken into
consideration there is very little difference in the observed EWCs of membranes
containing 4,5 CH,CH»O repeat units especially at lower loadings of the monomers.
However, when 10 CH,CH,O units are present in the polyether side chain, the values
obtained for the EWCs of the methoxy derivatives are higher than those observed for the
hydroxy derivatives. Initially, this result was suprising since it was anticipated that due to
the greater hydrophilicity of the hydroxyl group, membranes containing methoxy
terminated polyether chains might have lower EWC values. One possible explanation for
the observed result is that the hydroxyl group interacts preferentially with the polyether
side chain to form internal hydrogen bonds. Such hydrogen bond formation would result
in the formation of a crown ether type structure for the polyether side chain and would
restrict the water binding of the terminal hydroxyl group. In addition, this effect might be
expected to be more pronounced with the longer ethylene oxide chains since steric factors
would then be more favourable for ring formation. Thus, hydrogen bond formation

would hence give rise to the observed suppressions in EWC.

Hexapropoxylated hydroxypropylmethacrylate (HPHPMA) (Figure 5.1) was obtained in
order to determine the effect of a methyl substituent on the ethylene oxide group on EWC.

The values for the EWC are given in Table 5.2 and these values are plotted in Figure 5.5.

Table 5.2 The effect of increasing HPHPMA content on EWC

Membrane Composition EWC (%)
HEMA:EGDM (99:1) + 5% HPHPMA 37.1
HEMA:EGDM (99:1) + 10% HPHPMA 35.0
HEMA:EGDM (99:1) + 15% HPHPMA 34.2
HEMA:EGDM (99:1) + 20% HPHPMA 33.6
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Figure 5.5 Effect of HPHPMA on the EWC of HEMA:EGDM (99:1)

Figure 5.5 clearly illustrates that increasing the concentration of HPHPMA reduces EWC.
This result is not entirely unexpected since poly hydroxypropyl methacrylate (HPMA) has
an EWC of 21.2% 109 and the introduction of the hydrophobic methyl substituent to the

polyethylene oxide chain might be expected to reduce the EWC of the polymer.

5.3.2 The Effect of Polyether on the EWC of HEMA:EGDM (90:10)

In Chapters 3 and 4, 5% (wt/wt) loadings of the cyclic ethers were either occluded or
copolymerised in a crosslinked HEMA membrane of composition HEMA:EGDM (90:10).
These studies illustrated that the presence of cyclic ethers within a hydrophilic matrix has a
significant effect on the transport properties of the polymer. Thus, a range terpolymers
with a 5% wt/wt loading of poly (ethylene oxide) was initially prepared so that the effects
these linear polyethers impart on the transport properties of the terpolymers could be

studied. The EWCs of these terpolymers were also studied. Terpolymers containing 10
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to 20% (wt/wt) of MPEG 200 MA, MPEG 400 MA and MPEG 1000 MA monomers
were also prepared. Although a smaller range of densely crosslinked copolymers were
synthesised, the compositions were chosen to enable the effect of polyether concentration,

chain length and structure to be studied.

The effect of polyether chain length was studied using a series of membranes of
composition HEMA:EGDM (90:10) with a 5% (wt/wt) loading of MPEG MA monomers.
After hydration for three weeks the EWCs were determined and the values obtained are

listed in Table 5.3 and are plotted on Figure 5.6

Table 5.3 Effect of polyether chain length on the EWC of
HEMA:EGDM (90:10)

Membrane Composition EWC (%)
HEMA:EGDM (90:10) 26.8
HEMA:EGDM (90:10) + 5% MPEG 200 MA 26.7
HEMA:EGDM (90:10) + 5% MPEG 400 MA 27.2
HEMA:EGDM (90:10) + 5% MPEG 550 MA 28.0
HEMA:EGDM (90:10) +5% MPEG 1000 MA 28.5

The results in Table 5.3 indicate that increases in the polyether chain length give rise to the
expected increases in EWC. However, Figure 5.6 illustrates that this effect is less
pronounced than for the HEMA:EGDM (99:1) series. Furthermore, in the HEMA:EGDM
(90:10) series a 5% loading of MPEG 200 MA appears to have no effect on the EWC of
the unmodified membrane and the addition of a 5% loading of MPEG 400 MA causes
only a slight increase in the EWC of the membrane. These results suggest that at this
loading the enhanced water structuring capabilities of the polyether chains make little

contribution to the overall EWC of the terpolymer.
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Figure 5.6 Effect of polyether chain length on the EWC of

HEMA:EGDM (90:10)

Table 5.4 and Figure 5.7 give the values for the EWCs of terpolymers containing higher
concentrations of the methoxy polyethylene glycol methacrylates of molecular weights
200, 400 and 1,000. These results illustrate that the increasing poly(ethylene oxide)
content causes the EWC of the membrane to rise. This is attributable to the higher
concentration of the hydrophilic poly(ethylene oxide) side chains. However, the overall
increases in EWC are generally less pronounced than for the HEMA:EGDM (99:1) series.

This may be attributed to the increased crosslink density which reduces the free-volume

available for water within the polymer network.
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HEMA:EGDM (90:10)

Membrane Composition

HEMA:EGDM (90:10)

HEMA:EGDM (90:10) + 5% MPEG 200 MA

HEMA:EGDM (90:10) + 10% MPEG 200 MA
HEMA:EGDM (90:10) + 15% MPEG 200 MA
HEMA:EGDM (90:10) + 20% MPEG 200 MA

HEMA:EGDM (90:10) + 5% MPEG 400 MA

HEMA:EGDM (90:10) + 10% MPEG 400 MA
HEMA:EGDM (90:10) + 15% MPEG 400 MA
HEMA:EGDM (90:10) + 20% MPEG 400 MA

HEMA:EGDM (90:10) +5% MPEG 1000 MA

HEMA:EGDM (90:10) +10% MPEG 1000 MA
HEMA:EGDM (90:10) +15% MPEG 1000 MA
HEMA:EGDM (90:10) +20% MPEG 1000 MA
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Table 5.4 The Effect Polyethers on the EWC of HEMA:EGDM (90:10)
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26.7
28.0
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The monomers HEMA 4,5 EO and MPEG 200 MA have been used previously to illustrate
the differences between the effects of hydroxyl and methoxy terminated polyether side
chains on EWC. However, in the range of terpolymers containing a higher degree of
crosslinker only the membranes which had been copolymerised with a 5% (wt/wt) loading
of HEMA 4,5 EO were available for comparison with the MPEG 200 MA terpolymers.
Hence, the EWC's of the membranes HEMA:EGDM (90:10) with 5% MPEG 200 MA
and HEMA:EGDM (90:10) with 5% HEMA 4,5 EQO were compared. Values of
26.720.5% and 27.5+0.5% respectively were obtained. Even when the experimental
errors incurred during the measurement of EWC are taken into consideration the
terpolymer containing the hydroxyl terminated polyether side chain has a slightly higher
EWC. This result might have been anticipated since the hydroxyl group is more
hydrophilic than the methoxy group. However, this result contrasts with the previous
studies discussed in Section 5.3.1, which indicated that for terpolymers containing a
lower crosslink density, membranes containing the methoxy terminated poly ethers have
similar or slightly higher EWC's than those containing the hydroxyl terminated
polyethers. This reduction in EWC has previously been attributed to the formation of
internal hydrogen bonds between the terminal hydroxyl groups and the polyether side
chain. Although, a broader range of compositions should be studied before any
conclusions are drawn, this result may be rationalised. Increases in crosslink density will
reduce chain flexibility and the formation of internal hydrogen bonds is sterically less
favourable with a polyether chain length of 4, 5 repeat units. Hence, as the concentration
of crosslinker increases it might be anticipated that due to steric factors the hydroxyl group

will interact preferentially with water molecules, thus giving rise to the observed increase

in the EWC.

The introduction of a methyl substituent to the polyether side chain will produce a more
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hydrophobic monomer and hence the EWC would in turn be expected to fall for
terpolymers containing propylene oxide side chains. However, the addition of 5’%
(wt/wt) HPHPMA to HEMA:EGDM (90:10) produces a terpolymer with the same EWC
as the unmodified copolymer. This result suggests that at this loading the water

structuring is again dominated by the densely crosslinked HEMA membrane.

5.3.3 Effect of Crosslinker Content on EWC

A range of hydrogels was prepared by copolymerising 5% (wt/wt) loadings of the
methoxy polyethylene glycol methacrylate (MPEG MA) monomers of molecular weights
200, 400 and 1000 with a mixtures of HEMA and EGDM in the proportion
HEMA:EGDM (95:5) (wt/wt). The use of this series enabled the effect of increasing
crosslinker concentrations on the EWC of polyether containing terpolymers to be
measured. The results illustrated in Figure 5.8, confirm that EWC decreases as the
concentration of crosslinker increases. Similar results have been obtained with other
hydrogel polymers?’g’169 and have been attributed to a reduction in free volume in the

hydrogel network as the chain length between crosslinks decreases.
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Figure 5.8 Effect of crosslinker concentration on the EWC of polyether

terpolymers
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5.4 Effect of Salt on EWC

Several studies have illustrated that hydrogel membranes can swell or’deswell in salt
solutions39,138,170-172 Hence, a range of group I and Il metal chlorides, LiCl, NaCl,
K(I, CaCl,, BaCl, and MgCl, has been used to study the effect salts have on the EWC
of both an unmodified membrane of composition HEMA:EGDM (90:10) and membranes
modified with 5% wt/wt loadings of methoxy polyethylene glycol methacrylates of
molecular weight 200, 400 and 1000. The EWC's of these membranes, in a range of salt
solutions were determined using the method outlined in Section 2.9.1 and the results are

presented below.

The EWC of a HEMA:EGDM (90:10) copolymer in a range of salt solutions was
determined and the results are presented in Table 5.5 and Figure 5.9. These results
indicate that EWC is suppressed by the addition of metal chloride salts and that this effect
is greatest with group II metal chlorides. In addition, these results illustrate that within the
limits of experimental error, the individual cations within an elemental group exert a

similar effect on EWC.

Table 5.5 The Effect of Salt on the EWC of HEMA:EGDM (90:10)

Solution EWC(%)
Distilled Water 26.8
0.25M NaCl 253
0.25M KCl 26.4
0.25M LiCl 260
0.25M CaCl, 23.0
0.25M BaCl, 23.8
0.25M MgCly 23.9
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Figure 5.9 Effect of salt on the EWC of HEMA:EGDM (90:10)

Several workers have previously observed similar deswelling effects when hydrogels are
transferred from pure water to solutions of the chloride salts of sodium138:170-172 4,4
other metals3?. It has been suggested that this may be attributed to the water structuring
effects of the salt, which may in turn promote enhanced hydrophobic binding within the
hydrogel matrix 170, Furthermore, Hamilton39 reported that a group II metal cation,
Ca2+, exerts a greater water structuring effect than the group I metal cations and that in
the presence of a common anion the water structuring effects of each individual group I
metal cation are subsumed by those of the anion. The results obtained in this study,
therefore, show similar trends to those observed by previous workers; the group II metal
cations suppress EWC to the greatest extent and within each group the cations suppress

EWC to a similar extent.

After studying the effect of salt solutions on HEMA:EGDM (90:10) copolymers a range

crosslinked HEMA membranes of composition HEMA:EGDM (90:10) with 5% wt/wt
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loadings of either MPEG 200 MA, MPEG 400 MA and MPEG 1000 MA were prepared.
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Figure 5.12 Effect of salt on the EWC of MPEG 1000 MA modified

HEMA:EGDM (90:10)

Table 5.6 The effect of salt on the EWC of MPEGMA modified

membranes

Membrane Composition EWC(%)
HzO 250 mM
LiCl NaCl KCl MgCl, CaCl, BaCl,

HEMA:EGDM (90:10)
+ 5% MPEG 200 MA 26.7 25.6 245 25.1 264 264 268

HEMA:EGDM (90:10)
+ 5% MPEG 400 MA 27.2 259 264 264 274 275 27.0

HEMA:EGDM (90:10)
+ 5% MPEG 1000 MA 28.5 267 259 264 28.1 278 27.8

When the results in Table 5.6 are compared with those obtained for the modified
membrane (Table 5.5) it is apparent that in both the unmodified and modified membranes
group I metal cations cause a slight depression in EWC. However, group II metal cations
deviate from the behaviour observed in the unmodified system, no longer causing a

deswelling effect in the modified membranes. Generally, group II metal cations exert a
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greater water structuring effect than group I metal cations and hence the EWC of these
membranes would be expected to be lower in these salts. However, since this is no
longer observed with the modified membranes it is logical to assume that the water
structuring effects of the cation must be reduced. There are two possible explanation for
this result;

1) either the cations are unable to partition in these membranes or
i)  the ions interact preferentially with the poly(ethylene oxide) groups in the polymer

backbone thus, restricting the water structuring effects of the cation.

Previous studies have indicated that the EWC of the HEMA:EGDM (90:10) copolymer is
close to the ‘cut-off' point for group II ion transport39’40, which suggests that these ions
might not partition readily in these membranes. However, suppressions in EWC are
observed for the unmodified membrane which implies that ions will partition within the
imbibed water even though the net ion transport is inhibited. Thus, since ion partitioning
is not restricted by the EWC of the membrane these results suggest that this effect may be

attributed to interactions between the polyether side chains and the cation.

Polyethers

The partition coefficient is a measure of the solutes ability to dissolve in a membrane
matrix and is an important parameter since it also affects the transport properties of the
membrane. In a hydrated polymer it is often assumed that most salts will have a minimal
interaction with the polymer matrix and will be solvated exclusively by the imbibed water.
Hence, the partition coefficient would be expected to be related to the overall EWC of the
polymer. Two methods for calculating the partition coefficients of hydrogels have
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generally been used in the literature. Yasuda et a suggest that the partition
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coefficient, Sm, may be calculated using the following equation;

Sm = weight of salt in membrane / volume of membrane (5.1)

weight of salt / volume of solution

whereas Hamilton er q139-40,156 suggest that the partition coefficient may be calculated

by;

Sm = moles of salt in the membrane / weight of membrane (5.2)

moles of salt /g of equilibrating solution

Due to the broad range of polymer compositions available for study, it was not possible to
determine values for partition coefficients using both of the equations described in the
literature, for all the group I and II metal cations studied in Section 5.4. Hence, one metal
chloride salt from group I and II was chosen from each group so that comparisons could
be made between the values calculated from Equations 5.1 and 5.2. Such salts would
also give some indication of the contributing effects of both univalent and divalent cations
to the partition coefficient, Sm. The partition coefficients in 0.25M solutions of NaCl and
CaCl of a range of polyether modified membranes has been determined using the method
outlined in Section 2.9.2. Terpolymers based on HEMA:EGDM (90:10) with a 5%
loading of each of the monomers illustrated in Figure 5.1 were studied. The effect of
increasing MPEG 200 MA content was also studied using membranes which have been
copolymerised with 10,15 and 20% wt/wt of this monomer. The experimental data has
been used to calculate values for the partition coefficients using both of these equations.
Smy and Smy are used to designate the values calculated from equations 5.1 and 5.2
respectively. The values for three discs were obtained and the average of these values is

given in Table 5.7. The errors associated with these measurements were found to vary,
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however, all measurements produced values ¢ n -1 °f 0.002 or better.

Table 5.7 Partition coefficients, Sm, for 0.25M solutions of NaCl and
CaC12

Membrane Composition SmiNacl SMp cacy 5 Smy Nl Smp CaCl,

HEMA:EGDM (90:10) 0.019 0.008 0.014 0.007

HEMA:EGDM (90:10)
+ 5% MPEG 200 MA 0.028 0.011 0.018 0.009

HEMA:EGDM (90:10)
+ 10% MPEG 200 MA 0.021 — 0.015 —

HEMA:EGDM (90:10)
+ 15% MPEG 200 MA 0.023 — 0.017 —

HEMA:EGDM (90:10)
+20% MPEG 200 MA 0.022 — 0.016 —

HEMA:EGDM (90:10)
+ 5% MPEG 400 MA 0.045 0.010 0.031 0.011

HEMA:EGDM (90:10)
+ 5% MPEG 550 MA 0.033 0.012 0.026 0.009

HEMA:EGDM (90:10)
+ 5% MPEG 1000 MA 0.032 0.012 0.020 0.010

HEMA:EGDM (90:10)
+5% HEMA 4,5 EO 0.026 0.010 0.022 0.009

HEMA:EGDM (90:10)
+ 5% HPHPMA 0.019 0.007 0.014 0.007

The values obtained for Sm; and Smj tabulated in Table 5.7 show that CaCl, partitions
less readily than NaCl. This data also illustrates that whilst the values obtained for Smy
and Smy for the partitioning of CaCl, are fairly similar, the values obtained for Smy N,y
derived from Yasuda's equation (Equation 5.1) are generally slightly higher than those

obtained using Hamiltons method (Equation 5.2). Since the same discs were used to
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determine values of Smj and Smy these discrepancies cannot be attributed to errors
incurred in the measurement of the concentration of leached salt. However, the membrane
volume (Equation 5.1) has been determined by assuming that all the discs have the same
surface area and that deswelling effects due to the salts are negligible. Thus, the higher
values for Smy n\j,1 may be attributed to errors in the determination in the volume of the

membrane.

These values, however, do show similar trends with the values for Smj and Smy being
generally greatest for the MPEG 400 MA modified membrane and lowest for
HEMA:EGDM (90:10) and a HPHPMA modified membrane. This result might have
been anticipated for the partition coefficient in NaCl on the basis of the observed EWC's
in salt solution (Tables 5.5 and 5.6) Although, these EWC's were determined at room
temperature, similar trends would be expected at 37°C and hence, since the EWC in
0.25M NaCl is greatest for the MPEG 400 MA modified membrane, Sm NaCl might also
be expected to be greatest with this membrane. However, careful examination of the data
in Tables 5.5, 5.6 and 5.7 indicates that Sm no longer falls with decreasing EWC. Whilst
there is evidence in the literature to suggest that Sm might be related to the overall EWC of
the polymer138, in general deviations between EWC an Sm are observed at lower EWC's
around the region considered in this study. This point is also illustrated by the results for
the MPEG 200 MA modified membranes, where the partition coefficient Sm initially

increases and then drops to an approximately constant value as EWC in the salt increases

(Table 5.8).

Unfortunately, due to the narrow range of EWC's studied it is difficult to rationalise these
results further and ideally, the effects of a broader range of salt solution on both EWC and

Sm should be studied before any conclusions are drawn.
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Table 5.8 The effect of MPEG 200 MA content on the EWC of modified
HEMA:EGDM (90:10) in 0.25M NaCl at room temperature

Membrane Composition EWC (%)

HEMA:EGDM (90:10)
+ 5% MPEG 200 MA 24.5

HEMA:EGDM (90:10)
+10% MPEG 200 MA 26.2

HEMA:EGDM (90:10)
+ 15% MPEG 200 MA 27.6

HEMA:EGDM (90:10)
+20% MPEG 200 MA 28.1

5.6 Mechanical Properties of Hvdrogels Containing Linear Polvethers

The mechanical properties of a range of poly HEMA based hydrogels were tested on a
Hounsfield tensometer as described in Section 2.12. Typical load-extension curves for
poly HEMA and a polyether modified membrane are illustrated in Figure 5.13. A
computer programme calculated values of tensile strength, T, elongation to break, Ep,
and initial modulus, E;,. As the materials investigated all had similar structures and
covered a fairly narrow range of EWC's from 36.9% to 49.4%, large variations in
mechanical properties would not be expected. The measured values for Tg, E, and Ey
were in the range 0.55 to 0.83 MPa, 0.48 to 0.77 MPa and 112 to 184 % respectively.

However, some differences and trends were apparent and these are discussed below.

The values obtained for the tensile strength, T, indicated that initially Ty increases with
the addition of the polyether and then falls of as the EWC increases. The values for initial
modulus, E,, generally fall as the EWC increases and increasing concentrations of the

more flexible polyether are added.
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Figure 5.13 Typical load / extension curves for (a) HEMA:EGDM (99:1)

and (b) HEMA:EGDM (99:1) + 5% MPEG 1000 MA

This wpuld be expected as the addition of a plasticer should reduce the stiffness of the
polymer. Finally, the elongation to break, Ey, would be expected to increase as the
concentration of plasticising polyether increases. However, whilst increases in Ey are
generally observed with the addition of small amounts of polyether (5 to 10% wt/wt)
when the concentration was increased further to 20% wt/wt the values for Ey decreased.
As it proved difficult to prepare complete membranes by copolymerising these polyethers
with EGDM, it is likely that this tail off in Ey may be attributed to impurities in these
monomers which cause a 'chain-stopping' effect during polymerisation. The méchanical
properties of all the membranes containing polyethers are not, however, markedly

different from those of HEMA:EGDM (99:1).
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5.7 Conclusions

This study has illustrated that increases in both the content and the chain length of poly
(ethylene oxide) monomers in the HEMA:EGDM system, enhances EWC and this effect
may be attributed to the greater hydrophilicity of the linear polyether side chain.
Additionally, the study of the effect of structural variations on EWC has illustrated that the
addition of a hydrophobic methyl substituent to the polyether side chain reduces EWC and
that ‘mobile’ hydroxy terminated linear polyether side chains have lower EWC than values
the methyl terminated derivatives. This latter effect has been attributed to the formation of
internal hydrogen bonds, thus giving rise to a pseudo crown ether type structure for the

polyether side chain.

The studies of the effect of salt on EWC have indicated that whilst the unmodified
membrane exhibits similar trends to those observed in previous studies, in modified
membranes the EWC is unaffected by group II metal cations. This effect is attributable to

interactions between these ions and the polyether side chain.

The data obtained for the partition coefficients illustrates that both literature methods
produce similar values for Sm and that the values obtained using Equation 5.1 may be
slightly higher due to the errors incurred in the determination of the polymer volume.

2+

These results have also indicated that the divalent cation, Ca“™, partitions less readily than

the univalent cation Na*.
Finally, the mechanical properties of polyether modified HEMA:EGDM (99:1)

membranes whilst, being similar to those of HEMA:EGDM (99:1) illustrate that initially

increases in T, E;, and Ey, are observed with the addition of poly (ethylene oxide).
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CHAPTER 6

Transport Studies of Linear Polyether Modified

Hydrogel membranes
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6.1 Introduction

The ability of linear polyethers such as polyethylene glycol and glyme to solvate and
complex with alkali and alkaline earth metal cations has been known for many years.
Generally, values for the stability constants of complexation between linear polyethers and
metal cations are much lower than those observed for their cyclic analogues. For
example, Frensdorff’/7-78 obtained values of 2.0 and 6.1 for the constants of
complexation for potassium ions by pentaglyme and 18-crown-6, respectively. Hence,
the uses of poly(ethylene oxides), PEO's, in chemistry as ionophores are less common
than those of crown ethers. Although this ability to form complexes with metal cations
may be advantageous in the fabrication of permselective membranes, if polyethers
sequester metal cations, particularly group II metal cations, from biological fluids this may
lead to biointolerance. Thus, it is important to study the effects linear polyethers on the

transport properties of their copolymers.

Three methoxy polyethylene glycol methacrylates (MPEG MA) of nominal Mw 200, 400
and 1,000 (MPEG 200 MA, MPEG 400 MA and MPEG 1000 MA) were chosen (Figure
6.1). These monomers were selected so it would be possible to compare how the

transport properties vary with polyether chain length.

7

CH,== | n=4 to 5 MPEG 200 MA
=0 n=9 to 10 MPEG 400 MA
(1) n=22 to 23 MPEG 1000 MA
l
(CH, CH,0),CH3

Figure 6.1 The structure of the MPEG MA's used in this study
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Initially, terpolymers were prepared by copolymersing a 5% (wt/wt) loading of each
monomer illustrated in Figure 6.1 with a mixture HEMA:EGDM (90:10). This
composition was chosen so that direct comparisons could be made with the previous
investigations of cyclic or crown ether systems. The transport of a range of group I and II
metal chlorides across membranes containing these linear polyethers was studied and the
results obtained will be discussed in this Chapter. Additionally, the effect of increasing
the poly (ethylene oxide) concentration on the transport of NaCl has been studied and the

results will be presented and discussed in this Chapter.

6.2 Effect of Linear polvethers on the Transport of Group I Metal

ations Across HEMA:EGDM :10
The permeability of a range of group I metal chlorides, LiCl, NaCl and KCl, across
methoxy polyethylene glycol methacrylate modified crosslinked HEMA copolymers was
studied. The ion permeability studies were all carried out at 37°C using membranes
which had been soaked for at least three weeks prior to use. Initially, the effect of

increasing polyether chain length on ion transport will be discussed.

The primary ion transport data for the permeation of 0.25M solutions of NaCl, KCI and

LiCl across membranes containing 5% (wt/wt) of these linear polyethers is illustrated in

Figures 6.2 to 6.4.
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Figure 6.2 Primary transport data for the permeation of NaCl across
methoxy polyethylene glycol methacrylate modified
HEMA:EGDM (90:10)
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Figure 6.3 Primary transport data for the permeation of KCI across

methoxy polyethylene glycol methacrylate modified

HEMA:EGDM (90:10)
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Figure 6.4 Primary transport data for the permeation of LiCl across
methoxy polyethylene glycol methacrylate modified

HEMA:EGDM (90:10)

In Chapter 5 it was shown that increases in polyether chain length also lead to an increase
in EWC. Other workers have shown that ion transport is enhanced as EWC rises#0,156
thus enhanced ion transport would be expected as the polyether chain length increases.
Figure 6.2 clearly illustrates that this is, in fact, the case for the transport of NaCl, while,
Figures 6.3 and 6.4 show that for KCl and LiCl permeation, increases in EWC do not
lead to the expected increases in ion permeation. However, it is important to take care at
this stage to avoid placing undue emphasis on small variations in both EWC and ion

permeability.

The graphs shown in all of these Figures indicate that in all cases ion permeability
increases linearly with time and hence the gradients of these graphs may be used to

calculate the permeability coefficients. The values obtained along with the values reported
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in Section 3.2.1 for the unmodified crosslinked HEMA copolymer are presented in Table

6.1

Table 6.1 The effect of polyether chain length on the calculated
permeability coefficients, P for the transport of 0.25 M
solutions of NaCl, KCI and LiCl across HEMA:EGDM (90:10)

Membrane P x 108/ cm?Zs7] EWC/ %
composition NaCl KCl LiCl

HEMA:EGDM (90:10) 2.7 2.2 1.6 26.8
HEMA:EGDM (90:10)

+ 5% MPEG 200 MA 1.7 3.2 2.3 26.7
HEMA:EGDM (90:10)

+ 5% MPEG 400 MA 2.0 2.7 2.2 27.2
HEMA:EGDM (90:10)

+ 5% MPEG 1000 MA 3.0 4.2 2.8 28.5

The experimental data presented in Table 6.1 clearly illustrates that the induction periods
observed with systems containing cyclic ethers do not occur in these systems. However,
the presence of a linear polyether can led to a suppression in ion permeability despite
increases in the EWC of the polymer. This is particularly illustrated by the results
obtained for the transport of NaCl. In these studies the permeability coefficients obtained
for the permeation of Nat ions are lower for membranes containing 5% (wt/wt) of both

MPEG 200 MA and MPEG 400 MA, than is observed for unmodified membrane,

HEMA:EGDM (90:10).

Previous studies of transport phenomena in hydrogels have illustrated that ion
permeability is related to the volume fraction of water present within the polymer matrix.

A simple plot of the permeability coefficient, P, against the volume fraction of water, H,

-150-



is therefore shown in Figure 6.5.
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= P for NaCl
- + Pfor KCl
(’\‘m 44 P for LiCl +
E
(3}
00\ *
3 B
S + $
P
o ¢ ®
2 =
1 M T T T ¥
0.26 0.27 0.28 0.29

H

Figure 6.5 Plot of P vs H for the transport of group I metal chlorides

through MPEG MA modified membranes

Figure 6.5 illustrates that the results for NaCl transport are remarkably linear, while dips
in 1on permeability are observed for the transport of KCI and LiCl through MPEG 400
MA modified membranes. Although these dips in ion permeation may be significant it is
important to obtain results from a broader range of copolymers and consider the influence
that other factors such as monomer purity may have on ion transport before any
conclusions are drawn. More detailed relationships have been derived to describe ion
permeability data148’149, however, previous studies on similar systems have indicated
that the free volume of diffusion theory gives the best fit with experimental data39>40.
This theory predicts a linear relationship between the natural logarithm of the permeability

coefficient, P and the inverse of the EWC, expressed as the volume fraction of water

(Equation 3.1).
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LnP e H (3.1)

where P is the permeability constant and

H is the volume fraction of water

This relationship can be used to predict values for P if the EWC of the hydrogel is known.
However, this theory assumes that ion permeation occurs in the aqueous phase only and
does not account for the water structuring effects of either the ions permeating or the
hydrophilic groups within the polymer backbone. Since the bulk of ion permeability data
has previously been obtained from hydrogel membranes containing hydroxyl water
structuring groups, it is important to consider the water structuring effects within these

membranes before any comparisons are made.

There is a great deal of evidence in the literature to suggest that poly (ethylene oxide)
groups will structure water10, with each OCH,CH>, interacting to form numerous
hydrates. Hence, before any conclusions are drawn from this study it is necessary to
examine the experimental data to assess the applicability of the free volume of diffusion
theory. The data in Table 6.1 have been used to calculate LnP against 1/H for the

transport of NaCl, KCl and LiCl and the values are plotted Figure 6.6.

Whilst it is perhaps unwise to place too much emphasis on the information available from
three data points, it would appear from this graph, as in Figure 6.5, that a linear
relationship is only observed for NaCl transport. Again the the results for KCI and LiCl
appear to show a dip which corresponds to the depressed value obtained for the

permeability coefficient for ion transport across the membrane containing 5% (wt/wt) of

MPEG 400 MA.
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Figure 6.6 Plot of LnP vs 1/H for the transport of group I metal

chlorides through MPEG MA modified membranes

Several workers have suggested that ion transport occurs predominantly in the gel's bulk
or freezing water23,145 Hence, this suppression in ion permeation may result from a
reduction in the bulk or freezing water of the polymer due to enhanced water structuring
by the polyether side chains. However, the suppression of ion transport may also be
attributable to the formation of cation:polyether complexes or a combination of both these
factors. If ion transport is hindered by a chelation effect, these results suggest that the
formation of such complexes must occur more rapidly than in the systems containing
cyclic ethers. Hence, the 'lag-times’ exhibited by the cyclic systems are no longer
observed in these studies and the values obtained for the permeability coefficients, P, are
similar to the values obtained for permeation in the final steady state through the systems
containing cyclic ethers (Chapters 3 and 4). In addition, if increased water structuring
within the polymer causes this effect it is reasonable to suggest that the free volume theory

might still account for ion transport. Hence, these results appear to illustrate that whilst
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NaCl transport is apparently reduced by water structuring effects, there are clearly
additional factors which must be considered when rationalising the results for KCI and

LiCl transport.

The overall effect of each linear polyether on the order of ion transport through a modified
HEMA:EGDM (90:10) membrane was investigated. The permeability coefficients given

in Table 6.1 for both the modified and unmodified membranes are illustrated in Figure

6.7.
5
| B P florNaCl
P for KCl
T 47 P for LiCl
o .
E
o
w\
=)
o
¢
A

None MPEG200MA MPEG400MA MPEGI1000MA
Comonomer

Figure 6.7 Effect of composition on the permeability coefficients, P,
for the transport of group I metal cations across modified and

unmodified HEMA:EGDM (90:10)

This diagram shows that for the unmodified membrane ion permeation follows the order;
+ +o1:F

Na™>K">Li .

However, this order is clearly not observed for membranes containing 5% (wt/wt) of

these polyethers. For membranes containing either MPEG 200 MA or MPEG 400 MA
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the rate of ion transport follows the order; K* > Li* > Nat.

Whereas, for a membrane containing MPEG 1000 MA the order of ion permeation is;

K+ >Nat>Lit.

Thus whilst variations in the exact order of ion permeation are observed, in general the
presence of poly (ethylene oxide) side chains has the greatest effect on the transport of
sodium ions. Finally, it is worth noting that the order for ion permeation through MPEG
1000 MA modified membranes, whilst differing from that illustrated by the unmodified
membrane, is the same as the order through poly HEMA and HEMA:MMA

copolymers39.

6.3  Eff P 200 M ium Transport A
HEMA:EGDM (90:10)

It would appear from previous observations that sodium ion transport is suppressed by
copolymerisation with all the methoxy polyethylene glycol methacrylates, but that this
effect is most pronounced with MPEG 200 MA. A range of hydrogels was prepared with
the basic composition HEMA:EGDM (90:10) to which either 10, 15 or 20% (wt/wt) of
the MPEG 200 MA comonomer was added. All membranes were allowed to soak for at
least three weeks prior to use and the transport of 0.25M NaCl at 37°C was studied. The
primary ion transport data is illustrated in Figure 6.8 shows that the concentration of Na*
ions permeating across each terpolymer increases linearly with time. In addition,
enhanced NaCl transport occurs as the concentration of MPEG 200 MA and hence the

EWC of the terpolymer increases. Permeability coefficients have been calculated from

this data and are given in Table 6.2.
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Figure 6.8 Effect of increasing MPEG 200 MA content on the transport

of NaC(Cl

Table 6.2

Effect of increasing MPEG 200 MA content on the

permeability coefficient for the transport of 0.25M NaCl at

379C across HEMA:EGDM (90:10)

Amount of MPEG 200 MA
in the co-monomer mix / %

10
15
20

P x 108/cm25'1

2.7
1.7
2.5
3.1
3.7

EWC (%)

243
26.7
28.0
294
30.1

It is interesting to note that the values for the permeability coefficients presented in Table

6.2 indicate that up to 10% of the MPEG 200 MA may be added to HEMA:EGDM

(90:10) before NaCl permeation exceeds that of the unmodified membrane. The data

given in Table 6.2 has also been used to calculate values for LnP and 1/H. These values
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have been plotted in Figure 6.9. Since a linear relationship is obtained it would appear
that NaCl transport is governed by the volume faction of water present within the polymer
and that the transport properties of this range of polymers can be described by a free

volume of diffusion model.
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Figure 6.9 Plot of Ln P vs 1/H for the transport of NaCl across

MPEG 200 MA modified terpolymers

6.4 Effect of Linear Polvethers on the Transport of Group IT Metal

Cations Across HEMA:EGDM (90:10)

The results from a study of the transport of a range of group II metal cations through the
unmodified membrane, HEMA:EGDM (90:10) indicated that the transport of these metal
cations are effectively screened by the membrane. However, the incorporation of poly
(ethylene oxide) monomers within the backbone of a crosslinked HEMA copolymer
enhances EWC. Additionally, these monomers may form complexes with group I metal
cations. Consequently, the effect of the addition of these monomers to HEMA:EGDM

(90:10) on the transport properties of a range of group II chloride salts was studied.

-157-



The transport of 0.25M solutions of MgCl,, BaCl, and CaCl, across a membrane of
composition HEMA:EGDM (90:10) with 5% (wt/wt) of either MPEG 200 MA, MPEG
400 MA or MPEG 1000 MA was investigated and the results obtained will be discussed
below. As before all membranes were soaked for at least three weeks prior to use and the
transport of these ions was studied at 379C. The results will be discussed in terms of the
effect of polyether chain length (or molecular weight) on the transport properties. In
addition, the effect of poly (ethylene oxide) monomer on the rate of ion transport through

poly ethylene oxide modified terpolymers was also studied.

The primary ion transport data for the permeation of 0.25M solutions of CaCl,, MgCl,,

and BaC12 across these membranes is illustrated in Figures 6.10, 6.11 and 6.12.
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Figure 6.10 Primary transport data for the permeation of CaCl, across
methoxy polyethylene glycol methacrylate modified

HEMA:EGDM (90:10)
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Figure 6.11 Primary transport data for the permeation of MgCl, across
methoxy polyethylene glycol methacrylate modified

HEMA:EGDM (90:10)
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Figure 6.12 Primary transport data for the permeation of BaCl, across
methoxy polyethylene glycol methacrylate modified

HEMA:EGDM (90:10)
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The effect of increasing chain length (or My;,) on the transport of CaCl, is illustrated in
Figure 6.10. The graph shows that Ca* ion permeation through membranes containing
5% (wt/wt) of either MPEG 200 MA or MPEG 400 MA varies linearly with time.
However, for Ca2* ion transport through a membrane containing 5% (wt/wt) MPEG
1000 MA, there is an initial period where ion permeation is low before a slight increase in
the rate of ion transport is observed. Similar induction periods or 'lag-times' have been
observed for ion permeation through hydrogels containing cyclic polyethers, but in the
latter case these changes in the rate of ion permeation are more pronounced. Figures 6.11
and 6.12 illustrate that MgCl, and BaCl, transport is affected in a similar manner. Figure
6.11 shows that for the transport of MgCly induction periods are observed for ion
permeation through MPEG 400 MA and MPEG 1000 MA modified membranes, while for
Ba2* ion permeation, initial induction periods are observed for all of the MPEG MA
modified membranes (Figure 6.12). Since these initial periods illustrate linear variations
in ion concentration with time, this data can be used to calculate the initial and final

permeability coefficients P1 and P5. The values obtained are illustrated in Table 6.3.

In the preceding Sections in this Chapter the permeability data has been used to test
whether the free volume model of diffusion is applicable to ion permeation through
membranes containing these poly (ethylene oxide) monomers. The data given in Table
6.3 for the permeability coefficients once a final steady has been reached and the EWC of
these polymers have been used to calculate values for LnP, and 1/H. Figure 6.13

illustrates the results obtained for the transport of MgCl,, BaCl, and CaCl,.
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Table 6.3 Calculated values of Py and P, for group II metal chloride transport across HEMA:EGDM (90:10)

modified terpolymers

Membrane

Composition

HEMA:EGDM (90:10)
HEMA:EGDM (90:10)
+ 5% MPEG 200 MA

HEMA:EGDM (90:10)
+ 5% MPEG 400 MA

HEMA:EGDM (50:10)
+ 5% MPEG 1000 MA

P1x108/

OHde.H

0.16

0.36

P,x108/
Qde-H

0.19
0.20
0.33

0.67

P1x108/

OHde.H

0.17

0.34

P>x108/

OD.HNmuH

0.08

0.14

0.20

0.54

P1x108/

OHDNmnH

0.32

Pyx108/

OH.DNmuH

0.14

0.14

0.11

0.49

EWC
/%

243

26.7

27.2

28.5
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Figure 6.13 Plot of LnP; vs 1/H for the transport of group II metal

chlorides through MPEG MA modified membranes

Although it is necessary to obtain more data points before any conclusions are drawn, the
graphs for the transport of both Ba2+, Ca2* and Mngr appear to be linear. Such results
would imply that in the final steady state these ions permeate at a rate determined by the
EWC of the hydrogel and hence the diffusion of these ions could be described by a free

volume model of diffusion.

In previous studies of transport phenomena in hydrogels containing cyclic polyethers
- similar induction periods have been observed and this effect has been attributed to the
gradual filling of ionophore sites. Hence, the lag-times observed in this study might also
be caused by the formation of complexes between poly (ethylene oxide) donor groups and
the cations permeating through the membrane. In addition, 'lag-times' may be observed

with these ions because the overall rate of ion transport is reduced to such an extent that
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the partitioning process between the polyether and the cation can be observed. The

duration of these 'lag-times' have been estimated and the values are given in Table 6.4

Table 6.4 Extended 'lag-times' for the permeation of group II chlorides

through MPEG MA modified membranes

Membrane Composition Tlag / hrs
BaCly MgClr,  CaClp

HEMA:EGDM (90:10) +5% MPEG 200 MA 1.5
HEMA:EGDM (90:10) +5% MPEG 400 MA 1.4 3.5
HEMA:EGDM (90:10) +5% MPEG 1000 MA 2.8 2.5 3.1

The results in Table 6.4 appear to indicate that longer polyether chains cause an initial
inhibiting effect on the cation flux across the membrane. Furthermore, these results also
indicate that as the size of the hydrated cation increases in the order;

Balt < Mg2+ < CaZt
the smaller chained poly (ethylene oxide) monomers apparently have little effect on the
initial rate of ion flux and hence the 'lag-times' or induction periods are no longer
observed. This result is not suprising as studies of complex formation by both linear and
cyclic polyethers have illustrated that there is generally an optimum number of repeating
(OCH»CH)>) units required for stable complex formation. However, such studies have
been based on the ionic radii of the cation and would predict that small chained polyethers
would exhibit the following preferences for these ions;

Mg2+ < CaZ* < Ba2*
which is in fact the reverse of the observed preferences. Hence, these results appear to
indicate that if this initial rate of transport is caused by a chelation effect, complex

formation is determined by the hydrated ionic radii of the cation.
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The effect of group II metal cation variation on the rate of ion transport through the
unmodified membrane, HEMA:EGDM (90:10) has been discussed previously in Section
3.2.2. Group II metal cations were found to permeate this membrane in the order;

BaZ+t > CaZt > Mg2+
which implied that ion permeability was related to the hydrated ionic radii with smaller

cations permeating more rapidly than larger cations.

Once a final steady state of diffusion has been obtained the calculated values for the
permeability coefficients through both the unmodified and modified membranes can be
used to illustrate the order in which these ions permeate. The values given Table 6.4 have

been plotted in Figure 6.14 to illustrate these trends more clearly.

0.8
] B PforBaCl,

P for MgCl,
0.6 - P for CaCl,

P x 108/ em’s™

) W

None MPEG200MA MPEG400MA MPEG1000MA

Comonomer

Figure 6.14 Effect of composition on the permeability coefficient, P,

for the transport of group Il metal cations across modified

and unmodified HEMA:EGDM (90:10)

Figure 6.14 illustrates that these ions permeate through a membrane containing 5%
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(wt/wt) MPEG 200 MA follows in the order;
Ba+ > Ca2t+ = Mg2+
and through membranes containing MPEG 400 MA and MPEG 1000 MA in the order;
Ba2+ > CaZ+ > Mg2+
Thus, in general ion permeation in the final steady state follows the same order as for the
unmodified membrane. Figure 6.14 also appears to indicate that even though EWC is
enhanced with the addition of MPEG 200 MA to HEMA:EGDM (90:10) there is no
overall increase in the rate of Ba2* and Ca2* ion permeation. Similarly, the enhanced
EWC which arises from the addition of 5% (wt/wt) MPEG 400 MA does not affect the

final rate of Ca2™ ion transport.

Finally, it is interesting to note that despite variations in the initial 'lag-times' (Table 6.4)
the values for the initial steady state permeation, P{ are approximately the same for both
Ba2* and Mg2+ through the MPEG 400 MA modified membrane and for the transport of

all the cations studied through the MPEG 1000 MA modified membrane (Table 6.3).

6.3 Discussions and Conclusions,

The results obtained in these studies clearly indicate that the presence of linear poly
(ethylene oxide) side chains can affect the transport properties of the material. In all of
these studies the values obtained for the permeability coefficients are lower than would be

predicted on the basis of previous studies. However, the explanation for these results

remains unclear.

Poly (ethylene oxide) units are thought to interact with at least three molecules of water,
hence their presence in a hydrogel might be anticipated to not only increase the overall

EWC but also the increase the fraction of structured or bound water within the gel's
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matrix. If ion permeation does occur predominantly in the gel's freezing water or bulk
water as previously postulated then ion transport would be expected to be reduced by the
inclusion of further water structuring groups. This relationship between ion transport and
freezing water has been highlighted by previous studies which illustrated that salt rejection
is enhanced when the freezing water content is low23. The results obtained for the
transport of NaCl through these membranes appear to imply that permeation is in fact
related to EWC and suggests that the observed reduction in ion permeation may result
from the water structuring effects of the polyether monomer. Similarly, the values
determined for the final steady state of permeation of group II metal cations across the
membranes containing MPEG 400 MA and MPEG 1000 MA imply that in the final steady

state ion permeation can be described by a free volume model for diffusion.

Where deviations are observed for example for KCl and LiCl transport, ion permeation
may also be affected by the formation of complexes between the metal cation and the
polyether side chains. If the formation of metal cation:PEO complexes can affect the
transport of the membrane then MPEG 200 MA might also be expected to form complexes
with Li*, Na*, Ca?* and Mg2* since it most resembles 15-crown-5. However, these
results tend to imply that complexation may be influenced by steric factors and suggests
complex formation occurs at the end of the polyether side chain farthest from the HEMA
backbone. However, the purity of the linear polyethers used in this study should also be

considered before any conclusions can be drawn.

The results obtained for the transport of group II metal cations show some similarities
with the systems containing cyclic polyethers which are discussed in Chapters 3 and 4.
However, the variations in ion permeation illustrated by these system are less pronounced

than in the systems containing cyclic polyethers. These studies also indicate that if the
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induction periods are caused by a chelation effect, then this process is related to the

hydrated 1onic radii of the cation.

This study has highlighted the potential applications of these polymers in the design of
both permselective membranes and membranes whose transport properties mimic those of
the systems containing the more expensive crown ethers. Finally, it has also highlighted
the need to gain further information concerning the water structuring in these membranes

1n order to rationalise some of these results.
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CHAPTER 7

Surface Properties of Hydrogels Modified with

Linear Polyethers
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7.1 Introduction

One of the major applications of hydrogels is in the field of biomedical applications, with
their use in the design and fabrication of soft contact lens being perhaps the most
commercially successful venture. Hydrogel surfaces are, therefore, often in intimate
contact with biological fluids. Hence, it is important to study the surface properties of

these materials.

Recently workers have indicated that thrombogenic reactions to synthetic polymers are
significantly reduced by the presence of linear polyether side chains. Furthermore, it has
been suggested that this reduction in thrombogenic reactions might be attributed to the
presence of flexible hydrated polyether chains which serve to reduce protein adsorption at
the polymer surface. Studies in the ocular environment indicate that calcium plays a
significant role in the formation of white surface film deposits8 and discrete elevated
deposits or 'white spots'g. Additionally, the transport studies described in the preceding
Chapter illustrated that linear polyethers, specifically those with longer chains, interact
with calcium ions. Hence, if linear polyether chains are able to sequester calcium ions it
is likely that as a direct result ocular compatibility may be reduced. This Chapter is
primarily concerned with the results obtained from a study of the surface properties of a
range of linear polyether terpolymers and attempts to elucidate the relationship between the
structure of the poly(ethylene oxide) comonomer and the surface properties of these
materials. However, the results obtained from a study of the effects of linear polyethers
on the ocular compatibility of HEMA based terpolymers will also be discussed. Finally,
the rational of the techniques used to probe the surface properties of these materials both

on a macroscopic and molecular level will be described.
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7.2 Determination of Surf Ener

Contact angle goniometry has been used to determine the surface energy of hydrogel
copolymers and the practical details associated with this technique are described in Section
2.10. In this preliminary study contact angles have been determined in the dehydrated
state. The detailed theory associated with the determination of surface energy from
contact angles is beyond the scope of this project but has been described elsewhere by
Corkhill 169 However, for measurements on dehydrated polymer surfaces the Owens

and Wendt equation (Equation 7.1) is generally used173.

1+Cos8 = /Y 1y [ (¥ 1y3y DO + (v Py P05 (7.1)

where, 1y is the liquid -vapour interfacial free energy,
Y lvd is the dispersive component of the liquid and finally,

Y1yP is the polar dispersive component of the liquid.

This equation relates the contact angle, 6, to the polar, y (P and dispersive, y Sd, forces of
the solid. Hence, if the contact angles with two wetting solutions whose polar and
dispersive components have been determined previously, are measured, the polar and
dispersive forces of the solid can then be calculated by solving the Owens and Wendt
equation simultaneously. Finally, the total surface free energy, ¥ St, can be obtained by
adding the values for 'y Sd and Y P (Equation 7.2).

7.2

yl=yd+yP (7.2)
Several liquids have been used in surface free energy determinations!74 but in these

studies distilled water and methylene iodide were chosen. The reason for this choice is

-170-



because of their high surface free energies and the appropriate balance in their polar and
dispersive components. The values of y Sd, v <P and y St for these liquids are given in

Table 7.1

Table 7.1 Polar and dispersive components of water and methylene

iodide
Liquid ¥ (mN/m) P (mN/m) ¥ (mN/m)
Water 21.8 51.0 72.8
Methylene Iodide 48.1 2.3 50.8

The results obtained from a study of the effect of a range of monomethyl polyethylene
glycol methacrylate, MPEG MA, monomers of Mw 200, 400 and 1,000 on the surface
energies of HEMA based hydrogels will be presented and discussed in this section.
Unfortunately, due to the hydrophilicity of terpolymers of composition HEMA:EGDM
(99:1) copolymerised with an added 5 to 20 % (wt/wt) of MPEG MA's, it was impossible
obtain accurate results for their contact angles with water. However, the contact angles
with water and methylene iodide were successfully obtained for a range of copolymers
with a basic composition HEMA:EGDM (90:10) to which x% (wt/wt) MPEG MA (where
x = 5 to 20 for MPEG 200 and 400 MA and 5 to 15 for MPEG 100 MA) had been added.
The results are presented in Table 7.2. Figures 7.1, 7.2 and 7.3 illustrate the variations in
Y Sd, Y SP, and Yy St as a function of the mole % of polyethylene oxide present in the

terpolymer.
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Table 7.2 Polar, dispersive and total surface free energies for dehydrated

poly (ethylene oxide) modified copolymers

Copolymer Hydroge!
Composition

HEMA:EGDM 80:10

HEMA:EGDM 90:10 + 5% MPEG200MA

HEMA:EGDM 90:10 + 10% MPEG200MA
HEMA:EGDM 90:10 + 15% MPEG200MA
HEMA:EGDM 90:10 + 20% MPEG200MA

HEMA:EGDM 90:10 + 5% MPEG400MA

HEMA:EGDM 90:10 + 10% MPEG400MA
HEMA:EGDM 90:10 + 15% MPEG400MA
HEMA:EGDM 90:10 + 20% MPEG400MA

HEMA:EGDM 90:10 + 5% MPEG1000MA
HEMA:EGDM 80:10 + 10% MPEG1000MA
HEMA:EGDM 90:10 + 15% MPEG1000MA

Water
Contact
Angle

60

62
59
47
45

59
54
51
47

57
41
38

Methylene
lodide
Contact
Angle

39

35
36
36
41

37
34
33
37

35
31
32

Dispersive
Component
of Surface
Free Energy
{mN/m)

31.5

34.0
32.9
30.4
27.8

32.4
32.8
32.6
29.9

32.9
31.7
30.7

Polar
Component
of Surface
Free Energy
{mN/m)

15.8

13.5
15.8
24.7
27.7

16.0
18.9
20.9
25.0

17.0
27.7
30.1

Total
Surface
Free Energy

(mN/m)

47.3

47.5
48.7
55.1
55.3

48.4
51.7
53.5
54.9

48.9
59.4
60.8
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Figure 7.1 illustrates that at lower concentrations of poly(ethylene oxide) there is little
change in the dispersive component of the surface free energy, 7y Sd, however, further

increases in ether content cause a slight decrease in y Sd.

Conversely, the polar
component, Y (P, gradually increases with the addition of poly(ethylene oxide) (Figure
7.2). Hence, the observed increase in the total surface free energy, vy St, is due to the
increases in the polar component of the surface free energy (Figure 7.3). This is also
reflected by the increase in the polar fraction of the total surface free energy, y st’ with the
addition of the polyether monomers. The results obtained in this study indicate that both
the polar component and the polar fraction of the total surface free energy of the
dehydrated polymer are increased by copolymerisation with poly(ethylene oxide)
comonomers. Such results, therefore, imply that the polar ether groups must express

themselves at the polymer surface. Furthermore, since the dispersive component arises

predominately from contributions to the surface energy from non-polar groups, in this
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case the o methyl group and the CH, on the polymer backbone, it is reasonable to
suggest that the observed suppression in 7y Sd, results from a shielding effect by the
polyether side chains. At higher polyether concentrations both y (P and y st appear to
level off. Although it is important to confirm this by determining the surface free energies
of a broader range of terpolymers, it is reasonable to suggest that y St should reach a
maximum which corresponds to the values for the homopolymer. This value should be
less than the value for water. In addition, it is worth noting that difficulties in determing
an accurate value for the surface energy of the homopolymer are envisaged since the
homopolymer will be hydrophilic hence 1t will be difficult to determine water contact
angles for the dehydrated polymer accurately. Furthermore several unsuccessful attempts
have been made to prepare lightly crosslinked (1%) hydrogel membranes from these
monomers. In all cases fragments of polymer were obtained due to chain stopping effects
caused by monomer impurities. Finally, it is interesting to note that there is no clear cut
evidence to suggest that increases in the polyether chain length affect the total surface

energy (Figure 7.3).

Most hydrogels are used in their hydrated state, hence, it is often advantageous to be able
to compare biocompatibility data with values for the surface energies of the hydrated
polymer. Barnes ez al 12 have illustrated that it is possible to derive accurate values for
the polar and dispersive components of the hydrated polymer from a combination of the
measured values for the dehydrated surface and the known values for bulk water. The
components are then calculated on the basis of the volume fractions of both water and

polymer present in the membrane, using Equation 7.3
Yh=[0-Hxygl+Hxyyy (7.3)

where, 71, is the calculated value for the polar or dispersive component of the surface
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free energy of the hydrated polymer,
H is the EWC expressed as a fraction,
Y ¢ is the measures polar or dispersive component of the dehydrated polymer and

Y1y is the polar or dispersive component of water.

Table 7.3 Calculated values for the polar, dispersive and total surface
free energies of hydrated poly (ethylene oxide) modified

terpolymers in their hydrated state

Membrane Composition Yhed mN/m) ¥ P (mN/m) vyt (mN/m)
HEMA:EGDM (90:10) 28.9 25.2 54.1

HEMA:EGDM (90:10)

+5%MPEG 200 MA 30.7 23.5 54.2
HEMA:EGDM (90:10)
+10%MPEG 200 MA 29.8 25.7 55.5
HEMA:EGDM (90:10)
+15%MPEG 200 MA 27.9 32.4 60.3
HEMA:EGDM (90:10)
+20%MPEG 200 MA 28.9 34.7 60.6

HEMA:EGDM (90:10)

+5%MPEG 400 MA 29.5 25.5 55.0
HEMA:EGDM (90:10)
+10%MPEG 400 MA 29.6 29.2 57.8
HEMA:EGDM (90:10)
+15%MPEG 400 MA 29.3 30.0 59.3
HEMA:EGDM (90:10)
+20%MPEG 400 MA 27.2 33.5 60.7

HEMA :EGDM (90:10)

+5%MPEG 1000 MA 29.7 26.7 56.4
HEMA:EGDM (90:10)
+10%MPEG 1000 MA 28.7 34.8 63.5
HEMA:EGDM (90:10)
+15%MPEG 1000 MA 27.8 36.9 64.6
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The values derived for the polar, y hsp and dispersive, Y hsd components of the hydrated
polymers surface free energy using Equation 7.3 are given in Table 7.3. The predicted
values for the polar and total surface free energy given in Table 7.3 are generally higher than
those determined for the dehydrated polymer surface, while the values predicted for the
dispersive component of the surface free energy are lower. These values obviously
illustrate similar trends. These increases, in ¥ Sp andy St, however, are not unexpected and
are a direct consequence of the addition of water whose polar component is significantly

enhanced.

7.3 Horizontal ATR FTIR of pol hylene oxi Terpolymer

Attenuated total reflectance (ATR) or multiple pass internal reflectance (MIR) fourier
transform infra-red (FTIR) spectroscopy is a technique which has been used increasingly
to study the surfaces of polymers. For successful results the sample should be in intimate
contact with a prism (a zinc selenide crystal). An IR beam is then directed at an angle to
the polymer surface through the prism. The beam is then reflected numerous times
between the polymer surface and the prism until it is collected at the opposite end to the
incoming beam. The depth of penetration by the beam is dependent on a number of
factors including the angle of incidence, the wavelength of the incident radiation and
finally the refractive indices of both the sample and the crystal. When coupled with FTIR
it is possible to obtain IR spectra of a polymer surface quickly and by making use of the
subtraction procedures available with FTIR spectrometers it should be possible to study

the variations in chemistry at the polymer surface.

In this Section the results obtained from a preliminary study which assesses whether it is
possible to detect ether groups at the surface of poly (ethylene oxide) terpolymers using

this technique, will be discussed.
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Horizontal ATR FTIR Subtraction spectra for HEMA:EGDM
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For this purpose the ATR FTIR spectra of HEMA:EGDM (99:1) (wt/wt) and a mixture of
the monomers HEMA:EGDM (99:1) (wt/wt) which have been copolymerised with 5%
(wt/wt) of MPEG 200 MA were obtained. These spectra are illustrated on Figures 7.4

and 7.5.

By comparing these spectra it is obvious that any differences in their surface chemistry are
not immediately apparent. However, since these spectra had been obtained from
identically sized samples and are both based on HEMA:EGDM (99:1) it is possible to
apply subtraction techniques to illustrate the differences between the surface chemistry of

1 and

these samples. This spectrum is illustrated in Figure 7.6. The peaks at 1050 cm™
1150 cm -1 clearly indicate that ether peaks can be detected at the polymer surface. The
OH stretch at around 3400 cm™! appears since the MPEG 200 MA terpolymer has a
slightly higher EWC than HEMA:EGDM (99:1) (37.6% and 36.9% respectively).
Finally, the peak at 1720 cm™ L is attributable to the C=0 stretch of the carbonyl group in
MPEG 200 MA. This study has, therefore, illustrated that it is possible to detect ether
groups at the polymer surface using this technique and suggests that the explanation

proposed in the preceding section for the increase in the surface energies of these

terpolymers may well be valid.

7.4 Lipid and Protein Deposition Studies

The use of hydrogels in the fabrication of soft contact lenses is perhaps the most
successful application of these materials. However, the range of monomers used in their
fabrication has to date been somewhat limited and most of commercial materials 'spoil’ in
the ocular environment. Hence, considerable efforts have been made within the Speciality

Materials group at Aston to primarily understand the spoilation process and to synthesise
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new materials with enhanced ocular compatibility. Linear polyethers have already been
shown to exhibit enhanced biocompatibility and hence such monomers may offer a unique
opportunities in the design of new contact lens materials. However, the transport studies
discussed in Chapter 6 illustrated that these polyethers may also sequester calcium ions
and thus reduce the ocular compatibility of linear polyether terpolymers. This Section,
therefore, is concerned with the results obtained in a study of the ocular compatibility of a
range of linear poly (ethylene oxide) based terpolymers and assesses their potential uses in
the quest for materials with enhanced are ocular compatibility. Initially, however, the

techniques used to study these properties will be described.

The chemistry of tears is extremely complex since their composition not only varies
between individuals but will also alter if tears are stimulated by external factors. For
example the chemistry of tears which result from exposure to onions are quite different
from that of the unstimulated tear film. Thus, it is difficult to obtain consistent and
reproducible results for in vivo ocular spoilation studies. This problem, however, has
been circumvented at Aston with the development of an in vitro spoilation model. The
exact details of this model are beyond the scope of this thesis but have been described in
greater detail by Franklin173. This model is used to mimic the ocular spoilation process
and employs a standard artificial tear solution based on fcetal calf serum and phosphate
buffered saline (pH 7.4). This solution is similar to natural tears and offers further
opportunities to 'spike’ the system with other tear components such as mucin, lactoferrin
and lysozyme. The deposition of both protein and lipids can be detected non destructively
using fluorescence spectroscopy. In addition, by exciting at both 360 nm and 280 nm and
monitoring the growth of the lipid and protein spoilation peaks at 400-600 nm, it is
possible to gain further information about the spoilation process. Finally, since this

model is in vitro it offers the opportunity to test a broader range of copolymer
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compositions than in vivo methods would allow.

The in vitro ocular spoilation model has been used here to assess whether the artificial
tear film compatibility of HEMA based hydrogels might be improved by copolymerisation
with linear polyethers monomers. A range of HEMA based terpolymers which contained
a variety of poly (ethylene oxide) monomers were studied. These monomers were chosen
so that the effects, if any, of increasing polyether chain length, increasing polyether
content, structural variations in the polyether side chain and increases in crosslinker

content on the properties of these materials could be assessed.

The deposition of both lipids and proteins from spiked and unspiked artificial tear
solutions was monitored every 7 days for 28 days using fluorescence spectroscopy.
Typical examples of the spectra obtained are illustrated in Figures 7.7 and 7.8. It is
interesting to note that the fluorescence spectra indicated that in all cases the deposition of
both lipids and proteins is greater than would be observed with commercial lenses. This
effect has been attributed to both 'edge effects' and the surface rugosity of these samples.
These results highlight the advantages of having a smooth optical surface. After 28 days
the samples were removed from the model. The results indicated that in some cases lipid
deposition had not been initiated even after the equivalent of up to 3 weeks simulated

continuous wear. A typical pattern for lipid deposition is illustrated by Figure 7.9.
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“Figure 7.8 Fluorescence spectra excited at 280nm
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7.4.1 Effect of Poly (ethylene oxide) Chain Length on Ocular Spoilation

Monomethoxy polyethylene glycol methacrylates (MPEG MA's) which contain 4 t0 5, 9
to 10, 11 to 12 and 22 to 23 repeating OCH,CH> units respectively were chosen to study
the effects of increases in polyether chain length on the tear film compatibility of HEMA
based hydrogels. The monomers HEMA and EGDM in the ratios of either 99:1 or 90:10
were copolymerised with 5 to 20% (wt/wt) of these monomers. The ocular compatibility
of these materials was then assessed using the in vitro ocular spoilation model. The
fluorescence spectra were determined over a period of 28 days. The average height of
emission peaks was taken to indicate the lipid deposition and these values were then used
to obtain values for the combined average lipid deposition from both spiked and unspiked
tear solutions. The results for a range of terpolymers based on HEMA:EGDM (99:1) are

illustrated in Figure 7.10.
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Figure 7.10 Effect of polyether chain length on lipid deposition to
methoxy polyethylene glycol methacrylate modified

HEMA:EGDM (99:1) terpolymers

The experimental error associated with the determination of percentage emission is
approximately 5%. Hence, Figure 7.10 illustrates that in all cases, with the exception of
the terpolymer with MPEG 200 MA, the relative emission for these terpolymers is lower
than the value obtained for the unmodified membrane HEMA:EGDM (99:1). This,
suggests that lipid deposition is reduced by copolymerisation with linear polyether
monomers. Furthermore, these results also imply that in all cases the MPEG 200 MA
comonomer is least effective in preventing the deposition of lipids. In addition, whilst
there generally appears to be a gradual reduction in lipid deposition as the polyether chain
length increases for the MPEG 200 MA, MPEG 400 MA and MPEG 10000 MA series,
when the experimental errors are again considered it is apparent that MPEG 400 MA and
MPEG 1000 MA are equally effective in suppressing lipid deposition. MPEG 550 MA

copolymers, however, produce anomalously high lipid depositions. One plausible
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explanation for this result is that the monomer MPEG 550 MA contains impurities which
inhibit polymerisation and hence the effective concentration of the polyether at the surface
is reduced. There is some evidence support this explanation. Whilst MPEG MA's with
poly ethylene glycols (PEG's) of Mw 200, 400 and 1000 were obtained from the same
supplier, a different source was used to obtain the MPEG 550 MA monomer and
difficulties have been observed in preparing homopolymers using similar monomers from
this source. Finally, the results shown in Figure 7.10 also imply that increasing

concentrations of polyether apparently have little effect on lipid deposition.
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Figure 7.11 Effect of polyether chain length on lipid deposition to
methoxy polyethylene glycol methacrylate modified

HEMA:EGDM (90:10) terpolymers

Figure 7.11 shows the lipid deposition after 28 days for a range of HEMA:EGDM (90:10)
copolymers. These results indicate that the relationship between increasing polyether

chain length and decreasing lipid deposition observed in Figure 7.10, is no longer
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apparent except at a 20% loading of these monomers. In addition, in this series the
MPEG 200 MA copolymers are no longer most susceptible to lipid deposition. These
results do, however, suggest that lipid deposition for the MPEG 400 MA and MPEG

1000 MA terpolymers, is generally reduced as the concentration of polyether increases.

The deposition of proteins on some of these copolymers was also studied. The results for
the combined average for protein deposition from both spiked and unspiked tears after 28
days of simulated continuous wear for both HEMA:EGDM (99:1) and HEMA:EGDM

(90:10) based terpolymers are illustrated in Figures 7.12 and 7.13 respectively.
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Figure 7.12 Effect of polyether chain length on protein deposition to

methoxy polyethylene glycol methacrylate modified

HEMA:EGDM (99:1) terpolymers

It is interesting to note that Figure 7.12 illustrates that protein deposition on the MPEG
1000 MA copolymers is significantly lower for all compositions. This is also true for the
HEMA:EGDM (90:10) copolymers with the exception at 5% (wt/wt) loading of the
MPEG 1000 MA comonomer (Figure 7.13), thus, suggesting that longer chained

polyethers might be more effective at restricting protein deposition.
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Figure 7.13 Effect of polyether chain length on protein deposition to
methoxy polyethylene glycol methacrylate modified

HEMA:EGDM (90:10) terpolymers

This argument is enhanced further by the general trend of decreasing protein deposition
with increasing polyether chain length. However, there are notable exceptions. Primarily,
the results in Figure 7.12 imply that protein deposition to terpolymers with 5% loadings of
MPEG 200 MA, MPEG 400 MA and MPEG 550 MA is unaffected by increasing
polyether chain length. Secondly, the results in Figure 7.13 show that the MPEG 400 MA
copolymers exhibit enhanced protein deposition as the polyether chain length increases

from 4, 5 to 9, 10 OCH,CH, repeat units.

7.4.2 Effect of Crosslinker Content on the Deposition of Proteins
and Lipids.
The effect of increasing crosslinker concentrations on the deposition of both proteins and

lipids was studied. The monomers HEMA and EGDM in the ratios of 99:1, 95:5 and
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90:10 were copolymerised with 5% (wt/wt) of either MPEG 200 MA, MPEG 400 MA or
MPEG 1000 MA. The results for the lipid and protein deposition after 28 days are

illustrated in Figures 7.14 and 7.15 respectively.
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Figure 7.14 Effect of crosslinker concentration on lipid deposition to
methoxy polyethylene glycol methacrylate modified

terpolymers
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Figure 7.15 Effect of crosslinker concentration on protein deposition to
methoxy polyethylene glycol methacrylate modified

terpolymers
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These Figures illustrate that both lipid and protein deposition are enhanced as the
concentration of crosslinker, EGDM, increases. This result, however, is not unexpected.
Lipid and protein deposition is thought to be reduced by the presence of long flexible
poly(ethylene oxide) chains at the polymer surface. Moreover, increases in crosslinker
concentration will restrict chain mobility within the gel, thus reducing the expression of
poly(ethylene oxide) groups at the surface. Additionally, as the concentration of
crosslinker increases the hydrophobicity of the surface is enhanced. Hence, lipid and

protein deposition would be expected to increase as the crosslinker concentration rises.

7.4.3 Effect of Structural Variations in the Polyether Side Chain on
Ocular Compatibility

This Section is concerned with the results which were obtained from a study of the effects
of structural variations in the polyether side chain on the ocular compatibility of range of
HEMA:EGDM (99:1) based terpolymers. Of particular interest were the effects, if any, of
either substituting a hydroxyl for a methoxy end group or replacing a hydrogen in the
polyether side chain with a methyl group, on the deposition of both proteins and lipids.
For this purpose the monomers HEMA 4,5 EO, PEGMA 10 EO and HPHPMA were

chosen.

The monomers HEMA 4,5 EO and PEGMA 10 EO are structurally similar to MPEG 200
MA and MPEG 400 MA in that they both contain similar numbers of repeating
OCHZCHZ units. However, in the former case the polyether side chain 1s terminated by a
hydroxyl group and in the latter it is terminated by a methoxy group. The lipid deposition
after 28 days for a range of these terpolymers prepared from these monomers was

determined. The results are illustrated in Figure 7.16.
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Figure 7.16 Effect of hydroxy vs methoxy end groups on lipid deposition

to poly(ethylene oxide) modified HEMA:EGDM (99:1)

Figure 7.16 indicates that in general lipid deposition is reduced with hydroxyl terminated
polyethers. In particular, by substituting the methoxy group of MPEG 200 MA with a
hydroxyl as in HEMA 4, 5 EO, lipid deposition is significantly reduced. Increases in the
poly ethylene glycol chain length of the hydroxyl terminated side chain, however, except

at 5% (wt/wt) loadings of the do not reduce lipid deposition further.

The protein deposition has also been studied and the results are illustrated in Figure 7.17.
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Figure 7.17 Effect of hydroxy vs methoxy end groups on protein
deposition to poly(ethylene oxide) modified HEMA:EGDM

(99:1)

Figure 7.17 illustrates that protein deposition, unlike lipid deposition, is enhanced by the
presence of a hydroxyl group at the end of the polyether side chain. However, when the
errors associated with the measurement of these emission peaks are taken into
consideration it is apparent that this effect is only significant with the PEGMA 10 EO
terpolymers. This result is not, however, entirely unexpected since previous studies
discussed in Section 5.3.1 have highlighted the affinity of hydroxyl terminated monomers
for hydrogen bond formation. Therefore, since protein molecules readily form hydrogen
bonds it is likely that protein deposition in this case is enhanced via the formation of
hydrogen bonds. Furthermore, it might anticipated that this effect might be greatest as
chain flexibility i.e the poly (ethylene oxide ) chain length increases. Since the PEGMA
10 EO terpolymers do show generally show enhanced protein deposition, the results

obtained in this study suggest that protein deposition is enhanced via the formation of
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hydrogen bonds between the hydroxyl groups at the ends of the polyether side chains and

protein molecules.

A range of terpolymers containing a propyl ether was prepared by adding various
concentrations of the monomer hexapropoxylated hydroxypropylmethacrylate, HPHPMA
to a mixture of HEMA:EGDM (99:1) (wt/wt). The lipid and protein deposition from
'spiked’ and 'unspiked' tears were studied to illustrate the effect of replacing an ethereal
hydrogen with a methyl substituent, on the surface properties of these terpolymers.
Unfortunately, terpolymers containing 6 repeating OCH,CH> units were not available for
comparison. However, since MPEG 200 MA and MPEG 400 MA contain 4 to 5 and 9 to
10 repeat units respectively, the values obtained for lipid and protein fluorescence for
terpolymers containing these terpolymers are given for comparison. Figures 7.18 and

7.19 illustrate the lipid and protein deposition after 28 days respectively.
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Figure 7.18 Effect of a methyl substituent in the polyether side chain on
lipid deposition to poly(ethylene oxide) modified

HEMA:EGDM (99:1)
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Figure 7.19 Effect of a methyl substituent in the polyether side chain on
protein deposition to poly(ethylene oxide) modified

HEMA:EGDM (99:1)

Figure 7.18 illustrates that in all cases lipid deposition on HPHPMA terpolymers is lower
than for the unmodified poly HEMA membrane. However, when the experimental errors
are taken into consideration it is apparent that the presence of a methyl substituent does not
significantly effect lipid deposition on ether containing terpolymers. Similar results are
observed for protein deposition where with the exception of the terpolymers modified
with 5% (wt/wt) of HPHPMA the methyl substituent in the polyether side chain has little

effect on protein deposition.

7.4.4 Ocular Spoilation Studies on Novel Soft Contact Lenses
The results described in the preceding Sections have highlighted the potential
improvements in ocular compatibility which result from copolymerisation with linear

polyether monomers. The results also indicated that in all cases the lipid and protein
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depositions were higher than for commercial lenses a factor which is probably due to the
surface rugosity of these materials and 'edge effects' produced during the polymerisation.
Lathe cut lenses were fabricated using PEGMA 10 EO and MPEG 400 MA. Care was
taken to ensure that the EWC of these lenses matched that of poly HEMA. This was
achieved by copolymerising with methyl methacrylate and n-vinyl pyrrolidone. The in
vitro ocular spoilation of these materials was then studied. The results obtained in this
study are compared with those obtained for poly HEMA lenses in Figure 7.20. Figure
7.20 illustrates that lipid and protein deposition is reduced for the lenses containing linear
polyethylene oxides. In addition, if these results are compared with the results obtained
for the hydrogel membranes (Figures 7.10 to 7.20) it is apparent that the overall
fluorescence due to both lipid and proteins are reduced if the edge effects and the surface
rugosity are reduced. Finally, these results illustrate the great potential of these materials
for applications in the ocular environment and these lenses are currently being evaluated in

in vivo trials.
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Figure 7.20 Deposition of lipid with time on novel contact lenses

containing poly (ethylene oxides)

-197-



7.5 Il Adhesion ly(ethylen

Cell culture or tissue culture is a technique which has been developing rapidly during the
past decade. This technique makes use of the fact that under certain well defined
conditions cells can be kept alive in virro. Such cells can then be used to probe the
surface properties of materials on a molecular scale. This Section is concerned with the
results obtained from some preliminary investigations to assess the effects of various
poly(ethylene oxide) comonomers on the adhesion of 3T3 cells. A complete description
of the experimental technique used in these studies is beyond the scope of this thesis,

however, they have been well documented elsewhere by Thomas!70.

A range of monomethyl polyethylene glycol methacrylate terpolymers was prepared by
copolymerising 20% (wt/wt) loadings of MPEG MA's of Mw 200, 400 and 1000 with a
mixture of HEMA:EGDM (99:1). The effect of polyether chain length on the adhesion of
3T3 cells was then studied. In addition, a terpolymer containing 20% HEMA 4,5 EO
(wt/wt) which contains the same number of repeating OCH,CH» units as MPEG 200
MA, was also studied to assess the effect of a polyether terminated with a hydroxyl group
as opposed to a methoxy group on cell adhesion. After 4 hours the cell growth was
determined and the results are illustrated in Figure 7.21. This Figure indicates that cell
adhesion ceases abruptly once the Mw of the polyether chains exceeds 200. These results
also indicate that cell adhesion to the terpolymer containing the hydroxyl terminated
polyether is greater than to the methoxy terminated derivative. Although these results are
significant it is inadvisable to draw too many conclusionsusing the data from only one set
of experiments. However, it is interesting to note that these results are in agreement with
the earlier studies discussed in Section 7.4.1 and 7.4.3. In Section 7.4.1 it was shown
that lipid deposition like cell adhesion , in the MPEG MA series, is greatest for MPEG

200 MA terpolymers and that further increments in the polyether chain length i.e as the
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Mw increases from 400 to 1000 have a negligible effect on lipid deposition. Additionally,
the results discussed in Section 7.4.3, indicate that protein deposition is enhanced with
hydroxy terminated polyether monomers. Since cell adhesion is known to be enhanced
once a protein layer has been deposited on the polymer surfaccl76, it reasonable to expect

that enhanced protein deposition will be mirrored by enhanced cell adhesion.
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Figure 7.21 Adhesion of 3T3 cells to poly(ethylene oxide) modified

terpolymers

7.6 _Conclusions

The surface properties of a range of poly(ethylene oxide) terpolymers have been studied
on both a macroscopic and molecular level. The macroscopic surface properties were
probed using both contact angle goniometery and horizontal ATR FTIR. The contact
angle measurements indicated that the polar component of the surface free energy, y.P,
generally increases with increasing polyether content, whislt the dispersive component,

d

Ys", increases with the initial addition of poly(ethylene oxide) but falls as the
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concentration of poly(ethylene oxide) added to the comonomer mix increases. The values
for Ysp and st have been used to calculate the corresponding values for the hydrated
polymer, v, P and yhsd. The total surface free energy for both the dehydrated and
hydrated polymer surfaces were also calculated and the values obtained indicated that the
total surface free energy increases with increasing concentration of polyether in the
copolymer mix. In addition, the polar fraction of the total surface free energy increases
dramatically with relatively small increments in EWC. These results suggested that the
polar OCH,CH, repeat units in the polyether side chain must have a significant effect on
the surface energy of the polymer and that such groups are expressed at the polymer
surface. The preliminary horizontal ATR FTIR studies illustrated that it is possible to
detect subtle changes in chemistry at the surface of a hydrated polymer using this
technique. The subtraction spectrum indicated that ether groups can be detected at the
polymer surface and this evidence supports the explanation for the observed increases in

the total surface free energy.

Ocular spoilation and cell adhesion studies were used to study the surface properties of
these terpolymers on a molecular scale. The in vitro ocular spoilation model was used to
study the ocular compatibilities of a range of poly(ethylene oxide) based terpolymers.
These results have demonstrated the potential of this model for the use in the assessment
of new materials for ocular devices. In addition, the results obtained in this study
indicated that copolymerisation with poly(ethylene oxide) monomers does enhance the
ocular compatibility. Further analysis of this experimental data indicates that some general
conclusions may be drawn concerning the structure-property relationships of these
materials. Firstly, the ocular compatibility of HEMA:EGDM (99:1) based copolymers is
not significantly enhanced by copolymerisation with MPEG 200 MA, but ocular

compatibility increases as the Mw of the poly ethylene glycol, PEG increases from 200 to
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400 i.e. as the polyether chain length increases. However, further increments in the Mw
of the PEG, from 400 to 1000, do not appear to enhance the ocular compatibility of
HEMA:EGDM (99:1) based terpolymers. Secondly, increasing the crosslinker
concentration of the gel enhances ocular spoilation and this effect has been attributed to
restrictions in chain mobility and the increase in hydrophobicity as the degree of
crosslinks within the polymer was increased. Thirdly, lipid deposition is reduced if the
methoxy group at the end of the polyether chain is replaced with a hydroxyl group.
Protein deposition, however, is enhanced if the polyether side chain is terminated by a
hydroxyl group. Furthermore, this effect is more pronounced as the length of the
polyether side chain is increased and has been attributed to the formation of hydrogen
bonds between the hydroxyl end group of the polyether chains and protein molecules.
Finally, substituting a hydrogen on the ether group with a methyl group to form a propyl

ethylene oxide, does not appear to effect either protein or lipid deposition.

The preliminary results from the cell adhesion studies show similar trends to those
observed in the in vitro spoilation studies. Cell adhesion cuts of dramatically as the
molecular weight of the PEG in MPEG MA increase from 200 to 400. In addition, as
with lipid and protein deposition further increments in Mw have no discernable effect on
cell adhesion. Similarly, if the methoxy group at the end of the polyether chain is replaced
with a hydroxyl group the adhesion of cells is further enhanced, an effect which has been
attributed to the preferential formation of hydrogen bonds between the hydroxyl group of

the polyether side chain and the protein .

In conclusion, the results described in this Chapter have highlighted some of the unique
surface properties of these linear polyether terpolymers. These studies have illustrated

that the properties of acrylate based hydrogels may be significantly enhanced by adding
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relatively small amounts of these monomers to the comonomer mix. Finally, this study
has illustrated the potential applications of acrylate:linear polyether copolymers not only in
the fabrication of novel ocular devices but also in the design of materials for low affinity

separation polymers.
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CHAPTER 8

Conclusions and Suggestions for Further Work
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8.1 Conclusions and Final Discussions

A range of hydrogel copolymers based on 2-hydroxyethyl methacrylate (HEMA) which
contain either linear or cyclic polyethers was synthesised. Because both cyclic and linear
polyethers are known to complex with metal cations, particular emphasis was placed on
the ion transport properties of these copolymers. A detailed study of the transport
properties these materials has been completed. The results from this study are not only
consistent with results obtained in previous studies but have highlighted a potential

mechanism for ion transport through crown ether modified membranes.

Other workers have shown that linear polyethers enhance the biotolerance of synthetic
polymers. In general two methods have been used to synthesise polymers containing
poly (ethylene oxides). These methods are copolymerisation with isocyanates to form a
polyether polyurethane network and grafting of the poly(ethylene oxide) on to the polymer
surface. In these studies, however, methacrylate derivatives of poly (ethylene oxides)
have been copolymerised with other methacrylates, HEMA and EGDM. Thus, a range of
synthetically versatile terpolymers were prepared and characterised. Particular emphasis
was placed on the surface properties of these terpolymers and the conclusions which may

be drawn from these studies will now be discussed in greater detail.

Previous studies at Aston had illustrated that it is possible to occlude a potassium selective
ionophore, dicyclohexano-18-crown-6, within a crosslinked HEMA membrane.
Preliminary studies of the transport properties of crown ether modified membranes
indicated that the presence of a crown ether has a significant effect on ion transport.
Linear induction periods, or 'lag-times' in potassium ion transport were observed before a
final steady state was reached in which ion transport was significantly lower than for the

unmodified membrane. It was essential, therefore, to consolidate and extend these earlier
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observations. However, since the effect of a high crosslink density on ion transport had
not been fully investigated, it was first necessary to study the factors affecting ion

transport through an unmodified crosslinked HEMA copolymer.

The results obtained from studies of salt transport through an unmodified crosslinked
HEMA copolymer illustrated that, in general, ion transport is governed by the relative size
of the hydrated cation and the nature of the counter anion. However, these studies also
implied that the transport group II metal cations and of sulphate salts through this
copolymer is inhibited. A study of the transport of a mixed solution of group I and II
metal chlorides confirmed that group II metal cation transport through this copolymer ié
effectively 'blocked' and highlighted the potential of hydrogels for use in range of

permselective applications.

Further investigations illustrated conclusively that the effect that the presence of an
occluded crown ether, dicyclohexano-18-crown-6, imparts on ion transport is a
reproducible phenomenon and suggested that ion transport through the modified
membranes may be described by a dual-sorption mechanism. However, the results
indicated that the exact values for both 'lag-times' and permeability coefficients are less
reproducible than for the unmodified membranes due to localised variations in crown ether
concentration. This study was then extended to consider the effect of anion variation on
ion transport. The results indicated that at the extremes of the Hoftmeister series the anion
affects ion transport in different ways: the 'lag-time' decreases and rate of ion transport in
the final steady state increases with the water structure breaking anion SCN”, while 'lag-
times' in excess of 24 hours were observed for the water structure making anion 82042'.

However, the anions CI7, Br™ and NO32“ all affect ion transport in a similar manner. A

simple calculation of the salt to crown ether ratio at the 'lag-time' produced a value of 2:5.
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This result suggests that the initial induction period might arise from a gradual partitioning
of the metal cation with the crown ether. In addition, this ratio implies that after the initial
induction period ion transport may be facilitated by a site-hopping mechanism. The
attempts made to extend these studies using other crown ethers established that the range
of crown ethers which can be occluded in this copolymer are limited by both ionophore
loss during hydration and the solubility of the crown ether in the comonomer mix. Hence
attempts were made to overcome this problem with the synthesis of a range of monomeric

crown ethers.

Initially, several reaction schemes were considered based on benzo-15-crown-5 and
dibenzo-18-crown-6, which selectively bind to sodium and potassium respectively.
However, problems were encountered with the reactions outlined in these schemes due to
relatively small scales on which these reactions were carried out and the aqueous
solubilities of the products. The route to 4-acryloylaminobenzo-15-crown-5 proved most
accessible and hence efforts were concentrated on the synthesis of this monomer.
Preliminary studies of the effect of 4-acryloylaminobenzo-15-crown-5 on the transport of
sodium ions through crosslinked HEMA membranes produced anomalous results. The
results suggested that the linear induction periods observed for systems containing
unbound crown ether were no longer present with the systems containing a bound crown
ether. Furthermore, sodium ion transport through the bound crown ether system
appeared to be enhanced. However, these results were attributed in part to the presence of
acrylic acid as an impurity in the monomer 4-acryoylaminobenzo-15-crown-5.
Considerable efforts were made, therefore, to ensure that a pure sample of the monomer
was prepared. Further transport studies indicated that for terpolymers which were
synthesised using a pure sample of the monomer ion transport is modified in a similar

way to the systems which contain unbound crown ether with ion transport being
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described by a dual-sorption mechanism.

Linear polyethers can also form complexes with metal cations. Although this process may
be advantageous in applications which require permselectivity, if linear polyethers are able
to sequester metal cations from biological solutions this may lead to long term
biointolerance. Hence, the transport properties of a range of HEMA, poly ethylene glycol
methacrylate based terpolymers were studied. The primary data for the transport of group
I metal cations across these membranes illustrated that although the transport of sodium
ions is inhibited the linear induction periods observed for systems containing cyclic ethers
are no longer present. Group II metal cation permeation mimics the dual-sorption
behaviour observed for the systems containing cyclic ethers. However, for the transport
of group II metal cations through copolymers modified with linear polyethers the changes

in the rate of ion permeation are much less pronounced.

Extensive studies were made of the effects of both copolymer composition and polyether
structure on EWC. In general, increases in EWC are observed as both the concentration
and chain length of the polyether increase. Subtle variations in EWC were observed when
the hydroxyl group at the end of the polyether chain was replaced by a methoxy group.
Terpolymers containing the hydroxyl terminated polyether were expected to have
enhanced EWC's. However, compositions with a low degree of crosslinking agent and
hence greater chain mobility were found to have lower EWC's than the comparable
copolymers containing methoxy terminated polyether side chains. This effect was
attributed to the formation of a internal crown ether type structure for the polyether side
chain. Conversely, as the proportion of crosslinker increased and hence chain mobility
decreased, EWC was enhanced due to the preferential water-hydroxyl group interactions.

Finally, reductions in EWC were observed with the introduction of a methyl substituent to
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the polyether side chain.

The surface properties of terpolymers containing methacrylate derivatives of poly ethylene
glycols were studied on both a macroscopic and a molecular scale. Macroscopic
properties were probed using contact angle measurements on the dehydrated terpolymers
and FTIR. The contact angle measurements illustrated that both the polar component of
the total surface energy, ysp and total surface energy, yst, increased as the polyether chain
length and concentration of polyether increased. This effect has been attributed to the
expression of the polar ether groups at the polymer surface and FTIR confirmed that ether
group can be detected at the polymer surface. Although the dispersive component of the
total surface energy remains relatively unaffected by the addition of polyether, slight
depressions in ysd are observed as the concentration of polyether increases, due to
shielding of the o methyl group and the CH, groups in the polymer backbone by the

polar ethereal side chains.

The surface properties were studied on a molecular level using in vitro ocular spoilation
techniques and some preliminary cell adhesion studies. A systematic study of the effects
of variations in terpolymer composition and polyether structure on the ocular compatibility
was completed using an in vitro spoilation model. The results illustrated conclusively
that ocular compatibility is improved by the presence of the polyether . Furthermore, a
number of conclusions can be drawn relating ocular compatibility to terpolymer
composition.
1)  While ocular compatibility is improved as the molecular weight of the poly ethylene
glycol increases from 200 to 400, further increases in Mw of the glycol do not
enhance compatibility.

2)  Increases in polyether concentration over the range studied in this work do not
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significantly enhance ocular compatibility.

3) Increases in the concentration of crosslinker give rise to enhanced lipid and protein
deposition.

4)  Lipid deposition on terpolymers containing hydroxyl terminated polyether side
chains is lower than for terpolymers containing the corresponding methoxy
terminated derivative. Conversely, protein deposition to terpolymers containing
the hydroxyl terminated polyether side chains is enhanced. This effect has been
attributed to the formation of hydrogen bonds between the polyether side chains and
the protein molecules.

5)  The addition of a methyl substituent on the polyether side chain does not

significantly enhance lipid and protein deposition.

Although the cell adhesion studies described in this thesis are of a preliminary nature it is
encouraging to note that the results obtained are in agreement with the in vitro ocular
spoilation studies. A dramatic 'cut-off’ in cell adhesion was observed as the molecular
weight of the poly(ethylene oxide) increased above 200. Additionally, cell adhesion to a
terpolymer containing a hydroxyl terminated polyether was significantly higher than to a

similar terpolymer containing methoxy terminated polyether side chains.

8.2 Suggestions for Further Work

In general crown ethers interact selectively with one metal cation and this process is
governed by both the size of the crown cavity and the metal cation. However, crown
ethers can also form 2:1 complexes with larger cations and there is evidence in the
literature to suggest that polymeric crown systems modulate the transport of cations via
the formation of 2:1 complexes. Hence, the transport studies of the bound crown systems

described in this thesis should be extended to investigate whether crown ethers
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immobilised within hydrophilic polymer matrices impart a similar effect on the transport

of group I and II metal cations.

The synthetic route developed for the synthesis of a pure acryloyl derivative of benzo-15-
crown-5 can be adapted to provide a series of crown ether based monomers. A range of
monobenzo crown ethers are available and the final stage of the synthesis can be used to
extend the series of monomers to include the methacryloyl derivatives. With a range of
monomers it should be possible to modulate ion transport for a variety of metal cations
and thus produce permselective membranes. Another potential application of hydrophilic
immobilised crown systems is in the fabrication of chemical sensors. The two methods
used to look at the interactions of hydrophilic polymers in previous studies namely, fibre
optic and coated wire electrodes, could be used to test the suitability of hydrophilic linear

polymers containing 4-acryloylamino-benzo-15-crown-5 for this application.

Ethylene oxide groups interact with water to form a number of hydrates and some water
binding studies have been made on the polyether-polyurethane based hydrogels.
However the water structuring or binding in the hydroxyalkyl methacrylate-linear
polyether, polymers studied in this thesis might be expected to be more complex since the
hydroxyl group can also structure water. In addition, an understanding of water
structuring is important in the interpretation of the results obtained in studies of the
transport properties. Hence, the water binding in these terpolymers should be studied.
Furthermore, a study of the effects of salts on water binding might help elucidate the
observed EWC's for the terpolymers described in these studies in the presence of group II

metal cations.

The studies of the macroscopic surface properties of hydroxyalkyl methacrylate based

-210-



-

linear poly (ethylene oxide) copolymers suggest that the polyether groups are expressed at
the surface. It would, therefore, be of interest to extend this study using both FTIR ATR
and ESCA to see whether the concentration of these groups at the surface is dependent
upon the concentration of polyether in the copolymer or the number of repeat units in the
polyether side chain. Both the in vitro ocular spoilation and cell adhesion studies have
illustrated the low affinity of the linear poly (ethylene oxide) terpolymers for biological
species. One possible application of these materials is in the fabrication of low affinity

chromatographic solid support phases.

Finally, an understanding of the copolymer structure at a molecular level is important. By

determining the reactivity ratios of the monomers containing poly (ethylene oxide) units it

should be possible to predict the copolymer structure using computative techniques.

-211-



APPENDIX 1

Nomenclature of Crown Ethers
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Nomenclature of crown ethers

Table 1

STRUCTURE NOMENCLATURE ACCCORDING TO
PEDERSEN VOGTLE AND WEBER

_\/O\J benzo-15-crown-5 15<05-(1,2)benzeno.2 coranand-5>
O
O
0 lx
o

IUPAC

2,3,benzo-1,4,7,10,13-
pentaoxacyclopenta-

decane
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APPENDIX 2

Spectral Data For Synthesis of Crown Ether

Monomers
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Infra-red Spectra
All infra-red spectra described in this thesis were obtained from a Perkin-Elmer FTIR

spectrometer model 1710 coupled to a 3600 data station using the KBr disc method.

NMR Spectra
The nmr spectra described in this thesis were obtained using a Bruker AC 300 MHz

spectrometer. Unless otherwise stated CDCl3 was used as the solvent.
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Figure 1
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Figure 2 1II nmr spectrum of 4-nitrobenzo-15-crown-5
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Figure 3 13C spectrum of 4-nitrobenzo-15-crown-5
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Figure 4 A two dimensional COSY spectrum of 4-nitrobenzo-15-crown-5
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Figure 5
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Figure 6 Infra-red spectrum of contaminated 4-acryloylaminobenzo-15-

crown-5
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APPENDIX 3

Gel Permeation Chromatograms for Linear Polyether

Monomers

-222-



Figure 1 Gel permeation chromatograms for the methoxy polyethylene

glycol methacrylates (MPEG MA's)

Molecular weights are polystyrene equivalent molecular masses
Column - PI gel 2 x mixed gel, solvent - THF, flow rate - 1 ml/min,

refractive index detector and concentration 2mg/ml
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Figure 2

WOl

Gel permeation chromatogram for ethoxylated hydroxyethyl

methacrylate (HEMA 4,5 EO)

Molecular weight is a polystyrene equivalent molecular mass
Column - P1 gel 2 x mixed gel, solvent - THF, flow rate - 1 ml/min,

refractive index detector and concentration 2mg/ml

wn (logM) x 1071

b (o] sy - N
o o N [o¢] D
o

;. (@) (@] O (@)

O

(@}

N ]

o

O

w-«

O

o

oY

o}

O

"l

o

o

224-



Figure 3

WDOT

Gel permeation chromatogram for polyethylene glycol
methacrylate (PEGMA 10 EQO)
Molecular weight is a polyethylene glycol equivalent molecular mass
Column - P1 gel 2 x mixed gel, solvent - DMF, flow rate - 1 ml/min,
refractive index detector and concentration 2mg/ml
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Figure 4

WDHOT

Gel permeation chromatogram for hexapropoxylated

hydroxypropyl methacrylate (HPHPMA)

Molecular weight is a polystyrene equivalent molecular mass
Column - Pl gel 2 x mixed gel, solvent - THF, flow rate - 1 ml/min,

refractive index detector and concentration 2mg/ml
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